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Program
Tuesday, October 22
1:00 PM ‒ 5:00 PM
5:00 PM‒ 6:00 PM

Governing Council Meeting, Executive Board Room
Early-bird Registration and Reception, Martin Inn, Room 430

Wednesday, October 23
Morning
7:00

Registration Desk Opens; Breakfast Bar (ballroom area)

BALLROOM
8:00
Welcome and Opening Remarks

8:25
9:05

Konstantin Kornev (Fiber Society, Co-chair)
Rudolf Hufenus, Fiber Society President
Michael Ellison (Fiber Society, Co-chair)
Nadim Aziz, Interim Provost, Clemson University
Larry Dooley, Vice-president for Research, Clemson University
Plenary Speaker: Vladimir Tsukruk, Georgia Institute of Technology, Atlanta, Georgia, USA
Engineered Bionanocomposites

Break (North Lobby)

Keynote Sessions
MEETING ROOM 1
Session: Biomimetics and Bioinspiration
Session Chair: Raúl J. Martin-Palma, Pennsylvania State University
9:15
Structural and Functional Versatility of the Fiberlike Butterfly Proboscis as a Model for Engineering
Microfluidic Devices – Peter H. Adler, Clemson University
9:45
Bio-inspired Color-tunable Photonic Fibers – Mathias Kolle, Harvard University
10:15
Cellulose Nanocrystals: An Opportunity for Continuous Fibers? – Robert J. Moon, U. S. Forest
Service, Forest Products Laboratory
10:45
Break
11:00
Natural Wood Fiber as Building Block for Electronic and Energy Storage – Hongli Zhu, University of
Maryland
11:30
Biocatalytic Nanofibers with Stabilized Enzymes – Seong H. Kim, Pennsylvania State University
12:00
Lunch in Grand Hallway
MEETING ROOM 2
Session: Ceramic Fibrous Materials
Session Chair: Fei Peng, Clemson University
9:15
Mechanical Properties of Electrospun Mullite Fibers – Fei Peng, Clemson University
9:45
Continuous Boron-Nitride Nanotube Yarn – David S. Lashmore, University of New Hampshire
10:15
Ceramic Fibers: Review of the Current Status and Recent Developments – Rajendra K. Bordia,
Clemson University
10:45
Break
11:00
Controlled Crystallization of Oxide Fibers – W. M. Kriven, University of Illinois, Urbana-Champaign
11:30
Brillouin-almost-free Optical Fibers – John Ballato, Clemson University
12:00
Lunch in Grand Hallway
MEETING ROOM 3
Session: Spider Silk and Natural Fibers
Session Chair: Florence Teulé, University of Wyoming
9:15
Analysis of the Orb Spider Dragline Silk During Evolution – Concepción Solanas, Universidad
Politécnica de Madrid
9:45
DNA Microarray Analysis: A Tool to Identify New Components of Spider Fibers and the Silk Assembly
Pathway – Craig Vierra, University of the Pacific
10:15
Dissecting Self-assembly of Spider Dragline Silk – William R. Marcotte, Jr., Clemson University

10:45
11:00
11:30
12:00

Break
Insights from Simulated Cellulose Diffraction Patterns – Alfred D. French, U. S. Department of
Agriculture
Amphiphilic Nanofibers and Super-absorbent Aerogels – You-Lo Hsieh, University of California,
Davis
Lunch in Grand Hallway

MEETING ROOM 4
Session: Fibers in Multiscale Composites
Session Chair: David Salem, South Dakota School of Mines and Technology
9:15
Routes to Achieveing “Bright” Near-infrared fluorescing Nanoparticles: Controlling Chromosphere
Aggregation – Stephen H. Foulger, Clemson University
9:45
Carbon Nanotube Enhanced Epoxy Carbon Fiber Composite Materials – Srinagesh K. Potluri, Zyvex
Technologies
10:15
Hybrid Multiscale Composite with Electrospun Carbon Nanofibers – Hao Fong, South Dakota School
of Mines and Technology
10:45
Break
11:00
Nanofiber-based Electrodes for Energy Storage – Vibha Kalra, Drexel University
11:30
Multimaterial Fibers: Prospects for Nanotechnology, Biotechnology, and Photonics – Ayman F.
Abouraddy, University of Central Florida
12:00
Lunch in Grand Hallway

Afternoon
Graduate Student Paper Competition Session
BALLROOM
Session: Graduate Student Paper Competition
Session Chair: Laurence Schacher, Graduate Student Paper Competition Chair
1:05
Yu Gu, Clemson University – Bending Hysteresis of Polymeric Fibers Caused by Micro- and NanoNewton Forces
1:30
Selcuk Poyraz, Auburn University – One-step Synthesis and Characterization of Poly(o-toluidine)
Nanofiber/Metal Nanoparticle Composite Networks as Non-enzymatic Biosensors
1:55
Katrina A. Rieger, University of Massachusetts Amherst – Antibacterial Activity of Electrospun
Chitosan-Cinnamaldehyde Nanofiber Mats
2:20
Break; Poster setup starting at 3:00 in Grand Hallway

Regular Sessions
MEETING ROOM 1
Session: Natural Polymers for Multifunctional Fibrous Materials
Session Chair: Caroline Schauer, Drexel University
2:35
Piperazine-Phosphate Derivatives: Their Flame Retardant and Thermal Degradation Properties on
Cotton Fibers – Thach-Mien D. Nguyen, U. S. Department of Agriculture
2:55
Regulating Nanoparticle Deposition Using Biomimetic Surfaces with Actuated Filaments – Alexander
Alexeev, Georgia Institute of Technology
3:15
Fiber Spinning and Characterization of Cellulose and Chitin Nanocomposite Fibers – Chenchen Zhu,
University of Bristol
3:35
Break
3:50
Smart Biofunctional Fibers as Affinity Membranes for Enzymatic Detection – Juana Mendenhall,
Morehouse College

4:10

Immobilizing Microbes on Cellulose Fiber Mats – Jessica D. Schiffman, University of Massachusetts,
Amherst
4:30
A New Approach of Denaturing Globular Proteins for Fabrication of Fibers – Abolfazl Aghanouri,
University of California, Davis
4:45
Spacer Motif Contributes Tensile Strength to Recombinant Nephila clavipes Flagelliform-like Silk
Protein Fibers – Sherry L. Adrianos, University of Wyoming
5:05
Characterization of Nephila clavipes Dragline Surface II: Amino Acid Mapping – Michael Ellison,
Clemson University
5:30-7:00 Poster Session and Reception; Table Top Exhibits ~ in Grand Hallway
MEETING ROOM 2
Session: Advanced Fiber-based Materials
Session Chair: Yves-Simon Gloy, Aachen
2:35
Fibers for Radiation Protective Textiles – Boris Mahltig, Niederrhein University of Applied Sciences
2:55
Strain Distribution and Engineering of Ballistic Fabrics – Xiaogang Chen, University of Manchester
3:15
Elastic Polyimide Nonwovens – Glen E. Simmonds, E.I. duPont de Nemours and Company
3:35
Break
3:50
Effect of Thermal Treatment on the Spin Finish in Precursor Fiber: A Solid-state NMR Study –
Sushanta Ghoshal, Georgia Institute of Technology
4:10
Effects of Impurity and Residue Deposition on the Growthof Ultra-long Tungsten Oxide and Sodium
Tungsten Oxide Nanowires – Haitao Zhang, University of North Carolina, Charlotte
4:30
Orientation-controlled Growth of Uniform Zinc Oxide Nanowire Arrays – Ren Zhu, University of
Minnesota
4:45
Long-term Stability of UHMWPE Fibers – Amanda L. Forster, National Institute of Standards and
Technology
5:05 Automated Processes for the Production of High-quality Textile Preforms – Yves-Simon Gloy, RWTH
Aachen University
5:30-7:00 Poster Session and Reception; Table Top Exhibits ~ in Grand Hallway
MEEETING ROOM 3
Session: Cellulose-based Fibrous Materials
Session Chair: Alfred French, U. S. Department of Agriculture
2:35
Unraveling Cellulose Microfibrils: A Twisted Tale – Alfred D. French, United States Department of
Agriculture
2:55
Effect of Alkali Treatment on Tensile Properties of Sugarcane Fibers – Ramsis Farag, Auburn
University
3:15
Biobased Polymeric Materials from Micro-Algae and Its Thermoplastic Blends – Sandy Daubenmire,
University of Georgia
3:35 Break
3:50 Multiprotective Functions on Cellulose Materials Introduced by Anthraquinone Vat Dyes – Jingyuan
Zhuo, University of California, Davis
4:10
Nanofibers as an Immunoassay Substrate – Ryan Waddell, Clemson University
4:30
Effect of Water Quality and Water Stress Levels on Chemical Properties of Cotton Fibre – Muhammad
Iftikar, University of Agriculture
4:45 Open
5:05 Open
5:30-7:00 Poster Session and Reception; Table Top Exhibits ~ in Grand Hallway

MEETING ROOM 4
Session: Fibers in Multiscale Composites
Session Chair: David Salem, South Dakota School of Mines and Technology
2:35
Nanoscale Infrared Spectroscopy of Fiber Composite Materials – Curtis A. Marcott, Light Light
Solutions
2:55
Micro- and Nano-channeled Materials for Structural, Thermal Insulation Composites (STICs) – Eric
D. Schmid, South Dakota School of Mines and Technology
3:15 Piezoelectric Electrospun Polyvinylidene Fluoride / Carbon Nanotube Composite Microfibers –
Margaret Frey, Cornell University
3:35
Break
3:50
Thermal and Purity Measurement Methodology in Lignin Assessment for Extrusion – Darren A. Baker,
University of Tennessee
4:10
Optimization of Process Parameters of Wet-spun Solid PVDF Fibers for Maximizing the Tensile
Strength and Applied Force at Break Using Taguchi Method – Mevlüt Taşcan, Zirve University
4:30 Quantifying Damage at Multiple Loading Rates to Kevlar KM2 Fibers Due to Weaving and Finishing
– Brett Sanborn, U. S. Army Research Laboratory
4:45 Open
5:05 Open
5:30-7:00 Poster Session and Reception; Table Top Exhibits ~ in Grand Hallway

Thursday, October 24
Morning
7:30

Breakfast Bar (ballroom area)

BALLROOM
8:30
Plenary Speaker: Alan Windle, University of Cambridge, Cambridge, United Kingdom
On the Strength of Carbon Nanotube Fibres
9:10

Break

Keynote Sessions
MEETING ROOM 1
Session: Applied Science and Engineering of Fibrous Materials
Session Chair: Dmitry Luzhansky, Donaldson Company, Inc.
9:15
A New Scalable Technique for Continuous Nanofiber Fabrication from Sheared Liquid Dispersions –
Miles C. Wright, Xanofi, Inc.
9:45
Commercial Finest Fibers Technologies – Martin Dauner, Institut fuer Textil -und Verfahrenstechnik
10:15
Nanofiber Meltspinning Technologies – Timothy Robson, Hills, Inc.
10:45
Break
11:00
Centrifugal Melt-Spun Nanoweb – Carl Saquing, DuPont Central Research and Development
11:30
New Variant of Electrospinning: A Collector-less Method – David Lukáš, Technical University of
Liberec
12:00
Lunch in Grand Hallway
MEETING ROOM 2
Session: Fibrous Biomaterials
Session Chair: Ken Webb, Clemson University
9:15
Capillary Channel Polymer Fibers in Regenerative Medicine – Ken Webb, Clemson University
9:45
Various-sourced Pectin and Polyethylene Oxide Electrospun Fibers – Caroline L. Schauer, Drexel
University

10:15
10:45
11:00
11:30
12:00

Applications for Spider Silk Nonwovens Meshes – Thomas Scheibel, University of Bayreuth
Break
Micro- and Nano-self-healable Polymeric Fibers: Recent Advances and Future Opportunities – Marek
W. Urban, Clemson University
Capillary-channeled Polymer (C-CP) Fiber Phases for Analytical and Preparative Protein
Separations – R. Kenneth Marcus, Clemson University
Lunch in Grand Hallway

MEETING ROOM 3
Session: Textile Product Development
Session Chair: Billie J. Collier, Florida State University
9:15
Engineering the Transport Properties of Heterogeneous Fibrous Contstructs for Various Applications
– Jintu Fan, Cornell University
9:45
Practical Considerations on Large-scale Production of Nanofiber-based Products – H. Young Chung,
Et Usus
10:15
Nano-mechanical Characterization of Viscoelastic Properties in Polymers and Fibers – Sandip Basu,
Agilent Technologies
10:45
Break
11:00
Comfort of Clothing Under Real Conditions of Its Use – Lubos Hes, Technical University of Liberec
11:30
Enzymes for Fiber Surface Modification and Processing – Ian R. Hardin, University of Georgia
12:00
Lunch in Grand Hallway
MEETING ROOM 4
Session: Nanotube and Graphitic Fibers
Session Chair: Juan José Vilatela, IMDEA Materials Institute
9:15
Multiscale Engineering of Carbon Nanotube Fibres – Juan J. Vilatela, IMDEA Materials Institute
9:45
Strong, Light, Multifunctional Fibers of Carbon Nanotubes with Ultrahigh Conductivity – Matteo
Pasquali, Rice University
10:15
CNT Fiber Microelectrodes for Electrochemical and Electromechanical Applications – Philippe
Poulin, Bordeaux University
10:45
Break
11:00
Ultratough Graphene Oxide and Graphene Fibers with Smooth Surface and Outstanding Knottability
– Rodolfo Cruz-Silva, Shinshu University
11:30
Measuring Tensile and Shear Moduli in Individual Fibers – A. M. Rao, Clemson University
12:00
Lunch in Grand Hallway

Afternoon
Regular Sessions
MEETING ROOM 1
Session: Applied Science and Engineering of Fibrous Materials
Session Chair: Dmitry Luzhansky, Donaldson Company, Inc.
1:30
Processing and Mechanical Behavior of Melt-Spun Amorphous Filaments – Rudolf Hufenus, Empa
1:50
Analyzing a Co-polymer Aramid Fiber for Use in Soft Body Armor – Walter McDonough, National
Institute of Standards and Technology
2:10
Extending the Long-term Ballistic Armor Properties of Poly(p-phenylene-2,6-benzobisoxazole) (PBO)
Fiber via Supercriticial CO2 Processing – Jeffrey L. Ellis, Battelle Memorial Institute
2:30
Investigation on the Effect of Precursors on the Formation of Crystallization for Ultra-highperformance Fibers – Richard Kotek, North Carolina State University
2:50 Thermal Comfort Properties of Woven Fabrics Made of Hollow Yarns – Mehmet Emin Yüksekkaya,
Usak University

3:10
4:20

Depart for AMRL Fiber Tower Tour
Depart AMRL for Madren Conference Center

5:00

Fiber Society Annual Business Meeting, BellSouth Auditorium: Open to Fiber Society Members
Only

6:00

Reception in Grand Hallway; Banquet in Ballroom
Speaker: Dr. John Collier, Florida State University, The Science and Engineering of Whiskies

MEETING ROOM 2
Session: Fibrous Biomaterials
Session Chair: Ken Webb, Clemson University
1:30
Wet Electrospinning of Polycaprolactone – Eva Košťáková, Technical University of Liberec
1:50 Voluminous Nanofibrous Materials with Incorporated Particles – Jiří Chvojka, Technical University
of Liberec
2:10
Polyvinylpyyrrolidone Capsules as a New Source of Drug Delivery System – Petr Mikeš, Technical
University of Liberec
2:30
Electrospun Divinylsulfone Crosslinked Hyaluronic Acid Fibers for Tissue Engineering Applications –
Laura J. Toth, Drexel University
2:50 Open
3:10
4:20

Depart for AMRL Fiber Tower Tour
Depart AMRL for Madren Conference Center

5:00

Fiber Society Annual Business Meeting, BellSouth Auditorium: Open to Fiber Society Members
Only

6:00

Reception in Grand Hallway; Banquet in Ballroom
Speaker: Dr. John Collier, Florida State University, The Science and Engineering of Whiskies

MEETING ROOM 3
Session: Nanostructured and Shaped Fibers
Session Chair: Ayman Abouraddy, University of Central Florida
1:30
Optoelectronic Fibres for Chemical Sensing – Fabien Sorin, EPFL
1:50
XanoShearTM Large-scale Fabrication of Functional Nanofibers – Narendiran Vitchuli, Xanofi, Inc.
2:10
Relative Humidity and Evaporation Rate Effects on Electrospinning: Fiber Diameter and
Measurement Implications for Control – Michael Gevelber, Boston University
2:30
Electrospinning of High-performance Co-polyimide Nanofibers – Jian Yao, Queen Mary University of
London
2:50
Spinneret Design for Multijet Electrospinning – Yongchun Zeng, Donghua University
3:10
4:20

Depart for AMRL Fiber Tower Tour
Depart AMRL for Madren Conference Center

5:00

Fiber Society Annual Business Meeting, BellSouth Auditorium: Open to Fiber Society Members
Only

6:00

Reception in Grand Hallway; Banquet in Ballroom
Speaker: Dr. John Collier, Florida State University, The Science and Engineering of Whiskies

MEETING ROOM 4
Session: Nanotube and Graphitic Fibers
Session Chair: Juan José Vilatela, IMDEA Materials Institute
1:30
Microwave-initiated Nano-carbonization – Xinyu Zhang, Auburn University
1:50
Low-density Carbon Fibers from Polyacrylonitrile-based Precursor Fibers with Honeycomb Structure
– Prabhakar Gulgunje, Georgia Institute of Technology

2:10
2:30
2:50

Lignin-based Carbon Fiber from a Novel Organosolv Bioenergy Platform – Omid Hosseinaei,
University of Tennessee
Facile Fabrication of Double-state Morphology Bacterial Cellulose with Local Orientation Using
Potato Starch – Jingxuan Yang, Donghua University
Electrospinning of PAN Nanofibers Filled with SBA-15 Type Ordered Mesoporous Silica – Nabyl
Khenoussi, ENSISA

3:10
4:20

Depart for AMRL Fiber Tower Tour
Depart AMRL for Madren Conference Center

5:00

Fiber Society Annual Business Meeting, BellSouth Auditorium: Open to Fiber Society Members
Only

6:00

Reception in Grand Hallway; Banquet in Ballroom
Speaker: Dr. John Collier, Florida State University, The Science and Engineering of Whiskies

Friday, October 25
Morning
7:30

Breakfast Bar (ballroom area)

BALLROOM
8:30
Plenary Speaker: Alejandro Rey, McGill University, Montreal, Canada
Liquid Crystalline Fibers, Films, Membranes, and Drops
9:10

Break

Keynote Sessions
MEETING ROOM 1
Session: Structure, Mechanics, and Complexity
Session Chairs: Raúl J. Martin-Palma, Pennsylvania State University; Peter Adler, Clemson University
9:15
Magnetic Fiber Actuators Inspired by the Butterfly Proboscis – Richard E. Groff, Clemson University
9:45
Biomimetic Spider Silk Fibers with Natural Mechanical Properties – Thomas Scheibel, University of
Bayreuth
10:15
Mechanics of a Mosquito Bite with Application to Synthetic Needles for Skin Protection – Melur
Ramasubramian, Clemson University
10:45
Break
11:00
What is the Smallest Diameter Nanowire That May Be Thermally Drawn? – Ayman F. Abouraddy,
University of Central Florida
11:30
Tailoring the Placement of Nanoinclusions in Nanofibers via Coaxial Electrospinning: Simulation,
Experiments, and Applications – Yong Lak Joo, Cornell University
12:00
Lunch in Grand Hallway
MEETING ROOM 2
Session: Polymer Actuators and Sensors
Session Chair: Tushar Ghosh, North Carolina State University
9:15
High-performance Torsional and Tensile Carbon Nanotube Yarn Composite Muscles – Ray
Baughman, University of Texas, Dallas
9:45
Bistable Electroactive Polymer (BSEP) Materials, Actuators, and Applications – Qibing Pei, UCLA
10:15
Electroactive Polymers with Giant Electromechanical Response and Advanced Device Applications –
Qiming Zhang, Pennsylvania State University
10:45
Break

11:00
11:30
12:00

Thermoplastic Elastomer Systems for Stimulated Shape Change: From Electrical Actuation to
Thermal Recovery – Richard J. Spontak, North Carolina State University
Optically Active Fibers and Films – Philip Brown, Clemson University
Lunch in Grand Hallway

MEETING ROOM 3
Session: Wetting of Fibers and Textiles
Session Chair: Hoonjoo Lee, North Carolina State University
9:15
Super-repellent Textiles for the Next Generation of Military Clothing – Hoonjoo Lee, North Carolina
State University
9:45
Pointed Surface Modification of Fabric Structures with Grafting – Igor Luzinov, Clemson University
10:15
Liquid Repellent Treatments for Military Chemical Protective Clothing—A Brief History of Research
at Dstl Porton Down – Colin R. Willis, Defence Science and Technology Laboratory (Dstl)
10:45
Break
11:00
Super-repellent Materials: A Key Interest Area for Canadian CB Defence – E. J. Scott Duncan,
Defence Research and Development Canada
11:30
Fibrous and Porous Materials with a Hierarchical Pore Structure: Different Kinetics of Liquid
Absorption – Konstantin Kornev, Clemson University
12:00
Lunch in Grand Hallway
MEETING ROOM 4
Session: Surface Functionalization of Fibrous Materials
Session Chair: Sergiy Minko, Clarkson University
9:15
Polymeric Surface Modification of Fibers – Stephen Michielsen, North Carolina State University
9:45
Infrared Spectroscopy for Studying Nanostructures and Functional Surfaces – Karsten Hinrichs, ISAS
10:15
Next-generation Fibers – Satish Kumar, Georgia Institute of Technology
10:45
Break
11:00
Electrospun Polymer Fibers that Store and Release Nitric Oxide for Wound Healing – Kenneth J.
Balkus, Jr., University of Texas, Dallas
11:30
Field-directed Assembly of Fibrous Structures – Sergiy Minko, Clarkson University
12:00
Lunch in Grand Hallway

Afternoon
Regular Sessions
MEETING ROOM 1
Session: Applied Science and Engineering of Fibrous Materials
Session Chair: Dmitry Luzhansky, Donaldson Company, Inc.
1:30
Mechanical Properties and Failure Processes of Ballistic Single Fibers at High Strain Rates –
Matthew Hudspeth, Purdue University
1:50
Core-Sheath, Slit-surface Electrospinning: Progress Toward a Continuous High-throughput Process –
Toby Freyman, Arsenal Medical, Inc.
2:10
Criteria of Continuous Electrospinning and Mechanism of Jet Breakup at the Nozzle – Vladislav
Vekselman, Clemson University
2:30
Break
2:45
Variations in Azimuthal and Axial Convective Heat Transfer from Fibers Exiting a Spinneret – David
Zumbrunnen, Clemson University
3:05 Open
3:25 Open

MEETING ROOM 2
Session A: Heat and Mass Transport Through Fibrous Construction
Session Chair: Jintu Fan, Cornell University
1:30
Prediction of Hydraulic Permeability in Porous Fibrous Materials with a Fractal Approach – Boqi
Xiao, Hong Kong Polytechnic University
1:50
Characterization of Permeability of Electrospun Yarns – Chen-Chih Tsai, Clemson University
2:10
Enhanced Thermal Conductivity in Polymer Nanofibers – Zhang Jiang, Argonne National Laboratory
2:30
Break
MEETING ROOM 2
Session B: Smart Textiles in Clothing and the Built Environment
Session Chair: Keith Green and Vincent Blouin, Clemson University
2:45
All-fiber-based Highly Durable Nanogenerator – Xiao-Ming Tao, Hong Kong Polytechnic University
3:05
Phase Change Material Fiber Synthesis – Claire Poh, Clemson University
3:25
Open
3:45 Open
MEETING ROOM 3
Session: Wetting of Fibers and Textiles
Session Chair: Hoonjoo Lee, North Carolina State University
1:30
Menisci on Elliptical Fibers – Daria Monaenkova, Georgia Institute of Technology
1:50
Super-repellent Functional Cotton Textiles – W. (Marshall) Ming, Georgia Southern University
2:10
Superomniphobic Surfaces for Effective Chemical Shielding – Anish Tuteja, University of Michigan
2:30
Break
2:45
Effect of Nanofibers Diameter onWettability Properties of PA-6 Electrospun Nanowebs – Nabyl
Khenoussi, ENSISA
3:05
An Evaluation of Woven Structure Factors Impacting Self-cleaning Superoleophobicity – Nancy
Powell, North Carolina State University
MEETING ROOM 4
Session: Textile Product Development
Session Chair: Billie J. Collier, Florida State University
1:30
Smart Textiles: A Novel Concept of Functionalizing Textile Maerials – Nils-Krister Persson,
University of Borås
1:50
Transcatheter Textile Heart Valve: Effect of Crimping on Material Performances – Frederic Heim,
ENSISA
2:10
A Braided Structure Based on Helical Auxetic Yarns – Yang Shen, Auburn University
2:30
Break
2:45
Fumigant Activities of Peppermint Oil and Rosemary Oil Against House Dust Mites as Well as Their
Antimicrobial Activities – Sandy W. Daubenmire, University of Georgia
3:05
Dynamic Yarn Pullout in the Out-of-Plane Direction – Zherui Guo, Purdue University
3:25
Fabrication of Regenerated Cellulose / Nanosilver Fiber Using Ionic Liquid – Jonathan Chen,
University of Texas, Austin
3:45
Fabric Defect Detection Using Image Projection and Dictionary Learning – Jun Wang, Donghua
University
*****************************************************************************************

Poster Session
Wednesday, October 23, 5:30 p.m.‒7:00 p.m.; Grand Hallway
Presenter

Title

Nancy Allen

Incorporation and Performance of Molecular Polyoxometalates in Fibrous
Substrates

Krystal Cadle

The Role the N-Terminal Plays in Spidroin Assembly

Miguel Carvalho

The Designer and Clothing as Therapy in the Treatment of Upper Limb
Lymphedema

Nithinart Chitpong

Cellulose Nanofiber Composite Membranes for Water Purification

John Custer

Reconfigurable Diffraction Gratings with Magnetic Nanofibers

DaKeldrick Dismuke

The Effect of Near Space Conditions on Poly(N-vinylcaprolactam) Nanofibers

Yves-Simon Gloy

Spinning and Weaving Technologies for Novel Compostable Biopolymers

Mehdi Kazemimostaghim

Submicron Stable Particles Milled from Silk Fibre

Natasha Khan

Rapid Pull-down Assay Using Capillary-channeled Polymer Fiber Stationary
Phases

Jae Hyun Kim

Single PPTA Fiber Tensile Properties from Quasi-static and High Strain Rate
Tests

Ben Krichman

Mullite Matrix Composites via Sol-Gel Infiltration Process

Laura Lange

In Situ Synthesis of a Polyoxometalate-CuBTC Metal Organic Framework on
Cellulose and Reactivity

Sheng Yan Li

A Novel Digital Approach for Automatic and Continuous Image Segmentation of
Tracer Fiber Image

Xiaosong Liu

Light and Color in Deep Black Coloring of Noncircular Cross-section Polyester
Fabrics Using Polarization Image Processing

Sam Lukubira

Processing of Soy Flour-filled Polyethylene Fibers

Todd Lyda

Production of Recombinant Spider Dragline Silk Proteins with a Leishmania
ratentolae Secretion System

Victor Maximov

Development of Rapid ELSIA Fiber-based Testing System

Elmon Merriman

Hydrolysis and Analysis of Simple Sugars Using Smart Fibers from Subterranean
Termites for Biofuel Production

Maryana Nave

Wettability of Tungsten Wire During Electropolishing

Ozgun Ozdemir

Properties of Soy Flour-filled Polyethylene Fibers

Congyue Peng

Fiber Assembly from Recombinant Spider Silk-like Proteins Produced in
Transgenic Tobacco

Nils-Krister Persson

Thermotropic Textile Structures

Laurence Schacher

Development of Nanoweb with Specific Orientation for Biological Application

Nataly Siqueira

Characterization and Cytotoxic Study of Galactomannan-Gelatin Electrospun
Nanofibers for Cell Culture Application

Julie Soukupová

Corona Discharges During Electrospinning Process

Byron Tolbert

Correlation of Mechanical Degradation of Poly(p-phenylene-2,6benzobisoxazole) (PBO) Fiber with Fluorescence Emission

Byron Tolbert

Study on the Use of Lignin Materials as a Flame Retardant Additive for Textiles

Laura Toth

Chitosan Fiber Scaffolds for Craniofacial Bone Tissue Engineering

Thi Anh Dao Tran

Contribution to the Development of a New Design of Dentist’s Gowns: A Case
Study of Using Infra-red Technology and Pressure Sensors

Fehime Vatansever

Evaluation of Wicking in Polymer Grafted PET Fabrics

Lucie Vysloužilová

Increase the Productivity of Coaxial Electrospinning

Yuen Shing Wu

Study of Microclimate Volume Effect on Clothing Thermal Insulation and
Evaporative Resistance

Jian Zhou

Development of Real-time Inspection Platform for Fabric Quality Assurance
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Plenary Addresses
Vladimir Tsukruk
Alan Windle
Alejandro Rey

On the Strength of Carbon Nanotube Fibres
Alan Windle, Thurid Gspann
Department of Materials Science, University of Cambridge, 27 Charles Babbage Road, Cambridge,
CB3 OFS, United Kingdom
ahw1@cam.ac.uk

Perfect individual single wall carbon nanotube
are predicted to have tensile strengths of the
order of 50 GPa.
Measurements of fibres
consisting of perhaps 106 aligned nanotubes,
show strengths usually between 1 and 2 GPa,
although there are one or two reports of values
much lager than these. The paper reviews the
difficulties associated with using GPa as
opposed to the GPa/SG or N/tex as units for

stress and stiffness. It then revisits some of
the unusually high values for CNT fibre
strength and stiffness already in the literature,
discussing these in relation to the testing
method used, presenting a coherent picture of
the possible reasons for these, and outlining
possible strategies for strength enhancement in
the future.

Liquid Crystalline Fibers, Films, Membranes, and Drops
Alejandro D. Rey
Department of Chemical Engineering, McGill University, Montreal, Canada H3A2B2
alejandro.rey@mcgill.ca

ABSTRACT
This lecture presents an overview of capillary modeling
science of liquid crystals and its applications to the
stability, structure, and shape of films, membranes, fibers,
and drops [1]. A systematic multiscale approach is used to
characterize the shape of surface, interfaces, membranes,
contact lines and disclinations. These shape equations
generalize the surface Laplace and the contact line
Neuman equations by introducing long range orientational
order, gradient elasticity, surfactant adsorbants, magnetic
and electric fields. The thermodynamics of capillary
systems is used to reveal novel cross-effects such as
adsorption-driven shape changes of surfaces and contact
lines. The capillary models are used to analyze the
structure and stability of films, membranes, fibers, and
drops, of direct relevance to the processing and
performance of structural and functional liquid crystals.
Novel soft materials and mechanisms analyzed in
this lecture include: (1) stabilization of freely-suspended
nematic films by orientation and molecular order
heterogeneities, orientational defects in polymer dispersed
liquid crystals films , driven by anchoring transitions,
non-classical forced fiber wetting laws due to viscous
anisotropies; (2) membrane flexoelectric actuation in
biological outer hair cells, significance of membrane
bending viscoelasticty in shape transitions in technology
and nature, and liquid crystal shell models of cellulose
orientation in plant cell walls; (3) mesophase carbon fiber
structures based on capillary confinement, novel chiral
Rayleigh fiber instabilities in nematic filaments due to
anchoring, and (4) structure and fluctuations in
chromonic tactoidal drops and their interactions with
disclinations.
The phenomena and predictions
demonstrate how the interaction of fluidity, elastic
anisotropy, and confinement in soft geometries can be
used to design new materials, embed novel functionalities
in devices and extract properties from complex
experimental measurements.
INTRODUCTION
Synthetic and biological liquid crystals (LCs) are
anisotropic viscoelastic materials displaying long range
orientational order that are processed into highperformance structural materials or used as functional
materials. Liquid crystals are soft mater materials, whose
controllable long range orientational response to external
fields and surfaces form the basis of many processing
technologies and their performance in functional material
products. Processing liquid crystalline precursors into
structural materials includes man-made fibers spun from
lyotropic LC polymers such as Kevlar, and biological

superfibers spun from lyotropic liquid crystalline dopes
by spiders, as well as man-made in-situ polymer
composites and biological fibrous composites. Functional
applications include sensors, biosensors, actuators, and
electro-optic materials usually based on film geometries,
such as polymer-dispersed liquid crystals used in light
valves. Biological membranes are functional materials
that display liquid crystal order and display typical LCbehavior such as coupling between curvature and electric
fields (flexoelectric effect). The processing of fiber, film,
and composite materials have parametric envelopes
defined by interface-driven instabilities. For example,
fiber beak-up instabilities that result in spherical droplets
may occur when extruding a polymer-LC alloy, such that
the reinforcing value of the LC fibers is reduced. Optical
PDLC films may exhibit temperature-driven surface
orientation transitions, that lead to nucleation of
orientation defects. Applying electric fields on flat
membranes may lead to generation of membrane
curvature. Spherical drops embedded in liquid crystalline
matrices may deform under the presence of an external
magnetic field. The analysis of these surface-driven
instabilities requires capillary models that take into
account long range orientational order, anisotropy, and
texturing.
OBJECTIVES
The essential aims of this lecture are to provide a
systematic link between shape, structure and stability
across typical geometries that include films, membranes,
fibers, and drops, and that have direct impact on the
processing of structural LC precursors and on the product
performance of LC functional materials.
APPROACH
The capillary models are based on the Landau-de Gennes
macroscopic model of viscoelastic nematic liquid crystals
(NLCs) for bulk, surfaces, and line phases; the scope of
this review paper is limited statics of NLCs in multiscale
(bulk, surface, lines) geometries, where the nematic phase
is characterized by orientational (positional) order
(disorder). The multiscale LdG model takes into account
phase ordering, gradient elasticity, interfacial anchoring,
anisotropic line tension, surfactant adsorption, and
electromagnetic effects. In addition, useful simplified
models that neglect molecular order and retain long range
orientational order are presented. The LdG theory is
incorporated into the thermodynamics framework to
reveal the origin of structure, shape, and to characterize
adsorption-induced shape changes.

SUMMARY OF RSULTS AND CONCLUSIONS
The LdG theory is then used to derive the governing
liquid crystal surface shape equation that generalize the
classical Laplace equation of capillarity, and the liquid
crystal line shape equation that generalized the wellknown Neuman contact angle equation. Films are
analyzed in terms of structure and stability in both
supported and freely-suspended scenarios. We consider
how the supported film structure responds to changes in
surface orientation effects, and the stabilizing forces
operating in freely-suspended free films. The structural
stability of PDLCs electro-optical films to temperature
changes is established by integrating bulk and surface
anchoring effects, showing that when preferred surface
orientation changes, orientational defects arise through
the bulk. The stability of freely standing films, of
relevance to foams and coarsening in multicomponent
materials, is determined using the structural disjoining
pressure equations. Membranes are analyzed in terms of
shape and stability, by considering the role of electric
fields on the curvature of the membrane (flexoelecric
effect). The main issue is to determine all the possible
ways electric fields affect the shape of a membrane; in
contrast to piezoelectricity that only change the area, it is
shown that flexoelectricity has a variety of shapechanging modes. A useful spherical cup equation to
quantify membrane flexoelectricity is derived from the
general electro-elastic shape equation. The stability of
fibers is analyzed using the generalized surface shape

equation and compared with the classical Rayleigh
instability of isotropic fibers.
Due to anisotropic
anchoring, new helical modes twisting the fiber arise.
Drops are analyzed in the context of wetting and shape.
The line shape equation that generalizes the Neuman
contact angle equation is applied to a NLC drop
embedded in two fluid phases, and the condition of partial
wetting under anchoring and long range orientational
order is examined. The NLC droplet shape computed
from the LdG model is tested with the classical Wulff
construction , that relates droplet shape to the polar plot of
the interfacial energy, and it is shown to hold in nano
droplets of a thermotropic NLC.
KEYWORDS
Anisotropic soft matter, liquid crystals, capillary science,
stability and structure.
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ABSTRACT
I discuss recent results from our research group on
designing responsive nanoscale multilayered
materials for tunable microcapsules, conformal cell
protection, interfacial monolayers, and ultrastrong
biocomposites.1,2,3 Ultrathin shells from synthetic and
natural materials are assembled in order to conduct
surface modification and protection of model
microparticles, cells and cell assemblies. Films and
shells designed here are formed at interfaces from
various linear and branched synthetic and biological
macromolecules assembled via hydrogen-bonding,
ion
pairing,
and
hydrophobic-hydrophobic
interactions and tunable by pressure, pH or light.4,5
Means are further exploited to control and tune the
fractal morphology, permeability, biodegradability,
and compliance of the LbL shells. Finally, ultrastrong bionanocomposites from silk and graphene
oxide components with unique interphase
morphology were found to possess extremely high
elastic modulus and toughness.6
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STATEMENT OF PURPOSE
Ultra high molecular weight polyethylene, or
UHMWPE, is one of the two main types of fibers
currently used in ballistic-resistant body armor. In light
of a well-publicized failure of a police body armor
eventually attributed to fiber stability, attention has
been focused on studies to ensure the long-term
stability of all fibers used in body armor. This work
will describe the use of exposure to different
temperatures to evaluate the long term stability of
UHMWPE yarns.
INTRODUCTION
Previous researchers have focused efforts on
understanding the artificial aging of UHMWPE on bulk
polymers typically used in orthopedic joint
replacement applications [1]. A study published by
Chabba examined the artificial aging properties of
UHMWPE fibers, focusing on oxygen uptake as a
marker of degradation and calculated the activation
energy of this process as approximately 120 kJ/mol.
Since oxidation is the primary degradation mechanism
for UHMWPE fibers, this approach makes sense,
however it is not a metric that is typically related to
ballistic performance. This study will focus on aging
temperatures of 43 °C and 65 °C to simulate wear and
storage
(hot
car)
conditions,
respectively.
Temperatures of 90 °C and 115 °C will be used to
accelerate degradation.
APPROACH
Material Exposures The UHMWPE fibers used in this
study were stored in dark ambient conditions. Fibers
were wound onto perforated spools and placed into
ovens at 43 °C, 65 °C, 90 °C, and 115 °C.
Temperature/relative humidity dataloggers were used
to monitor conditions during the exposure period.
Samples of the UHMWPE yarns were periodically
taken from the conditioning chamber for various
measurements.
Mechanical Properties The mechanical properties of
the yarns were measured using established methods for
measuring the ultimate tensile strength. A universal test
machine frame equipped with a 1 kN load cell and
pneumatic yarn and cord grips was used for these tests.
The experiment was performed in accordance with ISO
2062 [2]. A 58.42 cm (23 in) yarn was given 23 twists
(1 twist per 2.54 cm) on a custom designed yarntwisting device, and the level of twist was maintained
while transferring the yarn to the pneumatic grips. The
gage length was 25 cm and the crosshead speed was

250 mm/min. The strength at break was recorded and
each data point represents the mean of at least 7 trials.
Oxidation Measurement Oxidation of the fiber
samples was measured using Fourier Transform
Infrared Spectroscopy. A spectrometer (FTIR)
equipped with a liquid nitrogen-cooled mercury
cadmium telluride (MCT) detector and an attenuated
total reflectance (ATR) accessory was used in the
oxidation measurement. Consistent pressure on the
yarns was applied using the force monitor on the ATR
accessory. Final scans represent the average of 128
individual scans with a resolution of 4 cm-1 between
650 cm-1 and 4000 cm-1, respectively. The spectra were
baseline corrected and normalized using the peak at
1472 cm-1, which was attributed to the CH2 bending
mode. Typical standard uncertainties for spectra
measurements are 4 cm-1 in wavenumber and 1 % in
peak intensity. For the purposes of evaluating the
degree of oxidation, the overlapping peaks were
deconvoluted between 1680 cm-1 and 1740 cm-1. This
peak ratio was introduced as the oxidation index [3, 4,
5].
Crystallinity Determination Differential scanning
calorimetry (DSC) was carried out after exposure at the
specified temperature over a designated time interval.
Samples were prepared by cutting the UHMWPE fibers
into small segments and sealing in a hermetic sample
pan. The typical weight of the sample was 3 mg to 5
mg. Samples were held at 25 °C for 5 min, then heated
at 10 °C/min to 190 °C. The melting points were
characterized by the temperature of the maximum
endothermic peak, and the heat of fusion was
determined by integrating the area under the curve.
Three replicates were prepared for each condition.
RESULTS AND DISCUSSION
Mechanical Properties Figures 1 shows the change in
tensile strength as a function of aging at different
temperatures. As anticipated, the reduction in tensile
strength was lowest at the aging temperature of 43 °C.
Only a slight decrease in the tensile strength (<2 %)
was observed after one week of aging, with a small
additional decrease over the first month of ≈2 %. A
slow, steady deterioration in the tensile strength was
observed over the first 36 weeks, after which none was
observed. The study was ended at 102 weeks of aging,
with a final tensile strength loss of 9 %. The reduction
in residual tensile strength was more evident at the
aging temperature of 65 °C. The decrease in tensile
strength after the first week was approximately 3 %,
and in the first month it was ≈8 %. After 94 weeks of

aging, the study was ended, with a final tensile strength
loss of over 30 %.
As expected, the reduction in tensile strength was even
more apparent at the higher temperatures. The tensile
strength decreased by 28 % in the first week at the
aging temperature of 90 °C. The study continued for
17 weeks, with a final tensile strength loss of 56 %. At
the aging temperature of 115 °C, the tensile strength
decreased 42 % in the first week. The study continued
for 17 weeks, with a final tensile strength loss of 52 %.

Figure 1. The mean tensile strength of artificially aged
UHMWPE fibers at various temperatures over time. Error
bars represent the standard deviation.
Activation Energy In order to assess the long term
service life of UHMWPE fibers, the master curve at the
lowest aging temperature, (representing base use
conditions, or body temperature) is generated. A master
curve was created by using 43 °C as the reference
temperature, and then horizontally shifting the higher
temperature aging data until they superimpose
smoothly to form a single curve [6, 7, 8]. The amount
that each curve must be shifted is called the shift factor,
at, and is used in the equation below to determine the
activation energy of the aging mechanism.
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E  1
1
 a 
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Where at is the shift factor, t0 is the aging time at the
reference temperature, tt is aging time after shifting, Ea
is the activation energy, R is the universal gas constant,
and Tref is the reference temperature. The value of the
activation energy is found to be 140 kJ/mol, which is in
agreement with previously published results [6].

Oxidation Analysis Oxidation in UHMWPE increases
with aging temperature and time, and is identified by
the formation of a new peak in the FTIR spectrum at
1737 cm-1 which is assigned to an ester; and another
shoulder peak is expected at 1713 cm-1, which is
identified as a ketone. The intensity of the ketone
group intensified with increasing aging time at 43 °C.
The degree of oxidation of UHMWPE fibers could
potentially be quantified by introducing the oxidation
index (OI), as used in other artificial aging applications
for bulk UHMWPE [5, 9, 10]. For the purposes of this
study, the peak at 1472 cm-1 was used as the reference
peak, and the OI is the ratio of the area of the peak at
1713 cm-1 to that at 1472 cm-1. The OI increased
moderately at the lower aging temperatures. For the
aging temperatures 43 °C and 65 °C, the OI increased
over the course of the exposure from 0.0002 to 0.0243
and 0.0249, respectively, with a curve shape of
concave-up. For the higher aging temperatures, the OI
increased more rapidly. After 17 weeks of aging at 90
°C, the OI increased from 0.0002 to 0.0385, and for 17
weeks of aging at 115 °C, the OI increased from
0.0002 to 0.0471.
Crystallinity Determination DSC thermograms of
UHMWPE fibers aged at all available combinations of
temperature and time showed multiple broad melting
peaks with overlapping regions between 139 °C and
158 °C. Typically, the calculation of percent
crystallinity using a literature value from DSC data
(243.4 J/g [9]) is an excellent way to assess relative
changes between samples with aging. However, for
these UHMWPE fibers, the overall percent crystallinity
of the fibers as calculated by this method was nearly
unchanged.
FUTURE WORK
Future work will use wide angle X-ray scattering to
better evaluate the morphological changes in the
UHMWPE fibers, and also to examine the orientation
function for these fibers.
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INTRODUCTION
Electromagnetic radiation summarizes gamma- and Xrays as energy rich types, the UV-, visible- and IR-light
and the radio waves with low frequency. Protection
against radiation based on textile applications relates
often to UV-radiation or IR-radiation, with the aim of
protection of human health, heat regulation or material
protection. In contrast, the now presented results will
mainly cover the protection against X-rays and
radiowaves (electrosmog).
Until now for protection against X-rays mainly products
containing the heavy metal lead are used. However, due
to the heavy weight these products are highly
uncomfortable – also lead is a toxic heavy metal.
Applications are found in the medical area, where the
protection of the acting persons against X-ray during
analytic applications is necessary. In this area less
comfortable products are accepted, because they are only
for short times. Actually for the people, working near not
high, but significant level of X-radiation, some protection
layer could reduce the dose of the radiation significantly.

(Figure 2) [2]. Plain pigments also named as effect
pigments contain excellent reflective properties. Concept
C uses non-absorptive sol-gel coatings for embedding of
absorptive barium sulfate pigments [1]. Barium sulfate is
an effective and non-toxic x-ray absorber. Concept D uses
the embedded of the absorptive component instead of
applying an absorptive coating (Figure 3). With concept
D a higher amount of absorbing component can be
introduced into the fiber compared to lower amounts
reachable by coatings. However the coating concepts
allow a more flexible application process, because
afterwards applications on the already produced fabric are
possible.

The purpose of this research is to investigate the possible
methods for creating of textile fibers with radiation
protective properties. The investigation of the textile
related properties and of the effectivity of the protection
of these fibers (elongation, strength, moisture absorption
etc.) is currently in work and will be reported in later
publications.
APPROACH
Altogether four different concepts to realize radiation
absorbing fiber materials will be presented and compared
(Figure 1). In fact, the normal fiber materials like
polyester or cotton are from themselves no adequate
absorbing materials, so an absorbing component has to be
added to the fiber. This component can be added as
coating or can be embedded into the fiber.
RESULTS AND DISCUSSION
Concept A contains the sol-gel coating of the fiber with
absorbing material as hafniumoxide or bariumtitanate
(Ref. 2). In this concept, the amount of absorbing
component in the coating is especially high. However
disadvantages are costly precursors and an easy crack
formation of the purely inorganic coatings. In concept B a
non-absorptive coating is used as binder for absorptive
plain pigments, mainly placed on top of the coating

Figure 1. Overview on the four concepts to realize a
radiation absorbing fiber material

CONCLUSIONS
Altogether four different concepts for realization of
radiation protective textiles and fibers are introduced.
Production processes are summarized. Every concept can
lead to a sufficient radiation protection, however
advantages and disadvantages of each method have to be
discussed.
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Figure 3. SEM image for an example of concept D;
viscose fibers with embedded barium sulfate
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INTRODUCTION
Polyimide microfiber and nanofiber nonwovens can
be created via proprietary DuPont electro-blowing
technology1. This technology can be used to produce
webs with high porosity and elasticity from rigid
thermoset polymers.

approximately 90% with a very fuzzy, but unstable
surface. Stabilization of the surface or containment
of the nonwoven between other elastic structures,
such as knit fabrics, is required for practical
applications. Porometry measurements indicate a
mean flow pore diameter of 3-4 microns and a
bubble point of 8-9 microns.

APPROACH
Polyimide nonwovens are created by first spinning
continuous filaments from a polyamic acid solution.
The fibers are then thermally imidized wherein a
chemical reaction takes place converting them from
polyamic acid to polyimide2.

Figure 1: Conversion of polyamic acid (PAA) to
polyimide (PI)
During the thermal imdization process the web can be
stretched in the machine direction thereby reordering
the filaments from a random to a predominantly
aligned structure. Filaments which are not aligned in
the machine direction become crimped and are
permanently set in this configuration since polyimide
is a thermoset. The crimp in these cross direction
filaments creates a high degree of elasticity in this
direction.
RESULTS AND DISCSUSSION
The polyimide nonwovens created as described above
are highly anisotropic. See scanning electron
microscope images in Figures 2 through 4 below.
Strength to break in the machine direction is 10x that
in the cross direction, but elongation to break in the
cross direction is 40x that in the machine direction.
The elongation to break in the cross direction is 160%.
Elastic recovery in the cross direction is 98% for
strains up to 50% and is 95% for 75% strain. Figures
5 through 7 below show the stress strain elastic
recovery curves for cross direction strains of 25%,
50% and 75% (4 samples each). Note that this
nonwoven structure contains no binders or other
components. It is 100% polyimide filaments. The
scanning electron microscope images also reveal that
the filaments are not bonded at the cross-over points.
The result is a structure that has a porosity of

Figure 2: Surface SEM image

Figure 3: Machine direction cross-section SEM
image

Figure 4: Cross direction cross-section SEM image

Figure 7: Stress strain elastic recovery plot for 75%
cross direction strain

CONCLUSIONS
A nonwoven structure comprised completely of
polyimide nanofiber and/or microfiber filaments can
be made in such a way that it is highly elastic in the
cross direction despite that the fact that the
individual filaments are a very inelastic, thermoset
material. The structure offers a combination of
useful properties such as small pores, high porosity,
elasticity and thermal stability.
Figure 5: Stress strain elastic recovery plot for 25%
cross direction strain

Figure 6: Stress strain elastic recovery plot for 50%
cross direction strain
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INTRODUCTION
Tungsten trioxide (WO3) is a versatile semiconductor
material with a wide range of applications in smart
devices,[1-3] solar water splitting,[4, 5] and gas sensor,[6,
7], etc. Inserted with light ions, such as H+, Li+, and Na+,
WO3 will form different metal tungsten oxides (i.e.
tungsten bronzes). Among these bronzes, sodium tungsten
oxides have been attractive due to their unique character
of tuning material structures and properties by
composition control. Recently WO3 one-dimensional
(1D) nanostructures (e.g., nanowires, nanobelts, and
nanorods, etc.) have attracted intensive research efforts.
However, the study of 1D sodium tungsten oxide
nanostructures is limited with only a few papers published
so far.[8-11] In this study, the growth of ultra-long
tungsten oxide and sodium tungsten oxide nanowires is
reported and the effects of impurity and residue
deposition are discussed.
APPROACH
Samples were synthesized by a chemical vapor deposition
(CVD) method using a home-built hot-wall low pressure
CVD system with a reaction chamber of 1” diameter
quartz tube heated by two semi-cylindrical ceramic fiber
heaters. Silicon (100) substrates with a 1-m-thick
thermally grown oxide layer were used in this study.
Tungsten powders with a purity of 99.9% were mainly
used as source material for the growth. Other tungsten
sources with different purities were also used for control
experiments. In a typical experiment, tungsten powders
were loaded at the upstream end of a quartz boat with a
substrate located downstream. The boat was then loaded
inside the reaction chamber with the tungsten source
located at the center of the furnace. The reaction chamber
was first pumped down to an ultimate vacuum pressure of
~ 7mTorr, and then brought up to 110 mTorr with 1 sccm
(standard cubic centimeter per minute) O2 and 10 sccm
Ar. The system was then ramped to a heating temperature
of 1000 C at the center in 30 min and held for 4 h,
followed by cooling down to room temperature in ~ 5 h.
The morphology and composition of the as-synthesized
samples were analyzed by scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS).
Crystal structure was characterized using X-ray
diffraction (XRD) and transmission electron microscopy
(TEM). Micro-Raman spectroscopy was also performed
to confirm the phases of different nanostructures.

RESULTS AND DISCUSSION
As shown in Figure 1, ultra-long nanowires were found
on the SiO2-Si substrate with lengths from tens microns
up to several hundred microns and diameters about 40 to
500 nm. The deposition of nanowires was generally
located on the substrates with a growth temperature range
from 660 to 420 C. At some locations, submicron-sized
plate structures with a regular rectangular shape grew
among the nanowires. The crystal structures of the assynthesized specimens were examined using XRD. The
deposition was identified with one tungsten oxide phase
and two types of sodium tungsten oxide phases. The
tungsten oxide phase was identified to be the monoclinic
WO3 (ICDD PDF 01-083-0950). Two sodium tungsten
oxide phases were found to be the triclinic Na5W14O44
phase (ICDD PDF 04-012-4449) and the triclinic
Na2W4O13 phase (ICDD PDF 04-012-7108). Using TEM,
The majority of the nanowires were identified as the
triclinic Na5W14O44, with small amount of monoclinic
WO3. However, no Na2W4O13 phase was found with any
nanowires in the TEM analyses. After careful
examinations, the submicron-sized rectangular plate
structures were identified as the triclinic Na2W4O13 phase.
These results were also confirmed by Micro-Raman
studies.

Figure 1. SEM images of the as-synthesized nanowires
grown on a SiO2/Si substrate: (a) low magnification
micrograph and (b) close-up view.
The Na content in the deposition was identified from the
99.9% pure W source with a Na concentration of ~20 ppm
(part per million). The question why the Na content at
such low concentration could affect the growth so
significantly can be explained by the limited supply of
tungsten oxide vapor in our experiments. The tungsten
oxide vapor was limited by the slow tungsten oxidation
process at 1000 C and 1 sccm O2, while the Na content
in tungsten source can be evaporated fast at 1000 C. This
hypothesis was verified by a series of control
experiments.

Variations of nanostructure morphologies were observed
if multiple growths were employed repeatedly in the same
reaction chamber of quartz tube. Hence, a series of
experiments were performed in the same reaction
chamber with the increase of growth numbers. Three
nanowire growth zones can be identified based on the
coverage and density of the nanowires. The growth Zone I
was located at high temperature end ranging from 660 to
520 C, Zone II was from 520 to 470 C, and Zone III
from 470 to 420 C. With the increase of the growth
number, the coverage, density, and length of the
nanowires increased in all three zones. A mechanism of
residue deposition enhanced growth was proposed to
explain the morphology change of the nanowires with the
growth number. When a reaction chamber with residue
deposition from previous depositions is used repeatedly as
the reaction chamber, the residue deposition heated at
growth temperature will also produce vapor locally.
Therefore, the vapors from both the source materials and
the local residue deposition will result in an enhanced
growth of nanowires. Control experiments were carried
out and confirmed the proposed mechanism. Figure 2
shows the schematic drawings explaining the enhanced
growth due to the residue deposition.

Figure 2. Schematic drawings showing (a) growth with
tungsten source in a new tube, (b) enhanced growth with
both residue deposition and tungsten source, and (c)
growth with residue deposition only.
CONCLUSIONS
In summary, ultra-long nanowires of sodium tungsten
oxide and tungsten oxide were synthesized using a simple
CVD method. The low concentration Na content at ppmlevel in tungsten source was found to have a great impact
on the compositions and structures of deposition. The
nanowire growth can be enhanced by the local vapor
supply from the residue deposition in the reaction
chamber. Possible growth mechanism was proposed and
verified by experiments.
KEYWORDS
Nanowires, tungsten oxide, sodium tungsten oxide,
impurity effect, residue deposition
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Bottom-up synthesis of zinc oxide (ZnO)
nanowires requires a highly engineered
substrate to achieve alignment and orientation
control. Here we report textured ZnO film as an
inexpensive substrate to fulfill the requirement.
The textured film is coated conformally on
various surface topographies and allows the

epitaxial growth of ZnO nanowires with
vertical, tilted, or lateral orientations. The
textured film can also be formed into threedimensional structure for growing novel
nanostructures. The growth flexibility can
potentially simplify device fabrication and
optimize device performance.
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OBJECTIVE
In this contribution, we report on the effect of heat
treatment (from room temperature (RT) until 180 °C) on
polyacrylonitrile (PAN) and PAN/carbon nanotubes
(CNTs) fibers. We investigate the stability of the spin
finish in the treated fiber in a qualitative as well as
quantitative manner using solid-state nuclear magnetic
resonance (NMR) spectroscopy.
INTRODUCTION
A spin finish is a complex mixture of a wide range of
chemical components that is applied to man-made fibers
to facilitate processing into a final product. It may consist
of lubricants, emulsifiers, antistatic agents, antimicrobial
compounds, and cohesive agents. The spin finish must
impart the properties of antistatic protection and good
lubricity at both low and high temperatures. Therefore, it
is evident that the amount of spin finish on the fiber is
critical for efficient operation [1].
High thermal stability is one of the desired properties
in the precursor fiber. NMR can be used to study the
thermally stabilized fiber which is a suitable method to
obtain insights into the structure, molecular motion, chain
dynamics, and intermolecular interactions of the
polymeric materials. Previously, solid-state NMR has
been used to study the structural changes of the thermally
treated PAN and PAN precursor fiber stabilized at 215 °C
and above [2, 3].
In this study, heat treated PAN and PAN/CNT
precursor fibers were characterized in terms of the
stability of the spin finish using the solid-state 1H NMR
technique.
MATERIALS AND METHODS
PAN copolymerized with Methacrylic acid (MAA- 4
wt%) was supplied by Japan Exlan Co., Ltd. (Japan).
CNT (lot# XO122UA) was obtained from Continental
Carbon
Nanotechnologies,
Inc.
HPLC
grade
Dimethylformamide (DMF) was purchased from SigmaAldrich, Co. and used as received. The spin finishes Type
A, B and C were obtained from different suppliers.
The PAN and PAN/CNTs composite solutions were
prepared following the procedure described elsewhere [4].
Dry jet wet spinning technique was used to produce fibers
following parameters as summarized in Table I. A series
of controlled and composite fiber samples was thermally
treated using a vacuum oven for 24 h. NMR Experiments
were performed on a Bruker DSX-300 solid-state NMR

spectrometer (Germany), operating at a magnetic field of
7.05 T (1H frequency of 300 MHz) at RT. 1H MAS NMR
spectra were recorded using the Hahn echo sequence [5]
with a time delay (tau) of 175 micro sec and pi/2 pulse
length of 5 micro sec. The delay tau is the time-interval
between both pulses, its value was set such that the tail of
the free induction decay (FID) was emphasized, and only
a relatively mobile component could be observed. The
spin-lattice (T1) relaxation time was measured using the
conventional saturation recovery experiment [6]. In order
to make a quantitative analysis of the corresponding
spectra, the dmfit program was used [7]. Further 1H NMR
spectra were obtained on Bruker AV3 400 high resolution
spectrometer operating at 9.4 T at RT using DMF-d7 as a
solvent. Infrared (IR) spectra were obtained on Spectrum
One spectrometer (Perkin Elmer Co.) using KBr discs.
TABLE I: PAN and PAN/CNT fiber production parameters.

Solution
Type of
precursor
fiber

Solid
(g/dL
DMF)

CNT
conc.
(Wt.%)

PAN fiber

11

0

PAN/
CNT fiber

11

0.5

Drawing
Spin finish
Bath Draw
Type conc. ratio
(%)
A
1.5
7.8
B
1
C

1.5

9.6

RESULTS AND DISCUSSION
As discussed above, experimental conditions for the
recording of 1H NMR spectra were chosen such that the
spectra contained only signal from mobile components,
i.e. components, which exhibit large angle motions with
frequencies >> 1kHz. From Fig. 1, it can be seen that
dried PAN powder does not show any significant peak of
a relatively mobile component in the sample except a
peak of small intensity at about 1.5 ppm. On the contrary,
fiber samples show peaks at different chemical shifts
revealing signature of the mobile components.
These signals were assigned by obtaining individual
high resolution NMR spectra of different spin finishes
(Type A, B and C). In the case of PAN fiber, it was found
that the signal at 0.5 ppm arises from the Type A spin
finish and resonance lines appear at around 0.7 to 2 ppm,
3.2 to 3.8 ppm, 4.2 ppm and 7.5 to 9 ppm are due to the
type B. Residual DMF also shows a chemical shift at 8.1
ppm. In the case of Type C spin finish, the peaks at 0.5

FIGURE 1. Isotropic region of 1H MAS spectra of PAN powder,
untreated PAN fiber (containing Type A and B spin finish) and
PAN/CNT composite fiber (containing Type C spin finish).

ppm and 3.8 ppm were observed. From the 1H spectra of
the PAN fiber samples it was found that the intensity of
the peaks corresponding to the type B spin finish
decreased significantly with increase of the treatment
temperature whereas this change was negligible in the
case of type A. On the other hand, a small change in
intensity in 0.5 ppm peak suggesting the partial loss of the
Type C spin finish was observed throughout the heat
treatment of the PAN/CNT composite fiber sample.
TABLE II. % of Type A, B (in PAN fiber) and C (in PAN/CNT
fiber) spin finishes in the as produced and heat treated fibers.
The analysis is based on 100% each of the spin finishes in the as
produced sample.

Treated PAN
fiber
As produced
80 °C
110 °C
130 °C
150 °C
160 °C
170 °C
180 °C

% of Spin finishes (± 5%)
A
B
C
100.0
100.0
100.0
100.0
97.0
89.9
99.1
94.9
84.5
99.8
92.9
84.5
98.4
77.2
86.7
99.4
35.6
86.1
97.9
19.6
84.3
99.0
24.6
86.7

The values in Table II were obtained from the
analysis of the NMR absolute peak intensity and
calibrated using the respective sample amount used
during the experiment. The table shows that the percent of
Type A spin finish remains mostly unchanged in the PAN
fiber samples, whereas, there is a ~80% reduction of the
Type B spin finish due to the heat treatment. This clarifies
the fact that the components of Type B are thermally
unstable compared to that of Type A under the current
experimental conditions. In the case of Type C spin finis,
15% (with ± 5%) loss was observed due to the heat
treatment.

A selective spin-lattice relaxation analysis for the
relaxation functions of the solid-like and mobile
components for each of the fiber samples were conducted.
Both components in each sample showed temperature
dependent T1 relaxation times. A general trend of increase
in T1 values with the increase in treatment temperature
was seen which could be explained by the change in
molecular mobility of the polymer chain as well as the
removal of spin finishes and residual DMF due to heat
treatment. The IR spectra of the studied samples revealed
the presence of residual DMF only in the as produced
PAN fiber sample which was evaluated by the band of
carbonyl group at 1668 cm-1 [8]. This band was absent in
the PAN fiber treated at 170 °C. This can be explained by
the fact that due to its boiling point of 154 °C, DMF will
be removed from the fiber when treated at a higher
temperature.
CONCLUSIONS
The simple 1H MAS technique allowed the
characterization of the decomposition of spin finishes on
fibers upon heating. The technique is especially attractive,
since it allows the simultaneous and unambiguous
characterization of several spin-finishes applied to the
fiber. The analysis of spin-lattice relaxation time (T1)
gives evidence on different molecular dynamics of the
fiber components.
KEYWORDS
PAN fiber; PAN/CNT fiber; spin finish; solid-state NMR;
NMR relaxation time.
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INTRODUCTION
Woven fabrics from ballistic yarns are a major type of
material for ballistic panels needed for personal
protection. However, the nature of the woven
construction makes the strain/stress in the fabric very
much concentrated on the primary yarns. In order to
make lightweight body armour with satisfactory
protection, it is important to identify ways for making
the fabric and the panel to create more efficient body
armour. This paper reports on the strain/stress
distribution upon ballistic impact and the engineering of
ballistic fabrics that is lighter and more efficient in

absorbing ballistic impact energy.
STRAIN DISTRIBUTION
Most types of body armour are made from woven
fabrics where the high-performance yarns are interlaced
perpendicular to each other. Another type of planar
material used for body armour is the so-called UD (unidirectional) sheet, which also involves fibres in 0 and
90° directions only. When impacted by a high velocity
projectile, the fibres/yarn that directly take the load,
known as the direct yarns, will play a major role in
absorbing the impact energy, whereas the other
yarns/fibres, the secondary yarns, will contribute little
to absorb the impact energy of the projectile. Figure 1
shows yarn loading when a fabric is impacted upon. It is
evident that the most of the yarns in the fabric are not
involved in energy absorption.

Figure 1 Ballistic loading on fabric
During the ballistic impact event, longitudinal stress
waves are stimulated along the primary yarns, and a
transverse stress wave is created around the centre of
the impact. The speeds of the two waves, which are
described as Equations (1) and (2) respectively, are
associated to the efficiency of energy absorption as
described by Cole.
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ENGINEERING OF FABRICS
Inter-yarn friction has been proven to be an important
factor in affecting the ballistic performance. Briscoe
and Motamedi that the fabric with the highest friction
between the fibres was most energy absorbent and
created least vertical deformation. Duan et al FE
simulated the ballistic performance of plain-woven
fabrics with different inter-yarn frictional coefficients
and the results suggested that the fabric with higher
friction absorbs more impact energy. Fabrics were
engineered with enhanced the inter-yarn gripping with
different methods. Figure 2 shows fabrics with extra
yarn gripping by textile technology.

(a)

(b)

Figure 2 Fabrics with extra yarn gripping

ENGINEERING OF PANELS
A panel is composed of layers of ballistic fabrics.
Each fabric is an orthotropic material, but the
panel formation provides the possibility to
approach a quasi-isotropic textile assembly. To
avoid the concentration of strain on the primary
yarns, different ways of creating ballistic panels
were experimented on. Figure 3 displays the
orientation of the layers in panels involving
different of fabric plies.
2 plies

[0]2
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where E is the materials modulus, ρ is the material
volume density, and ε is the strain created due to the
impact. The longitudinal wave speed c depends on the
material modulus and the transverse wave speed u is
proportional to c. In a way, the orthotropic nature of the
woven structure hinders the effective involvement of
the yarns in the fabric to absorb the impact energy.

[0/22/45/67]

8 plies
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Figure 3 Panel-formation with angled layers
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Figure 4 Ballistic loading on 3-ply panels
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Figure 6 Effectiveness of layering
Figure 3 compares the transverse deformation at the
vicinity of impact of 3-ply fabric panels. Photo (a)
indicates the deformation for aligned layering and (b)
that for angled layering. It is obvious that deformation
of the aligned panel is in a diamond shape due to the
orthotropic nature of the woven fabrics, whereas the
angled panel demonstrates a deformation of which the
base is almost round. This suggests that in the latter
case more fabric area involving more yarns responded
to the ballistic impact to absorb energy from the
impacting projectile.
RESULTS
Penetration test and FE simulation were carried out for
fabrics with enhanced inter-yarn friction. Experiments
fabric with extra gripping showed such fabrics are able
to distribute strain more widely in the fabric and a up to
25% increase of energy absorption compared to the
normal plain woven fabric. BPlain in Figure 5 indicates
the control fabric and most of the fabrics with extra
yarn gripping demonstrated higher energy absorption on
mass basis. Other methods used to increase the interyarn fraction also led to increased energy absorption, as
described by Sun and Chen.
Both experimental and FE studies were carried out for
panels. Figure 6(a) confirms the effectiveness of
involving more ballistic materials in the panel but it also
showed the same material becomes less energy
absorbent at higher impact velocity. 6(b) extends that
for the same material, angle-laid panel is more effective
in reducing the projectile velocity

Figure 5 Energy absorption vs yarn gripping

It is also found in the study that failure mode of fibres
in the front and back layers are quite different. Fibres in
the front layer tend to fail by shear, and that in the back
layer by tension. This has prompted work in using
different materials at different places in the panel. This
has been reported separately by Chen et al.
CONCLUSIONS
Based on the understanding of strain distribution in the
fabric and the panel, work was carried out in
engineering more effective fabrics and panels for
ballistic protection. Woven fabrics with enhanced interyarn friction showed obvious increase in energy
absorption and panels with angled layer orientation
demonstrated advantages in more effective slowing
down the velocity of the projectile.
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MOTIVATION
Especially for medium sized enterprises in Europe, the
production of high-performance parts made from fiber
reinforced plastics is a very important and promising
business.
For the production of these parts, often preimpregnated
textile fabrics (Pregregs) are used which are consolidated in an autoclave process. Due to very costly tools and
expensive material and storage, this process is not suitable for certain high-volume parts. One possible production chain for such products is the manufacture of dry
near-net-shape textile performs and the consolidation of
these performs in resin injection moulding processes.
One of the major drawbacks towards the high volume
production is the fact that the production of textile performs is hardly automated and often involves a lot of
cost-intensive manual labour. One of the reasons for this
is the complex behaviour of the dry textile fabrics within the production process, which varies a lot depending
on the textile structure and the properties of the textile
material itself. Also, the entire process chain greatly
depends on specific boundaries such as the geometry
and the intended mechanical properties of the part.
To support the industry with the development of automated process chains for the production of textile performs and to investigate the most relevant aspects
thereof, the Institute for textile Technology at RWTH
Aachen (ITA) has set up the ITA-Preformcenter. It
includes a cutting table and an industry robot to which
various endeffectors can be adapted. Also, different
moulds for the placement of the textiles can be designed
and manufactured at the well-equipped mechanical
workshop of the institute. All process steps from the
cutting of semifinished textiles to preconsolidated preforms can be performed with the installed plant.
PRODUCTION OF ITA-PREFORMCENTER
First of all the textile material, typically multiaxial noncrimp-fabrics or woven fabrics made from glas- or carbon fibers, can be cut into a 2-dimensional shape on a
CNC-cutting table (Assist Bullmer). At the ITAPreformcenter. the cutting is realised with an oscillating
knife. A paternoster system which is mounted on the
cutting table allows for the automated changing of rolls
of fabric.
Once the fabric is cut, the subsequent steps are performed with a six-axis-industry robot (KUKA GmbH)
which has a nominal maximum load of 150 Kg and is

mounted head over on a massive steel gantry (KSL
Group). The working area of the robot is greatly enlarged by an additional linear axis and totals 6x3 meter.
The different end effectors can be automatically mounted on the robot with a pneumatic tool changer (Sommer
Automatik GmbH).
With a variety of gripping effectors, textiles can be
picked up from the cutting table or any other storage.
Needle Grippers can be used to pick multiple layers of
textiles. The needles are pushed into the textile pneumatically and even heavy textiles can be handled reliably. One disadvantage of this technology is the disclocation of individual fibers, where the needles puncture the
textile. Kryo-grippers can be used when any dislocating
of the fibers is unwanted. A small amount of water is
sprayed onto the fabric. Peltier elements are positioned
on the wet fabric and freeze the water to create a bond
between the textile and the gripper. This process depends a lot on the ambient conditions such as temperature and humidity. Besides, the textiles can be gripped
using vacuum technology. The grasping of multiple
layers from a stack of textiles can be a challenge, so is
the handling of very porous materials such as openmesh fabris. Any of these technologies are ready to use
at the ITA-Preformcenter both to automatically create
multiple layups of reinforcement textiles and to place
preproduced subpreforms into an existing layup.
Various stitching processes can be used to join multiple
layers of textiles. Typically, onesided technologies are
used to allow for complex shapes and 3-dimensional
seams. At the ITA-Preformcenter almost all relevant
stitching technologies are available. The blindstitchtechnology (KSL) uses a curved needle to produce the
seam. One advantage is that there does not have to be a
groove underneath the textile along the path of the
seam. On the downside, this technology has certain
limitations regarding the geometry of the seam and the
process speed. Another joining technology is the tufting-process (KSL) where the stitching yarn can be positioned exactly perpendicular to the textile layer. As for
thin layups, there has to be a groove underneath the
textile. Also, the joining force is limited because of the
fact that there are only frictional forces between the
stitching yarn and the textile. The third available
stichtching technology is the ITA-onesided stichting,
which has been invented at the ITA. Recently, the third
generation prototype has been produced, which creates
seams realiably even at great speeds.

Where textile layers have to be joined and the use of
stitching technology is not wanted, binder technology
can be the right choice. Binder can be used to influence
the drapability of the textile material as well as to improve the handling and even the impregnation of the
preform. At the ITA-Preformcenter, thermoplastic binder can be sprayed onto the textile using a hotmelt-binder
application device. The spraying nozzle can be mounted
on the robot to create locally 3-dimensional binder patterns on the textile. The activation of the binder is realized by means of a robot-mounted hot-pressing technology. Binder technology is generally
Often, near-shape-preforms have to be cut in shape after
draping and handling. This is because tolerances regarding the dimensions of the preform can be quite narrow
to enable proper resin injection. At the ITAPreformcenter, an ultrasonic cutting device can be coupled to the robot to perform 3-dimensional cuts. Different blades can be used to account for specific material
properties.
MEETING INDUSTRY NEEDS
In various ways, private companies can benefit from the
available equipment and the know-how at the ITA.

companies can integrate newly developed end effectors
into the ITA-Preformcenter. Under strict confidentiality,
these technologies can be evaluated individually as well
as in benchmark studies against existing solutions.
Besides, new technologies can be looked at in a complete production chain from the textile fabric to the dry
preform. Therefore, influences of changes or developments of single process steps on the following process
steps can be investigated systematically.
Also, individual process steps can be delivered as services to the industry. This includes precise cutting of
almost all kinds of textile fabric as well as the local
application of various binders, stitching with the mentioned stitching technologies or even 3D-cuttting of dry
preforms. , entire near-net-shape preforms can be manufactured and delivered.
Besides, workshops are offered to companies who wish
to learn more about textile preforming. These workshops are adapted to the specific needs of the participants and can include both theoretical background of
preforming production technologies and “hands-on”
exercises
at
the
ITA-Preformcenter.
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ABSTRACT
DuPont has been developing a nozzle-less melt based
nanofiber spinning technology to make nanowebs at high
production rates. The process potentially offers a smaller
environmental footprint (lower energy requirement and
solvent-free operation) and potentially lower cost for
production.
INTRODUCTION
Generally, polymeric nanofibers are produced from
solution-based electrospinning process with very high
processing cost and low productivity. Melt blowing
nanofiber processes that randomly lay down fibers do not
provide sufficient uniformity at sufficiently high
throughputs for most end use applications. Random,
uncontrolled, laydown also in practice does not provide
an isotropic web as might be expected. In order to obtain
commercially viable throughputs and process cost of high
uniformity isotropic nanoweb, DuPont has been
developing a nozzle-less melt based nanofiber spinning
and nanoweb technology.
Recent practices have shown great success in nanowebs
as high performance environmental materials, for
examples, in historic events, nanofiber material used as
air filter to aid the “Sandstorm” operation in Gulf war,
and to aid in cleanup of BP oil spill in Gulf of Mexico.
Nanoweb as air and liquid filtration media has been the
most successful example in industrial practice, but other
application areas exist, such as, face mask, acoustic web
for noise reduction, thermal insulation, flame retardant,
desalination, adsorption of heavy metal ions and organic
compounds, insect repellent/blocking, etc. Research has
shown the potentials of nanofibrous membrane as
advanced energy materials in the fields of in energy
storage (battery and capacitor). The battery safety must be
addressed by the better shutdown separator and the
improvements of electrodes and electrolyte, as event as
even of Boeing 787 Dreamliner on January 18, 2013.
Applications of nanofibrous membrane in other potential
energy-related areas are photovoltaic film, fuel-cell film,
membranes for biofuel and bio-refinery processes,
catalyst and enzyme carriers for chemical reaction or
biological processes, etc. [1].
DuPont nozzle-less melt based nanofiber spinning and
nanoweb technology is based on centrifugal spinning
process. Figure 1 shows the characteristics of nanofiber
spinning. Figure 2 and Figure 3 show the characteristics
of nanoweb formation.

FIGURE 1. Initial threads through thin film fibrillation at
the edge of a high speed rotating nozzle-less spin disk.

FIGURE 2. Illustration of a single thread spirally down
from spin disk with delayed wrapping instability (a), and
its circling laydown (b). SEM (c) and Web image (d).

FIGURE 3. Illustration of web formation and fiber
laydown pattern from multiple centrifugal spin heads.

reliability has been shown. Modular process design
potentially offers lower entry-level investment and scaleup flexibility to accommodate future sales growth.

FIGURE 4. SEM images of an example of as-spun
coarse-grade nanoweb.
RESULTS AND DISCUSSION
Nanofiber and nanoweb have been produced from meltprocessable polyolefin, polyesters and other thermoplastic
polymers by DuPont nozzle-less centrifugal spinning
technology. In order to understand the complexity of the
process, systematic study has been done with extensive
experiments associated with computational modeling,
high-speed video imaging and nanoweb characterization.
As examples, the typical results have shown in Figure 4
of an as-spun coarse-grade nanoweb and Figure 5 of an
as-spun fine-grade nanoweb. The lab-scale facility has
demonstrated the roll-to-roll production of stand-alone
nanoweb, membranes as well as nanofiber on-scrim
sheets. The potential to scale-up unit and process

FIGURE 5. SEM images of an example of as-spun finegrade nanoweb.

CONCLUSIONS
Nanoweb produced by DuPont nozzle-less centrifugal
spinning technology has uniquely uniform structure. In
particular, the nanowebs are useful for selective barrier
end uses such as Energy and Environmental Materials.
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STATEMENT OF PURPOSE
The work deals with a novel electrospinning variant,
which does not require any collector. The invented device
produces an aerogel-like column of nanofibers dispersed
in the air arising continuously from a free surface of a
polymeric solution that covers a rod-like spinning
electrode. The destabilization of a free polymer liquid
surface is caused in this fiber spinning device by an
altering high voltage source. The produced material
consists of fibers having their diameters below one
micron.
INTRODUCTION
Electrospinning has gained much attention in the last
decades thanks to its versatility in spinning of vide range
of polymeric fibers and due to its ability to consistently
produce submicron fibers. Electrospinng method has been
developed more than one hundred years ago as a
phenomenon that accompanies a polymer solution based
discharge inside unsymmetrical capacitors. Electrodes of
this kind of capacitors are called as a spinning electrode
and a collector. Nanofibrous materials have enormously
manifold applications in medicine, as protective
membranes, sound absorption materials, filters, catalyst
substrates, membranes for fuel cells, protective clothing,
outerwear garments, sport apparel, baby diapers, and
sensors. Therefore it is important to seek for new
electrospinning variants that enhance the productivity and
provide with new forms of nanofibrous materials.
Electrospinning technologies are divided into two basic
branches: needle and needleless methods, where the last
one promises to reach industrially satisfying production
rate. We hypothesize that altering high voltage source of
appropriate frequency is able to destabilize polymeric
solutions and produce polymeric jets, which elongation
and thinning will result to the formation of nanometerscale fibers. Based on this assumption, we have designed
and constructed an electrospinning device, investigated
and recorded the fiber spinning process and analyzed
produced materials.

destabilization due to external electric field is the
existence of above-critical field value in a vicinity of the
polymer solution surface. Such values of field strength are
predicted using Poisson–Boltzmann equation [2] that
takes into account interactions between a polymeric
solution covering a spinning electrode and ions and
electrons in the ambient air. It is well-known that inside
so-called Debye length a field potential drops extremely
and field strengths can reach above-critical values for
electrospinning. However, experiments with DC high
voltage sources and needleless spinning electrodes does
not yield satisfying technological results since nanofibres
are speedily “shot” from spinning electrodes without any
chance to collect them in useful material forms. Our
invention is based on a behavior of alternately charged
electrospinning jets. Oppositely charged jet segments
contribute to an increase of field strength in a vicinity of
the spinning electrode similarly as counter-ions inside the
Debye’s layer. Moreover, alternately charged jet segments
move one against other and recombine. That is why the
produced nanofibrous material is in a distance of 100 mm
above the spinning electrode uncharged. Moreover, the
created nanofibrous material is, thank to the
recombination motion, localized in a space above the
spinning electrode in a column-like aerogel. The electric
wind caused by the spinning electrode [3] blows the
column continuously from it away.
RESULTS
The designed electrospinning set-up consists of a spinning
electrode having a shape of a rod of 10 mm in a diameter.

APPROACH
It has been shown [1] that the critical field strength Ec for
electrospinning nanofibers caused by the self-organization
of jets on a free liquid surface is Ec  4 4g /  2 . Liquid
mass density is denoted here as ρ, g is gravity
acceleration, γ is surface tension, and  represents the
permittivity of an ambient air. Factual Ec values for
common polymeric solutions are about units of megavolts
per meter. The sufficient condition for a liquid surface

Fig. 1. Nanofibrous aerogel-like column created using the
needleless and collector-less method from a PVB
solution.

The AC high voltage source provides with voltage up to
50 kV. The tested polymeric solutions are polyethylene
oxide (PEO) dissolved in water and polyvinyl butyral
(PVB) dissolved in a mixture of ethyl alcohol and water.
A column of nanofibres in a form of an aerogel produced
by the designed device is depicted in Fig.1. Figure 2
shows an internal structure of a produced nanofibrous
mass from the PEO solution.

FUTURE WORK
Future work includes next investigation of this new
electrospinning variant: testing of a spin-ability of
different polymeric solutions, modifications of polymer
solution recipes, modifications of spinning electrode
shapes, next manufactory of the produced fibrous aerogel
columns and investigation and testing of produced
nanofibrous materials.
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Fig. 2. Nanofibrous material produced from a water
solution of PEO.
CONCLUSIONS
This study shows that electrospinning from free liquid
surfaces together with a usage of altering high voltage
source provides with a new variant of this technology.
The produced nanofibrous mass is in a form of nearly
uncharged aerogel composed of sub-micron fibers. The
method is promisingly effective since a single rod
electrode having its diameter of 10 mm needs to be
supplied by a polymer solution flow rate about 150
ml/hour.
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In this study, a three-dimensional computational
model was developed of the convective heat transfer
from a circular pattern of fibers moving downward
from a spinneret. The spinneret consisted of holes
arranged in circular rows. A finite volume
computational model was used to determine threedimensional steady-state flow and temperature fields.
Local convective heat transfer was evaluated both
along the fiber lengths and azimuthally for the
multiple fibers exiting the spinneret.
Local Nusselt numbers (based on fiber diameter)
reached a local maximum in the air inlet region and
decreased to a nearly uniform value along the fiber
axis. Large differences in heat transfer were found in
the azimuthal direction in response to stagnation
flows on the incident sides of fibers. An example is
given in Fig. 1 where z* is the axial distance relative
to the initial fiber diameter. Fiber motion enhanced
heat transfer from fibers in part by causing changes to
stagnation flow regions. Fiber motion can cause
additional changes by altering the temperature
distribution in the air near the fiber surface.
To robustly model fiber drawing and molecular
orientation, results indicate that models should
include more rigorous treatment of heat transfer
effects than are achievable by neglecting variations in
convection heat transfer in an energy balance on a
fiber surface as is typical of current approaches.
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SUMMARY
Manufacturing of polymeric fibers is most often done
by extruding viscous melt through a spinneret to form
fine molten threads, which are then cooled and
solidified. Fibers are subjected to forced air- cooling
as they are simultaneously drawn from the spinneret.
Complex interactions arise between incident air and
air propelled by fiber motion. The presence of
multiple length scales and energy released by change
of phase in crystalline polymers further complicate
convective heat transfer analyses. Common practice
is to estimate heat transfer coefficients from
empirical correlations that are determined without
consideration of many parameters pertinent to fiber
manufacturing. Theoretical models of fiber drawing
and molecular orientation can thereby be intrinsically
limited and lack key physical effects affecting fiber
properties.
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Fig. 1. Example of differences in convection heat
transfer distributions for fibers at unique locations
exiting a spinneret. (Front and back denote relative
location of incident air flow on fiber.)
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STATEMENT OF PURPOSE/OBJECTIVE
Poly(p-phenylene-2,6-benzobisoxazole) (PBO) fiber
has a high strength, a high modulus, and is light weight,
which makes it a leading candidate for soft body armor
and fiber reinforced plastic composites. The use of PBO
fiber in protective applications is limited by its
mechanical degradation during service. Battelle has
developed a supercritical (sc)CO2 chemical diffusion
post processing method to treat PBO fiber that
decreases the rate of mechanical degradation and
increases its useable service life. A chemical additive
introduced during the scCO2 processing is the key to
making the treatment effective. In this paper a number
of chemical additives will be evaluated for their
efficacy.
INTRODUCTION
PBO fiber is suited well for lightweight soft body
armor; unfortunately failures in the field have revealed
that the fiber degrades when exposed to moisture and
heat. Solutions to eliminate these detrimental effects
would provide armor designers with a stable, high
performance fiber to be used in their lightweight armor.
PBO fibers are the focus of many studies in the open
literature. The main topics of the prior studies were to
characterize the fibers and quantify their physical,
mechanical, thermal, chemical, and ballistic properties.
Newer studies are separated into understanding the
degradation of the fibers’ properties under various
stresses, and modifying the fibers in order to mitigate or
eliminate their degradation when exposed to heat,
moisture, and ultraviolet (UV) irradiation. Many of the
stabilization attempts in the literature are to modify the
surface of the fiber. To the best of our knowledge,
Battelle’s scCO2 chemical infusion treatment is the only
attempt at PBO fiber stabilization focusing on the
molecular interaction occurring on the interior of the
fiber. The goals of this treatment are to repair the
broken polymer backbone ends within the fibers, and to
react with any residual phosphoric acid remaining to
neutralize its degradation of the fiber.

APPROACH
A scCO2 treatment was used to draw residual
phosphoric acid out of the fibers and to infuse a
chemical additive into the fiber. This treatment was
accomplished over 25 hours and used temperatures and
pressures up to 110 ºC and 172 bar, respectively.
Treated fiber were then aged in a temperature/humidity
chamber at 70 ºC and 90 %RH. The fibers were
removed from the chamber and pulled in tension until
failure using an Instron. The ultimate tensile strength
was recorded.
Additive chemicals used during the scCO2 treatment
were chosen by a series of tests including reaction
screening with a model compound, placing the fibers in
contact with the additive and measuring viscosity of the
additive with respect to time, measuring the weight
percent of additive that diffused into the fiber during
the treatment by gravimetric absorption, and molecular
energetic modeling of the additives with the polymer
backbone.
RESULTS AND DISCUSSION
Tensile testing was performed on PBO fiber to assess
the rate of degradation of untreated versus scCO2
chemical treated fiber. The chemical used to treat the
fibers was 3-glycidoxypropyldimethoxymethyl silane
(GPDMS). Both treated and untreated fibers were aged
at 70 ºC and 90 %RH for 120 days. Lengths of fiber
were removed from the aging and pulled in tension
until failure at 7 time points between 0 and 120 days.
The samples were tested in replicates of 5 so that there
was sufficient data to perform a statistical analysis on
the results. Figure 1 displays the measured tenacity
values for the treated and untreated PBO fiber from 0 to
120 days of aging. The statistical analysis showed a
statistically significant difference between the two sets
of data at a 95 % confidence interval (alpha = 0.05).

associated with the lattice distortion. Of the 2
monofunctional chemicals, PGE caused much less
lattice distortion than EB, and also had much more
favorable energy. Of the multifunctional chemicals,
DMS caused the largest distortion of the PBO lattice,
while EPON® 828 caused much less distortion and had
more favorable energetics. TMOPS caused larger lattice
distortion and had less favorable energy than EPON®
828. Large values for distortion are unwanted due to the
possible decrease in mechanical strength that they
cause, so PGE and EPON® 828 looked to be the most
promising from this study.

Figure 1. Tenacity of treated fiber decreases at a
statistically significant slower rate than untreated fiber.
In this study, we designed a set of experiments to
determine if the epoxy functionality on an additive is
more or less important than a silane functional group
when it comes to reacting with acids or potential amine,
carboxylic acids, and phenolic hydroxyl groups on the
broken fiber chain end groups. The epoxy groups can
react with phosphoric acid, amine, carboxylic acids, and
phenolic hydroxyl functional groups and the
methacrylate moiety can react with primary or
secondary amines. The silanes should only be reactive
with phosphoric acid.
After completion of mixing a PBO model compound, 2aminophenol, with each potential additive and looking
for a reaction by FTIR or visually, the most promising
potential additives were Poly(dimethylsiloxane),
diglycidyl
ether
terminated
(DMS),
Trimethoxy(propyl)silane (TMOPS), EPON 828®, 1,2Epoxybutane (EB), and 1,2-Epoxy-3-phenoxypropane
(PGE). These potential additives were kept for
subsequent testing.
GPDMS and EB in contact with PBO fibers were the
only additives that showed a clear increase in viscosity
over the control samples, which did not contain PBO
fibers.
The gravimetric testing was run in parallel with the
viscosity testing due to the extended time required to
complete each. Therefore, the same potential additives
were tested for each. GPDMS, EPON® 828, EB, and
TMOPS, all were within the useful range for weight
percent in the fiber.
We used molecular modeling tools to look at the effects
of incorporating 6 different chemicals into PBO, using
supercritical CO2 to aid the transport. The calculations
determined the distortion of the PBO lattice by
incorporating the chemicals as well as the energy

CONCLUSIONS
PBO fiber treated with GPDMS during Battelle’s
scCO2 treatment showed less degradation through a
decrease in tenacity over 120 days of 70 ºC and 90
%RH of aging when compared to untreated PBO fiber.
The analysis showed that the decrease in the slope of
the tenacity was statistically significantly different
between the two sets of data at a 95 % confidence
interval (alpha = 0.05), and that the treated fibers had a
14 % higher tenacity over untreated fibers at the end of
aging. GPDMS decreased the rate of PBO fiber
degradation; other additives may further decrease the
rate of degradation, thus increasing the service life of
the fiber further.
FUTURE WORK
EPON® 828 had the most favorable overall test results
and therefore is our top recommendation for future
scCO2 treatments of PBO fiber. We believe EPON® 828
infused into PBO fiber via the scCO2 treatment process
will result in a longer service life for PBO fiber based
armor. Future work includes testing several of the top
additive candidates for long term PBO fiber stability.
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OBJECTIVE
The presentation will give an overview on the chances
and limitations of finest fiber technologies with a focus on
commercial available equipment.
INTRODUCTION
Finer fibers act by their large surface/mass proportion in
filtration, low pores of the web in separation, low inertia
in sound insulation, low stiffness for comfort. For a long
time 10 µm fiber diameter in filament spinning and 1 µm
in web formation like meltblown seemed a magic limit.
Hills Inc. showed in the 1990s that finer filaments down
to 0,4 µm are possible using splitting and dissolving
techniques [1]. In the same decade the electrospinning
was detected to allow very fine fibers significantly
smaller than 1 µm and in some cases even < 0,1 µm. A
hype started worldwide in research, partially just due to
the fact that the laboratory electrospinning equipment is
the only fiber technique easy to set up for any laboratory.
Main focus was set upon the development of filters and
medical devices like tissue engineering products. For
filters the web weight might be very low 0,1 – 1 g/m² of
finest fibers in the order of 0,3 µm; for medical
applications the areas needed are small. In both cases the
poor productivity of conventional electrospinning is not
too relevant
In 2000 it was revealed that, without making the specific
material public, for more than 20 years Donaldson, USA
was offering filters with a thin layer of finest fibers at the
inlet which were enhancing the filter cake formation and
hinder larger particles to block the filter media.
Subsequently other filter companies followed mainly in
the USA, Germany, Korea and Japan. The respective
production plants were designed by the filter companies
or their research partners. Only in 2005 with Elmarco, CZ
the first commercial “nanofiber” spinning plant was
released to the market closely followed by centrifuge
spinning by Reiter OFT, D. Only 8 years later there is a
bunch of equipment offered by the machinery industry.
DEFINITIONS
Usually fibers smaller than 1 µm are called “nanofibers”.
Here the term “nano“ is not properly defined. “Nano“
means structures below 100 nm. There are actual
proposals to fix this definition in standards. As usually
there is a wide scattering in fiber or particle size; at least
50% of the “nano” objects of an entity should have at
least one dimension smaller than 100 nm. With respect to
the very most cases where the majority of the fibers is
larger than 100 nm we propose the use of the term “finest
fibers” to fill the gap (0,1 – 5 µm) between microfibers
and real nanofibers. A given fiber diameter should refer to
the median. To inform on the scattering one may give the
data for the 25% and the 75% quartile respectively.

APPLICATIONS
The filter industry has put considerable effort in the
development of filter media with high efficiency in the
range of 0,1 – 0,5 µm. The pressure drop shall be kept
small. This is expected from webs of an area weight of
0,1 – 1 g/m² covering 30 g/m² filter papers up to needle
felts of 400 g/m². Due to this low web weight a commercial production of filter media was feasible despite the
extreme poor productivity of electrostatic spinning.
Other applications, requiring significantly higher web
weight, are battery separators, protective textiles, medical
products like skin grafts and vascular prostheses. Besides
these filtration and separation applications, products were
developed for cleaning towels and insulation materials,
were the high specific surface area is likely important.
Another aspect is the soft feeling connected to the low
bending stiffness of finest fibers as it is used in the upper
range for Alcantara®. These applications need significantly higher productivity as it is coming up by improved
technologies as presented below.
Most of the named applications are working well with a
medium or even broad fiber size distribution. Separators
need a narrow distribution which is favorable reached by
needle electrospinning or technologies using capillary die
systems like in filament spinning.
TECHNOLOGIES
Electrostatic spinning
The process of electrostatic spinning and the mechanism
to get fibers was described best by Reneker and
Coworkers [2-3]. The polymer solution is delivered to a
nozzle. Between nozzle and a collector an electrical field
is generated. Independently of polymer, solvent and
concentration of the solution a specific voltage of about 1
kV/cm is found to be most suitable.
Based on video recordings Reneker described the
mechanism leading to nanofibers at first as a multiple
splaying similar to a lightening [2]. A ten times splaying
of a 1 µm fiber leads to fibrils of about 0.3 µm diameter.
The splaying rate to get a diameter of 0.1 µm can be
easily calculated to 100. (Additionally the solvent
extraction has to be taken into account.)
Yet in 2001 Reneker published the scientific proof for
another mechanism, the so called “whipping”, which was
discovered thanks to an improved video resolution [3]:
after leaving the nozzle the primary fiber is stable on the
way to the carrier as long as surface tension, electrical
charging and external influences (like friction in air) stay
in equilibrium. Any perturbation leads to a deviation of
the fiber until a new equilibrium is reached. At constant
margins (feeding and winding speed) a stretching of the
fiber results. Own findings, literature data [4] and

personal talks with Reneker support the opinion, that –
depending on the polymer-solution system – both
mechanisms may play a role to a distinct extent, but the
whipping effect is predominant. These effects – splaying
and whipping – are the decisive mechanisms in most of
the technologies for finest fibers.
Needle Type electrostatic spinning
Needle Type electrostatic spinning is the basis for most of
the scientific publications due to the simple and cheap set
up based on a syringe, a high voltage supply and a
collector. The throughput is extremely low. The easiest
scale up is a manifold as it has been commercial. The ITV
had developed a manifold combined with air flow which
significantly improved the throughput. This was not
followed up due to the overwhelming success by
centrifuge spinning.
Needleless Spinning
In 2005 the Czech company Elmarco, Liberec presented a
productive technology for the electrostatic spinning. The
process was based on a roll which rotates in a bath of
polymer solution. Roll and bath are electrically on
ground. Above there is the high voltage electrode placed.
In between the substrate to be covered is conveyed.
Today the technology is improved by using wires instead
of the roll. Besides presenting this first commercial
electrostatic spinning technology The credit is due to
Elmarco for the development of many applications and
thereby open the market for finest fiber technologies.
Centrifuge spinning
In 2005 Reiter OFT and ITV came to the public with a
centrifuge process, which was based on Reiter OFT’s
varnishing technology. The first trials already convinced
by high throughput up to 1.000 cm³/m*h based on 3
centrifuges for m/working width. While no further
development was required for the centrifuge technology
itself considerable effort was set upon the process
chamber and the mechanisms to guarantee a homogeneous lay down of the finest fibers. The results are fully
satisfying and are better than many meltblow webs.
Today the process is distributed by Dienes Apparatebau,
Germany.
In 2010 Fiberio published a centrifuge technology which
is using spinning capillaries as they are known from glass
fiber production. The equipment has been designed
special for this process. So processing of polymer
solutions as well as melts could be considered. For
polypropylene fiber sizes down to 370 nm were reported
[5]. Here as well a homogenous lay down over working
width is an issue.
Melblown
For long meltblown has been the technology to process
finest fibers. But 1 µm seemed to be a limit which could
not be reduced. Only in 2007 Irema, Germany and the
ITV presented at the same conference success with fibers
down to 700 nm [6, 7]. Almost at the same time Hills Inc.

Fl, USA sent samples to the ITV in the same range and
even smaller. Other companies informed on similar
results in personal communication. These results were
gained more or less by improving the process parameters
on a standard set-up. In 2010 the ITV succeeded to go to
230 nm with PP on its laboratory plant and 300 nm on the
technical set-up by modifying the process design [8].
Hills Inc. reached to very fine fibers due to its proprietary
manufacturing technology which allows L/D ratios of the
capillary as high as 100. Special PP with high MFI and
very good filtration is required.
Filament yarns
For textiles like woven or braided structures the bicomponent spinning allows fiber production in the 1 µm scale.
Using the Hills Inc. technology it can go down to 0,3 µm
having 1120 islands per filaments [1]. The ITV has
focused on the bicomponent spinning to develop an
environmentally friendly process for 1 µm fibers. In 2011
Teijin Fibers launched the polyester fiber NanofrontTM
with 0,7 µm. Lower diameters are claimed to be feasible.
Technologies in a first comparison
Major difference in all the technologies is the fluid used:
polymer melts are well understood, a limited number of
process parameters are decisive for good results. In
addition to all the parameters important in melt processing
conveying polymer solvents requires special attention to
the solvent or solvent combination; the ambient air
(humidity and temperature) and the substrates to be
covered are most important for the success. But there are
applications where solvent based polymers are favorable
from collagen in medical field to polyimides in high
temperature application.
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spinning, melt blown, bicomponent spinning
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INTRODUCTION
High-performance fibers are used in numerous
applications, such as but not limited to: turbine fragment
containment systems, anti-spall linings, cut-resistant
fabrics, and most notably, ballistic vests employed by
armed personnel. Thus, it is clearly of great interest to
understand both the mechanical properties and failure
processes of such fibers at elevated strain rates, which is
the loading regime undergone during ballistic impact.
APPROACH
A miniature Hopkinson bar apparatus has been used to
pull various single fibers at strain rates of roughly 1000/s,
thereby allowing mechanical properties such as failure
stress, failure strain, and tangent modulus to be
ascertained. This method of loading has been further
utilized in tandem with two high-speed imaging
procedures in order to track the failure mechanism
presented by various fiber types. Both optical high-rate
imaging and high-rate Phase Contrast Imaging (PCI) [1]
have been used to analyze these aforementioned failure
processes.
RESULTS AND DISCUSSION
In Figure 1 can be seen the strain rate sensitivity
presented by S2-glass fibers. The three low strain rates
were performed on a typical quasi-static testing machine
using the ASTM standard 1557 [2], while the three high
strain-rates were performed using a miniature Kolsky bar
apparatus [3]. Clearly, the effect of strain rate on the
longitudinal tensile strength of single S2 glass fibers can
be seen, as there is a most definite increase in strength
when increasing the strain rate from the quasi-static to
high-rate regime.

In Figure 2 can be seen the rupture morphology of a
Kevlar KM2 fiber when pulled in tension on a miniature
Kolsky bar while being imaged in situ with a high-speed
camera outfitted with an optical microscope. Evidence of
the fibrillation is evident during the rupture process.
t = t0

t = t0 + 29.5 μs

t = t0 + 9.8 μs

t = t0 + 19.7 μs

t = t0 + 49.2 μs

t = t0 + 59.1 μs

Figure 2 – High-rate Optical Microscopy of Kevlar KM2
fiber during the fibrillation process.
Figures 3 and 4 show the rupture process of Dyneema
SK76 and S2-glass, respectively, using the PCI technique.
High energy X-rays developed from the APS synchrotron
are used for this imaging process, thereby allowing the
variation in phase contrast to be used as an imaging tool.
In Figure 3 it can be seen that there are two Dyneema
fibers being pulled simultaneously in tension. The top
fiber undergoes a large amount of fibrillation, while the
bottom fiber exhibits a more contained fracture surface.
Both said fracture surfaces are common in the failure
process of UHMWPE fibers.

t = t0

t = t0 + 7.4 μs

t = t0 + 15.7 μs

t = t0 + 22.1 μs

t = t0 + 29.5 μs

t = t0 + 36.8 μs

Figure 3 – High-rate PCI of Dyneema SK76 fiber during
the fibrillation process.

Figure 1 – Failure stress of S2 glass single fibers when
pulled in at six different strain rates. High-strain rate tests
begin to approach the intrinsic inert strength of the glass
fibers.

Figure 4 shows the failure process of S2 glass fiber. Both
fibers in said image exhibit a brittle single point break
fracture process, as opposed to the traditional
disintegration process undergone believed to occur in
other high-strength glass fibers [4]. It is important to note
that post-mortem analysis of glass fibers pulled in tension

reveals complete loss of fiber within the gauge length, as
further bending and snap-back must further destroy
broken remaining gauge length sections.

t = t0

t = t0 + 7.4 μs

t = t0 + 15.7 μs

Figure 4 – High-rate PCI of S2 glass fiber undergoing
brittle fracture.

CONCLUSION
Single fibers have been pulled in both quasi-static and
high-rate tension, thereby exhibiting the strain rate
sensitivity of fiber mechanical properties. Fiber failure
has been further analyzed via in situ imaging of the
fracture process using both optical microscopy and PCI
coupled with high-speed imaging.
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INTRODUCTION
Thermal comfort is one of the fundamental subject
in textile science. Thermal comfort is generally
defined as the condition of mind which expresses
satisfaction with the thermal environment. The
parameters that affect the thermal comfort are air
temperature, air velocity, humidity, activity level,
and thermal resistance of clothing. One cannot
interfere to environmental parameters and personal
activity level; therefore, clothing parameters are
very important for users. Clothing comfort
properties can be developed by changing the fabrics
and yarn structures. The use of hollow yarn in the
fabric is a technique used to increase the bulkiness
of fabrics without increasing its weight, thus
improving fabric physical properties [1].
In cotton hollow yarn spinning, water soluble PVA
yarn is used as a core in the yarn center. After the
yarns are washed in boiling water, PVA yarn is
removed from the yarn structure, and the yarn will
be named cotton hollow yarn [2]. Hollow yarns can
be produced by using different spinning methods at
which ring and friction spinning methods are mostly
preferred techniques.
Ma and Xia [2] investigated the cotton hollow yarns
which is prepared different properties and also
investigated the PVA extracting time. In their study,
they investigated the linear density, twist, and twist
direction of the core. Merati and Okamura [3]
produced friction yarns with different yarn counts
and various PVA percentages, and examined their
strength and unevenness. Moghassem and
Gharehaghaji [4] compared with hollow ring yarn
and conventional ring yarn internal structure and
properties. They have also produced woven fabrics
using these yarns in the weft and examined the
fabrics structures.
Das and Ishtiaque [5] compared the comfort
properties of fabrics containing hollow yarn,
twistless yarn and Dreft III core sheath type of yarn
in weft direction. They have concluded that fabric
containing hollow yarn in weft shows the highest
thermal resistant, vapor permeability, and water
absorbency properties. Mukhopadhyay et. al. [6]
examined the heat and moisture transport properties

of knitted fabrics composed various types of hollow
yarns. In their study, conventional ring spun, hollow
yarn, and microporous yarn have been examined
with respect to the reduced twist levels.
As mentioned above, there are lots of studies
investigating hollow yarn properties by comparing
them in respect to their structures. On the other hand
there is a dearth of literature on the hollow yarns
with different hole diameters and effects of hole
diameters on the fabrics thermal comfort properties.
In this study, thermal comfort properties of fabrics
containing hollow yarn with different hole diameters
have been studied with respect to the different
production methods.
MATERIALS AND METHOD
In this study cotton roving was used as the sheath
and staple PVA yarns were used as the core
components of the spun yarns. Two types of ring
core spun yarns with various PVA percentages and
same hollow yarn count after washing in hot water
are used as given in Table 1. Woven surfaces were
formed by using these different hollow spun yarns
with different fabric constructions and then the
fabrics washed in hot water to dissolve the PVA in
the core yarn from the staple yarns.
Table 1. Properties of yarn samples

Core Yarn Count (Ne)
PVA Yarn Count (Ne)
Final Yarn Count (Ne)
Cotton/PVA Ratio (%)

Sample A
11
40
15
72/18

Sample B
12.5
80
15
84/16

The samples were washed at 120 °C for 20 minutes.
After the washing procedure the samples were dried
at room temperature. Thermal comfort properties of
hollow yarn knitted fabrics were measured with
Alambeta and Permetest instrument.
RESULTS AND DISCUSSION
Before and after the washing process, weight of the
samples were measured and weight loss of the
fabrics were also calculated as given in Table 2.

Table 2. Weight of the fabrics before and after washing
Weight of Fabric Before Washing (g)
Weight of Fabric After Washing (g)
Weight Loss (%)

Sample A

Sample B

5.47
3.81
30.34

5.99
4.92
17.86

After the washing process fabrics weight reduced
and it is indicated that the PVA was removed from
the yarn.
The thermal conductivity properties of the samples
before and after washing process are given in Figure
1. As seen in the figure, PVA core yarn fabrics
before washing have higher thermal conductivity
than the hollow yarn fabrics after washing. Sample
A after washing has the lowest thermal conductivity
value. This phenomenon can be explained that
hollow yarns empty space in its center entrapped by
air which is a good insulator. Additionally, thermal
conductivity of PVA is higher than that of cotton
fibers.

Figure 1. Thermal conductivity values of fabrics

Thermal resistance of the samples is given in Figure
2. As seen in the figure, after the washing process
sample A has the highest thermal resistance value
due to the hollowness of the yarn increases.

Figure 2. Thermal resistance values of fabrics

Thermal absorptivity is a measurement of the warmcool feeling of fabrics. If the thermal absorptivity of
fabric is low, the fabric gives us a warm feeling.
Thermal absorptivity of fabrics is given in Figure 3.
As seen in the figure, there is a decrease in the
thermal absorptivity of samples with the washing
process. After the washing process sample A has
lowest thermal absorptivity, hence sample A is
warmer than sample B.

Figure 3. Thermal absorptivity values of fabrics

CONCLUSION
In this paper, thermal comfort properties of core
yarn and hollow yarn fabrics were discussed. The
results indicate that yarn properties and structure
play a significant role on the fabrics thermal comfort
properties and hollow yarn fabrics show better
thermal comfort properties. The hollow yarn fabrics
have higher thermal resistance than core yarn
fabrics. Core yarn fabrics show higher thermal
absorptivity and thermal conductivity. Hence,
hollow yarn fabrics will be suitable for winter
clothing.
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STATEMENT OF PURPOSE
Polymer and biopolymer nanofibers have the potential to
improve many products, from filters and medical
dressings to lighting sources and batteries. One problem
for their wide-scale application is that the methods (e.g.,
electrospinning, melt blowing) for nanofibers fabrication
are relatively few, expensive and of low throughput. We
will present a new and versatile technique for continuous
large-scale, high-throughput fabrication of inexpensive
nanofibers.

CONCLUSIONS
The XanoShear™ platform offers many advantages,
including high scalability, the ability to functionalize
fibers at full production speeds by integrating nano- and
micro- particles into the nanofibers, and a closed-loop
chemical system that uses less energy without the
discharge of any materials into the environment for green
manufacturing. The ability to create short staple fibers
and disperse them in liquids allow XanoShear™ fibers to
be used in both wet laid and sprayed applications.

APPROACH
The patented and patent-pending XanoShear™ method
allows for the fabrication of polymer fibers as small as
100 nm in diameter from a number of solution-processed
polymers. The process is based on polymer precipitation
under shear stress in viscous media. The fibers are formed
in the bulk liquid medium without the use of nozzles or
spinnerets, by the combined action of shear, antisolventinduced precipitation and phase separation. Since fibers
are spun from solution under mild conditions, the method
can be used in the fabrication of nanofibers from many
classes of materials, including hydrophilic, chemically
reactive or biologically active polymers. The process is
also very suitable for the fabrication of composite fibers
with particle additives because it eliminates the extrusion
of fibers through nozzles, which may be clogged. The
XanoShear™ technology has been scaled up as a closedloop chemical process to produce bulk nanofibres,
whereas in melt blowing and electrospinning
technologies, nanofibers are typically simultaneously
produced and applied to a product.
RESULTS AND DISCUSSION
We demonstrate the XanoShear™ technique’s versatility
with examples of nanospun fibers from industrially
important polymers and biopolymers (Figure 1), as well
as fibers with magnetic particle additives and composite
polymer-inorganic nanofibers (Figure 2). The pilot-scale
device that began operation at Xanofi Inc. in late 2012
can continuously produce nanofibers at production rates
over 10 kg/h, which is an order of magnitude higher than
existing techniques, at a fraction of the typical cost. In
addition to the unique platform, Xanofi has also
demonstrated multiple uses for the nanofibers from its
process. In addition to air and liquid filtration, Xanofi will
show results from its advance material 3D cell culturing,
waste water treatment, improved C6 hydrophobicity, and
protein separations using disposable nonwovens.

Figure 1. SEM images of (A) cellulose acetate and (B)
PMMA nanofibers fabricated by the XanoShearTM
process.

A

C

B

C

Figure 2. (A) (B) SEM images of iron oxide (Fe2O3)
nanoparticles after sonication and cellulose acetate (CA),
CA-Fe2O3 nanofibers; (C) CA-Fe2O3 fibers attracted by
magnet.
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OBJECTIVE
This study aims to investigate and control polymorphic
transformations with support by structural and
morphological analysis, and performance studies of
isotactic polypropylene under influence of horizontal
isothermal bath (hIB)1-3 on the production of ultra-high
performance as-spun and drawn filaments. The generation
of the precursor morphologies for the crystallization of
different molecular weight polymers by a novel melt
spinning method is analyzed under the effects of liquid
temperatures, production distance, liquid depths and takeup speeds.
INTRODUCTION
Polymer microstructure is affected by bonding and
arrangements of atoms and groups, directions and types of
monomer insertion, stereochemical attachments of sidechains, and so on. Crystals and amorphous matrix form a
two-phase system for semi-crystalline polymers. The
degree of crystallinity has an important effect on material
mechanical and thermal properties. Therefore, many
authors have worked on the formation of precursors of
crystallization. For example, studies on i-PP with smalland wide X-ray scattering showed that a shear-induced
precursor structure of a network of oriented phase was
formed prior to the crystallization occurrence in situ in
melt at 165 oC4.
Temperature, flow and cooling rate can alter the
nucleation rate, crystallinity and spherulite sizes5-6. Flow
can start to improve the local orientations to enhance the
nucleation rate, which increase the crystallization rate7.
APPROACH
A detailed experimental study has been conducted to
investigate the effects of horizontal isothermal bath (hIB)
on the formation of precursors for the production of ultrahigh performance as-spun and drawn polypropylene (PP)
filaments. Two different commercial fiber forming PP
polymers were used with the melt flow rate of 4.1 and 36
g/10 min. The results indicate that the optimum process
condition depends on molecular weight of the polymers
and liquid type. Interestingly, the fibers showed different
precursor morphology for different molecular weight at
each optimum process condition.
RESULTS AND DISCUSSION
Tensile properties
These two sets of filaments demonstrated similar fiber
tenacity and modulus of about 7 g/d, and 75 g/d,
respectively, for as-spun and more than 12 g/d for tenacity
and more than 190 g/d for modulus values of drawn fibers

after just 1.49 draw ratios (DR). The mean value for the
modulus after the drawing process for the high melt flow
rate was about 196 g/d. The theoretical modulus of PP is
275-330 g/d8, shows the hIB fiber’s modulus performance
is approaching its theoretical maximum values.
SEM Analysis
As seen in Figure 1, unexpectedly, different sizes of
diameters fibrillar structures were investigated for
undrawn fibers after the treatment with hIB process. It
indicates that the transformation of the spherulitic
morphology into the fibrillar morphology was probably
initiated by the liquid bath via a high level of threadline
tension and liquid temperature. It should be noted that the
liquid bath is the key factor affecting the induced
structure of the PP fibers. After just 1.34 draw ratios, long
axial splits type of fracture was observed for treated
fibers. This type of break is generally observed for highly
oriented and highly crystalline linear polymers, such as
the para-aramid Kevlar and UHMW polyethylene
(Spectra) fibers.

Figure 1. SEM images of cross section of undrawn (left)
and drawn (right) LMW PP fibers spun with hIB.
Interestingly, the fibrillar structure was not observed for
treated undrawn fibers, even if some fibrils existed for
treated undrawn lower molecular weight PP fibers. It
might be explained that the level of entanglements,
intermolecular forces, and crystal slip with recrystallization mechanism for formation of fibrillar
structure was not probably the same as for the higher
molecular weight polypropylene. It is also known that the
higher molecular weight polymers have a higher level of
entanglements. Therefore, threadline tension induced by
the liquid drag could lead to the formation of highly
oriented structure with not enough separation of lamellae
in blocks to evolve into a fibrillar structure.
X-Ray Analysis
The liquid baths probably inhibited the growth of
crystallites by increasing the spinline stress as the fibers

went through the baths9. Possibly, it prevented the motion
of the neighboring chain segments and restricted threedimensional arrangements for crystallization. Moreover, a
poorly oriented and nearly amorphous phase with presolidified fibers was formed between the spinneret and
liquid tank. The existence of temperature and drag force
in the liquid may have improved the orientation without
any dramatic effect on crystallization because of a very
short time interaction between fibers and liquid. However,
treated as-spun PP fibers (PP3155) with lower molecular
weight demonstrated a quite different behavior for
crystallization. The diffraction scans became better
resolved as shown in Figure 2. The lower level of
entanglements and less intermolecular forces for lower
molecular weight polymers probably lead to an increase
in interactions between the liquid and fibers. Therefore,
relatively higher molecular mobility promoted the
crystallization growth that lead to highly developed
crystalline structures or just induced a new morphology.
From this perspective, the higher level of crystallinity
with highly oriented structures and some fibrils were
observed only for LMW in undrawn treated PP fibers.

limiting ordered α2. In this regard, the transition from a
disordered to a more ordered α form occurred through the
recrystallization process to more perfect crystal
morphology by melting and renewing crystallization of
metastable crystals.

Figure 3. DSC curves of LMW PP fibers spun with hIB at
various draw ratios at the drawing temperature of 120 oC.

Figure 2. Equatorial X-ray diffraction profiles of PP asspun fibers spun with hIB and ECOB by using different
molecular weight polymers.
DSC Analysis
Figure 3 illustrates the DSC curves of treated LMW PP
fibers at various draw ratios up to 1.49 DR at the drawing
temperature of 120 oC. The broader melting peaks for
undrawn fibers changed to sharp when the drawing
process was carried out. DSC curves of LMW treated PP
filaments acted differently when compared with untreated
fibers after 1.34 draw ratios. Up to draw ration of 1.49,
the first melting peak is related to the less ordered (α1)
crystalline form and that the second one is related to the
more ordered (α2) monoclinic crystal phase. Increasing
the draw ratios resulted in a shift of the peaks towards the
higher temperature for the treated fibers. The most
interesting fact is that the drawing process did not
generate the appearance of double-peak melting
endotherms; instead, it generated only a narrow peak
almost between the two peaks of undrawn treated fibers at
1.49 draw ratios at the drawing temperature of 120 oC.
Moreover, the highest onset of melting point at the
highest degree of crystallinity of 62 % was observed at
1.49 draw ratio. In this case, probably nearly perfect
crystals were formed. Guerra et al.10 have proposed
“continuum” of intermediate modifications in which
modification from the limiting disordered α1 to the

CONCLUSIONS
Ultra-high performance and different types of precursors
morphology polypropylene fibers were obtained by using
lower and higher molecular weight polymers via hIB
spinning system. It should be noted that the optimum
process conditions, such as liquid type, temperature, and
depth with the precursors for crystallization are different
and depend upon the molecular weight of polymers to
obtain high-tenacity and high-modulus fibers.
In addition, this study explores for the first time that the
hIB spinning system has the capability of manufacturing
ultra-high performance PP fibers even before the drawing
processes.
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OBJECTIVE
The goal of this work was to produce fully amorphous
filaments based on cyclo-olefin and co-polyamide
polymers by means of a high-speed melt-spinning process
and to contrast their mechanical performance in bending
with that of commercially available semi-crystalline
filaments.
INTRODUCTION
Most synthetic fibers commercially available are spun
from polymers that develop a semi-crystalline structure
upon fiber drawing. A structure with a substantial degree
of crystallinity is in fact preferred, as filaments with an
essentially amorphous structure typically show limited
mechanical performance. Nonetheless, an amorphous
polyolefin developed by Zeon Chemicals L.P. shows
interesting characteristics such as high transparency, low
specific gravity, low water absorption and low
birefringence [1]. These properties prompted us to explore
the processability of this polymer by melt spinning. The
cyclo-olefin polymer Zeonor® has been successfully spun
and the filaments have shown a surprisingly good bending
recovery, exceeding the performance of various semicrystalline filaments melt-spun from polyamide,
polypropylene and polyethylene terephthalate. In this
work, the amorphous cyclo-olefin polymer fiber is
characterized and its mechanical performance is analyzed.
APPROACH
Melt-spinning of Zeonor® 1020R from Zeon Chemicals
L.P. has been performed at Empa’s pilot plant in order to
produce cyclo-olefin polymer (COP) monofilaments with
a linear density of 6.5 tex. The co-polyamide (CoPA)
Grilamid® TR 90 from EMS-CHEMIE AG, a material
based on aliphatic and cycloaliphatic blocks, has been
melt-spun to produce a monofilament with a linear
density of 3.85 tex. The 45 dtex polypropylene (PP), 69
dtex polyethylene terephthalate (PET), and 57 dtex
polyamide 66 (PA66) monofilaments have been supplied
by Monosuisse AG. A 900 dtex poly-(methyl
methacrylate) (PMMA) monofilament typically used for
illumination applications has also been analyzed as a
reference amorphous material.
A fixture for testing the bending recovery of single
filaments has been constructed (Figure 1). The fixture can
be mounted on any universal testing machine. A single
filament is attached horizontally on the upper surface of
the holder, and a plunger applies a bending deformation

on the filament as both components are brought together.
The holder and plunger keep moving in opposite
directions until the filament is released by the plunger and
allowed to freely return to its original, unbent position. A
high speed digital camera is used to acquire a video of the
test. Using frames extracted from the acquired video, the
angle between holder and tested filament is measured at
different times and the filament’s bending recovery is
quantified.

Figure 1: Setup for the bending recovery test.
RESULTS AND DISCUSSION
Zeonor 1020®, having a melt flow index of 20 g/10 min
(280 °C, 2.16 kg), was processed in an extruder with 18
mm diameter and three heating zones. A monofilament
with a diameter of 100 μm and a drawing ratio (DR) of
3.0 was produced, having a tenacity of 17 ± 4 cN/tex (172
± 40 MPa) and a strain to failure of 8.6 ± 3.1 %.
Figure 2 shows the bending recovery behavior for
different polymer filaments of industrial relevance
including the COP fiber. It can be observed that the COP
filament has a superior performance with respect to the
other filaments, reaching a bending recovery of more than
99% in only 4.5 seconds after the filament has been
released from the bending deformation imposed by the
plunger. The co-polyamide filament shows a recovery of
more than 98%, but it takes the filament 11 seconds to
reach this level of recovery. This result is not surprising,
as PA fibers in general are known for their excellent
resilience [2]. In the case of the PP and PET filaments,
recoveries of 97% and 95% are achieved, whereas the
initial recovery of PP at time = 0.01 seconds is in the
order of 80%. The reproducibility of the above-mentioned
recovery values has been confirmed by testing multiple
specimens for each polymer.

Figure 2. Bending recovery behavior for different
polymer filaments.
DSC measurements of the COP indicate the absence of a
crystallization/melting peak, confirming that the material
has remained in an amorphous state after spinning and
drawing. Wide angle X-ray diffraction (WAXD) patterns
of COP filaments show a diffuse halo which is
characteristic of amorphous materials. In the halo of the
drawn filament, however, the presence of an arc at the
equatorial axis provides a clear indication that a degree of
orientation is induced in the polymer during drawing. In
contrast, the WAXD pattern of the undrawn filament
shows no indication of an orientation whatsoever.
In an attempt to elucidate whether the observed bending
recovery of the COP filament is a general characteristic of
amorphous filaments, the bending behavior of undrawn
COP and PMMA filaments has also been measured. It
could be shown that the undrawn COP and PMMA
filaments show a recovery that also surpasses the recovery
rates observed for the semi-crystalline materials. In the
case of semi-crystalline filaments, Lamb et al. have
concluded that a fiber with low elastic modulus achieves
better bending recoveries than a fiber with higher stiffness
[3, 4].
Figure 3 shows the experimentally measured bending
recoveries for both semi-crystalline and amorphous
filaments plotted against fiber tensile modulus. A linear
correlation between bending recovery and modulus is
clearly observed for the semi-crystalline fibers,
confirming the observations of Lamb et al. In contrast, the
amorphous filaments seem to fall outside the linear trend.
The amorphous materials have a lack of domains with a
long-range ordered structure. This characteristic limits the
possibility of spinning stiff amorphous filaments. If the
observations of Lamb et al. can be extended to amorphous
filaments, then the amorphous filaments should generally
be expected to achieve good bending recoveries.
Nevertheless, material properties such as axial
compressive modulus and yield strain will also play a role
in the resilience of said materials.

Figure 3. Correlation between final bending recovery and
fiber tensile modulus.
CONCLUSIONS
The amorphous filaments under analysis have shown an
outstanding degree of resiliency after a bending test,
surpassing the performance of different semi-crystalline
filaments. This finding could lead to the future use of
such amorphous materials in applications demanding a
high degree of resiliency. The generally observed
correlation between bending recovery and tensile modulus
for semi-crystalline filaments does not necessarily apply
to the inherently low stiffness amorphous filaments under
analysis.
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INTRODUCTION
Very small thermoplastic fibers (<500nm) are possible
through both bicomponent filament, staple and spunbond
meltspinning methods. Bicomponent spinning uses the
“islands in the sea” cross section and involve removing
the sea component to release the nano-scale islands.
Homocomponent nanofibers may be produced via
proprietary meltblown methods. Hills has found that
unique properties are created through incorporating its
“thin plate” technology in the design of a meltblown die
tip. By creating a capillary that is chemically instead of
conventionally milled, a new regime of hole diameters,
spacing and length is possible. Such dimensions allow for
the production of meltblown fibers down to 150nm
average diameter at rates far in excess of known
electrospinning methods.
Other advantages include
increased throughput via hole counts of 100holes per inch
or higher and reduced fiber diameter variation and web
uniformity through increased pressure drop of high L/D
capillaries.

Nano Meltblown
 Similar to conventional “Exxon style” meltblowing.
Polymer is melted and extruded through a single row
of holes at a tip where it is impinged on two sides by
hot air which draws the fiber.
 Proprietary polymer delivery and tip technology
enables the production of very fine average fiber
diameters.
 Directly produces a web or mat of fibers
 Can be deposited onto most any substrate that allows
enough air flow to form the fibers.
 ~50x throughput when compared to high-throughput
electrospinning methods. ~2kg/m/hr throughput
 No solvents required
 Works with most melt-spinnable polymers but best
results with high MFI (low viscosity) polymers
 Fiber diameter varies as with conventional MB
 Fibers are relatively weak as they are not oriented
(they have been drawn in the melt).

APPROACH
Bicomponent
 Can be used in the spunbond, filament or staple
processes
 Ultra-high throughput (~50-100kg/m/hr after
dissolving)
 Fibers are extremely uniform in diameter
 Fibers are drawn and therefore quite strong
 Requires sourcing of suitable sea material and
subsequent dissolving process
 Islands must be dispersed after dissolving to create
uniform web (ie wetlaid process)
(Ø250nm average meltblown)
CONCLUSIONS
Production-scale methods now exist for the production of
nanofibers using commercially-available polymers. The
two distinct methods discussed address the major shortcomings of past technologies, ie: low-throughput, low
strength, use of solvents and polymer/material
restrictions.

(600INS bicomponent fiber)
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INTRODUCTION
Previously, we described a novel electrospinning system
capable of producing core-sheath fibers at a significantly
higher volumetric throughput relative to typical needle
approaches [1, 2]. This achievement in manufacturing rate
is a tremendous first step towards realizing the potential
of core-sheath nano and micro fibers for drug
delivery/tissue engineering [3], self-healing coatings [4],
filters [5], and super-hydrophobic materials [6]. As a next
step, increasing the throughput levels further will be
important for manufacturability of core-sheath
electrospun products. Here we present our work to
increase throughput by increasing the length of the slitsurface electrospinning nozzle. Furthermore, we describe
our efforts towards construction of equipment for
continuous process operation.
EXPERIMENTAL
The high-throughput electrospinning fixture consists of
two triangular
shaped nozzles
that are aligned
to a single
vertical plane
to form a slitsurface.
The
core slit is set
to be slightly
below that of
Figure 1. Different slit-fixtures used in this
the sheath slit.
study. (A) 3.5 cm straight slit; (B) 7 cm
Core
and
straight slit; (C) 14 cm straight slit; (D)
sheath polymer
Patterned slit-fixture
solutions are
delivered to the slits through their respective fixtures by
applying precise control of flow rates via pneumatic
pressure. Several slit-fixtures were evaluated in this study
(Figure 1). In the first experiment, slit-fixtures of three
different lengths (3.5, 7, or 14 cm long) were evaluated
with respect to electrospinning performance. The sheath
solution was comprised of a 5.5 wt% 85/15 poly(D,Llactic-co-glycolic acid) in trifluoroethanol, while the core
solution was comprised of a 12wt% polycaprolactone in
6:1 (by vol) chloroform:methanol. In the second
experiment, a patterned slit-surface was investigated as a
means to increase process stability. For this experiment,
the sheath and core solutions consisted of a 6 and 5 wt%
Nylon, respectively, in hexafluoroisopropanol. Flow rates

are expressed as sheath and core, respectively. Collector
distance was fixed at 60 cm for all experiments. Voltages
were tuned to between 90-100 kV depending on specific
conditions.
RESULTS AND DISCUSSION
Previously, we described the mechanisms and parameters
that control the formation of core/sheath Taylor cones that
emit along a slit-surface. Adoption of this technology will
require additional understanding of the scalability with
respect to throughput and control of fiber quality.
Scalability. We first performed a series of experiments
using different slit-surface lengths and flow rates (Table
1). Our base condition of 200/20 ml/h in the 3.5 cm long
slit yields approximately 8 core-sheath electrospinning
jets and dry fibers. However, upon doubling the
Table 1. Experimental matrix detailing number of jets and
fiber quality when electrospun from different slit lengths and
flow rates.

Slit Length (cm)

Flow Rate
(sheath/core)

OBJECTIVE
Evaluate the scalability and stability of slit-surface coresheath electrospinning.

3.5

7

200/20

8 jets
Dry fibers

9 jets
Dry fibers

400/40

9 jets
Wet fibers

14 jets
Dry fibers

1000/100

Not Tested

14 jets
Wet fibers

throughput to 400/40 ml/h, approximately the same
number of jets was emitted but wet fibers were obtained
(likely due to doubling of the flow rate per jet) (Figure
2A). This result suggests that for a given slit length (and
holding other parameters constant, such as collector
distance, and solution viscosity), there is a flow rate limit
for production of quality fibers. Interestingly, operating at
400/40 ml/h but using the 7 cm long slit resulted in 14 jets
and dry fibers (Figure 2B); however, increasing the
throughput to 1000/100 ml/h, 14 jets appeared and wet
fibers were obtained. Taken together, these results suggest
slit length is a parameter which can be used to achieve dry
fibers at higher throughputs (either through extending the
length of a slit or through the use of multiple slits in
series). We hypothesize that given a material system and
specified slit length, there likely exists a minimum interjet spacing that dictates the maximum number of jets that
can appear along the slit at a given time. Once that
minimum inter-jet

Figure 2. Representative scanning electron micrograph of wet
and dry fibers obtained in experimental matrix of Table 1.

adjacent jets and the quality of the core-sheath Taylor
cone was maintained throughout electrospinning; in
contrast, inter-jet spacing and distinctness of the coresheath Taylor cone became compromised over time when
a straight slit was used (Figure 4C, D). We hypothesize
that localization of core-sheath electrospinning jets results
in a more stable process with improved quality and
reproducibility of core-sheath Taylor cone concentricity
and fiber structure.

spacing has been reached, the number of jets cannot
increase and any further increase in flow rate will only
increase the volume per jet. As such, if the volume per jet
is above a critical threshold, wet fibers may be collected
(i.e. less solution volume per jet facilitates dry fiber
formation). Consequently, to produce dry fibers at a rate
of 1 L/h, we machined a 14 cm long slit. Using this
fixture we were able to collect a dry, core-sheath, nonwoven fibrous mesh measuring 1 m x 0.5 m x 0.2 mm (L
x W x H) in dimension in 15 minutes (Figure 3). We will
continue to explore higher throughputs using the slitsurface fixtures and fully expect further significant
increases.
Figure 4. (A, B) Image showing electrospinning from a
patterned slit-surface at 10 and 120 seconds, respectively.
Note that distinct core/sheath Taylor cone and inter-jet
spacing (indicated by white arrows) are maintained during
this period. (C, D) Image showing electrospinning from a
straight slit-surface at 10 and 120 seconds, respectively.
Note that distinct core/sheath Taylor cone and inter-jet
spacing are not maintained during this period.

Figure 3. Electrospinning at 1 L/h using a 14 cm slit. (A)
Overview showing 36 electrospinning jets along the length of
the slit. (B) Close-up of electrospinning jets demonstrating
core/sheath Taylor cones. (C) Collected mesh measuring 1 m x
0.5 m x 0.2 mm in size. (D) SEM of collected fibers
demonstrating dry fibers.

Stability. In addition to scalability, stability of a process
is an integral component for manufacturing. In
electrospinning, process stability is largely impacted by
the dynamics of the Taylor cone. With slit-surface
electrospinning, lateral movement of the electrospinning
jets along the slit length can impact the quality of the
core-sheath Taylor cones. To counteract this
phenomenon, we employed a patterned slit-surface to
localize
and
maintain
stationary
core-sheath
electrospinning jets. As shown in Figure 4A and B, when
a patterned slit-surface was used, the spacing between

CONCLUSION
Core-sheath, slit-surface electrospinning has the potential
to be a transformative technology in a broad spectrum of
industries. To do so, the technology needs to be scalable
and stable. We have demonstrated that production of
core-sheath fibers from a slit-surface can, at a minimum,
occur at 1 L/h and expect that this benchmark can be
further increased. Additionally, through the use of a
patterned slit-surface, improved process stability was
observed. These achievements further advance the slitsurface technology for the manufacture of core-sheath
micro and nanofibers.
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STATEMENT OF PURPOSE
Stability of supporting meniscus in the nozzle-based
electrospinning is of the main concern in formation of
uniform and continuous nanofibers [1-3]. This study is
devoted to the analysis of meniscus behavior and factors
influencing the jet breakup at the nozzle.
INTRODUCTION
In the electrostatic formation of nanofibers, a high voltage
is applied to a polymer solution flowing through the
nozzle. At the end of the nozzle where the polymer
solution meets the air, the liquid forms a meniscus. In
electric field, this meniscus elongates and emanates a jet.
When the jet moves toward the counter electrode, solvent
evaporates and a solid fiber forms. In order to produce
continuous nanofibers, one needs to meet certain criteria
relating the jet radius and other physico-chemical
parameters [3]. In the recent decades, the main attention
has been paid to the criteria of stability of existing jets
assuming that the jets are infinitely long [2, 3]. However,
in many cases the jet breaks at the supporting meniscus
making the generation of sequential jets sporadic and
inconsistent. In this paper, we address the problem of
meniscus stability revealing a subtle effect of electric field
on the meniscus/jet pair.
APPROACH
The conventional electrospinning setup was modified to
provide visualization of the meniscus inside the nozzle. A
glass capillary was used as a nozzle. A wire connecting a
high-voltage power supply was inserted into a tube and
secured inside the glass capillary. The end of the wire was
positioned far away from the free end of the glass
capillary where meniscus was formed. In this method, the
body of polymer solution was held at the same potential.
The aqueous solution of Polyethylene Oxide (PEO) was
loaded into the syringe and liquid was extruded from the
spinneret at a constant rate controlled by the syringe
pump. Inter-electrode gap was kept constant. The
meniscus was filmed using a microscope. Schematic of
experimental setup is presented in Fig. 1.

Fig. 1: Schematic of experimental setup.

RESULTS
A stable liquid meniscus can be formed only above a
certain voltage which depends on the flow rate and
capillary radius. When the applied voltage was increased
further above this critical value, meniscus changed the
shape as shown in Fig. 2.

Fig. 2: The change of the meniscus shape with increase of the
voltage from 5 kV to 9 kV with 0.5 kV step.

The first four images correspond to the menisci residing
above the capillary brim. Then meniscus moves inside the
capillary and jet is shifted from the center toward the
capillary wall forming a film (see images 7-9 in Fig. 2).
When the voltage was increase further, the jet started to
oscillate around its initial position at the capillary wall
and finally gone spinning around the capillary brim (Fig.
3).

Fig. 3: Sequence of 3 images showing consequent
configurations of the jet spinning around the capillary brim.

The jet changes the direction of rotation on its own
without any external perturbations. During this rotation
the position of the contact line and meniscus cupola did
not change.
Further increase of the voltage results in the jet breakup.
Optical video microscopy revealed that the jet breakup
was caused by breakup of thin polymer film connecting
meniscus with the jet.
CONCLUSIONS
The electrospun jet can break at the supporting meniscus.
Meniscus is very sensitive to the applied voltage and is
able to move inside the nozzle as the voltage increases.
The jet breakup is caused by the breakup of a liquid film
connecting meniscus with the jet.
KEYWORDS
Electrospinning, meniscus stability, jet breakup.
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STATEMENT OF PURPOSE
Since the well-publicized failure of body armor used
by a police officer, it has become imperative that the
long-term properties and performance of new fibers
being considered for use be understood. The range of
interest is from the molecular properties of individual
fibers to the system-level performance of fibers in
body armor.
One such fiber being considered for
use in soft body armor applications is a co-polymer
aramid, ARTEC. At present, the architecture of the
ARTEC yarn has proven to be a challenge to
developing an understanding of their properties at the
single fiber level. This presentation will discuss
efforts to remove single fibers from yarns and to
report on the properties that have been measured to
date.
INTRODUCTION
As fibers are being considered for use in soft body
armor, it is critical to be able to assess their long term
properties. Researchers at the National Institute of
Standards and Technology developed a suite of tests
during their efforts to analyze poly(p-phenylene
benzobisoxazole) (PBO) and poly(p-phenylene
terephthalamide (PPTA) fibers. They built a device
for use on a servo-hydraulic machine to impart
controlled folding to examine the effect on
mechanical performance.[1]
Subsequently, they
found that upon 80,000 folds, tensile tests on
individual PBO fibers showed a drop in tensile
strength of around 40 % whereas the PPTA fibers
remained unchanged.[2,3] Recent interest in using a
copolymer aramid fiber, ARTEC, in soft body armor
has prompted a similar examination of its properties.
In addition to ARTEC, RUSAR and SVM fibers were
also examined. RUSAR appears to be similar to
ARTEC, and ARTEC is a co-polymer employing
PPTA and SVM chemical units. Interestingly, the
architecture of the ARTEC, RUSAR and SVM yarns
are different from the previously examined PBO and
PPTA fibers. Where the PBO and PPTA fibers were
easily removed from their respective yarns, fibers
from the ARTEC, RUSAR and SVM fibers could not
be removed easily. The fibers are twisted along the

length of the yarn, are tightly packed, and seem to
have a surface treatment on them.
APPROACH
Fiber Removal
Fibers were first removed from yarn by manually
splitting the yarn into smaller sections until single
fibers could be removed. Gloves were used to avoid
contaminating the fibers. Manually splitting resulted
in clear physical damage, usually in the form of
splitting along the surface of the fiber which could be
seen with the aid of a microscope. A second method
of removing the fibers from the yarns involved
cutting a yarn nominally 15 cm long, submerging it
in water, and over the course of 4 d, using plastic
needles to loosen the yarn to the point where
individual fibers could be removed. Fibers were
labeled “dry” or “wet” to designate separation
method. Fibers that were removed from a yarn were
held between miniature wooden clamps and then
were mounted on to paper tabs to facilitate handling.
Diameter Measurements
Diameters were measured for each fiber at 5 different
places along a 60 mm gauge length. As organic
fibers tend to have variations in diameter along their
length, an average of five measurements for each
fiber provides a more accurate value than taking a
nominal average for all fibers. Also, as the diameters
were measured, any damage along the length of the
fiber was noted.
Mechanical Testing
For this work, the Favimat single fiber testing
machine from Textechno was used. The fibers were
tested in the tensile mode at a rate of 2 mm/min until
fiber ruptured. For this work, fibers were clamped
between spring-loaded grips and a gauge length of 60
mm was used.
Statistical Analyses
Past work has shown that simply reporting the mean
and standard deviation do not capture the true spread
of the data.
Nonparametric analyses will be
presented in the forms of smoothed histograms and

quantile-quantile (q-q) plots. The q-q plot allows us
to compare the data from the wet and dry fiber
removal methods to check the similarity of the data.
Scanning Electron Microscopy
The scanning electron microscope (SEM) used in this
work was a FEI Company environmental scanning
electron microscope (ESEM). The microscope was
operated in high vacuum which is equivalent to any
conventional SEM and the Everhart-Thornley
detector was utilized for secondary electron (SE)
imaging.
Confocal Microscopy
Prior to imaging, fibers were mounted on a
microscope slide and then immersion fluid (Leica,
Type F) was placed on the fibers for refractive index
matching. A cover slip (no. 1.5) was laid on top of
the fibers. A Leica SP5 laser scanning confocal
microscope was used to image the fibers. The
microscope was equipped with a 10X, 0.3 NA airy
coupled objective using the 488 nm line in
transmission mode with a confocal pinhole of 1 AU
(airy unit).
Fourier Transform Infrared Spectroscopy
Infrared analysis was carried out using a Bruker
Vertex 80 Fourier Transform Infrared Spectroscope
(FTIR), equipped with a Smiths Detection Durascope
Attenuated Total Reflectance (ATR) accessory. Air,
dried by passage through a standard FTIR purge gas
generator, was used as the purge gas. Consistent
pressure on the yarns was applied using the force
monitor on the Durascope. FTIR spectra were
recorded at a resolution of 4 cm-1 between 4000 cm-1
and 600 cm-1 and averaged over 128 scans. Three
different locations on each yarn were analyzed.
Spectral analysis, including baseline correction, was
carried out using OPUS 6.5 software from Bruker.
Standard uncertainties associated with this
measurement are typically 4 cm-1 in wavenumber and
1 % in peak intensity.
RESULTS AND DISCUSSION
The results of the work to date will be presented.
There will be a comparison between the wet and dry
methods of removing the fibers for the ARTEC,

RUSAR and SVM yarns. These comparisons will be
physical, through the microscopy work, mechanical,
through the tensile testing and statistical analyses,
and chemical, through the FTIR analysis. From the
microscopy results, the wet samples tended to have
less surface damage than did the dry samples.
Tensile testing results showed that although the mean
values of tensile strength were comparable, there was
more spread in the dry data.
CONCLUSIONS
The co-polymer aramid fiber morphology is
markedly different from PBO and PPTA fibers. This
morphology makes removing single filaments for
testing a challenge, yet this challenge must be
overcome if we are to understand the fundamental
properties for fibers being considered for such critical
applications.
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ABSTRACT
Wood fiber, as the most earth-abundant green material,
exists in wood, which is biodegradable in natural
conditions and has no dependence on a petroleum source.
The wood fiber is a natural composite fiber, containing
30~40% cellulose, 20~30% hemicellulose, 20~30%
lignin, and extractives. The natural wood fiber has a
hierarchical structure with one regular fiber consisting of
numerous smaller fibers. The nanofiber can be
disintegrated from the microfiber with chemical and
mechanical treatment. Based on the difference in fiber
size, we can use the natural fiber for different applications
in the electronic and energy storage fields. 1, 2
The field of green electronics is steadily gaining research
and commercial interest because of its ability to make
flexible, lightweight, cost efficient, and renewable
devices. Due to its excellent optical transmittance and
surface roughness, nanopaper made from nanofiber can
render many types of electronics that are not possible on
regular paper and plastic substrate. Meanwhile, the
transition from rigid glass to flexible paper substrates
allows for the creation of flexible, transparent devices that
can be produced at high throughput, using established
roll-to-roll printing methods. We have demonstrated for
the first time that flexible transparent organic field-effect
transistors (OFETs), using carbon nanotubes as the gate,
can be fabricated on tailored nanopaper substrate. Both
good electrical characteristics and excellent mechanical
flexibility were observed, which may be due to the large
binding energy between the polymer dielectric and the
cellulose nanopaper and the effective stress release from
the fibrous substrate. Only a 10% decrease in mobility
was observed when the nanopaper transistors were being
bent. The nanopaper transistor also showed excellent
optical transmittance of up to 83.5%. The device
configuration can be applied to many other semiconductor
materials toward flexible nanopaper electronics. An
OLED device fabricated on nanopaper was demonstrated
and the performance was found to be stable in both the

.

flat and bent state. These studies are important for the
future development of flexible electronics based on new
transparent substrates made from cellulose nanofiber.3, 4
Wood fiber absorbs ions and water as part of their
growing process. The wood fibers are intrinsically porous
and soft. Thin film Sn anodes deposited onto wood fibers
sustain more than 400 charging/discharging cycles, a new
record for Sn anodes in Na-ion batteries. Control
experiments and chemomechanical modeling reveal that
the wood fiber wrinkles to release the mechanical stress
from sodiation/desodiation. Additionally, dual ion
transport pathways within the mesoporous structure of
wood cellulose fibers significantly improve the
traditionally slow ion transport in Na-ion batteries. 5-7
In summary, nature fibers with different dimensions have
been explored as new building blocks for energy and
electronics. Microsized fibers are used for low-cost Naion batteries with enhanced ion transport and cycling
performance, while nanofibers are used for fabricating
transparent nanopaper for OFETs and OLEDs. These
studies could potentially open a new field of wood fiber
electronics and wood energy storage.
KEYWORDS
Natural wood fiber, Cellulose nanofiber, Nanopaper,
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OBJECTIVE
Biological photonic architectures are usually
optimized according to criteria that are equally
relevant in artificial optical systems, including
color conspicuity, hue, brightness and the
dynamic
control
thereof.
Consequently,
biomimetic and bio-inspired approaches for the
creation of novel photonic systems could
provide promising alternatives to traditional
methods of developing optical technology1,
especially for the creation of optical fibers with
extended optical capabilities2.
INTRODUCTION
Light manipulation strategies for the display of
intense coloration in biological organisms are

diverse, with many of them relying on
interference and diffraction phenomena in
complex hierarchical material morphologies3-5.
One example is the bright blue seed of the
Bastard hogberry (Margaritaria nobilis). The
bright color results from interference of sunlight
in a highly periodic morphology found in
individual cells of the seed coat2.
APPROACH
A detailed structural and optical analysis of the
biological photonic system, involving scanning
electron microscopy and optical microspectroscopy supported by finite difference time
domain simulations allowed us to identify the

Fig. 1: Fruit and fibers: (a) Photograph of the blue Bastard hogberry seed that provided inspiration for the
color tunable photonic fibers. (b) Scanning electron micrograph showing a cross section of a single cell in
the seed coat revealing a highly periodic concentric architecture. (c) Transmission electron micrograph
showing the periodic layering in the cells. (d) Optical micrograph of a bio-inspired photonic fiber. (e)
Scanning electron micrograph of a fiber cross-section. (f) High-resolution scanning electron micrograph
showing the periodic layering in the fiber cladding. (g) Variation of color in a single fiber upon
mechanical deformation by applying an axial strain. (h) Variation of peak wavelength ߣ as a function
of strain ߝ.Scale bars: (b) 10µm, (c) 500 nm, (d) 20 µm, (e) 20µm, (f) 1 µm, g) 50µm.

underlying structural key elements that are
responsible for the color creation.
Using standard polymer processing techniques
combined with an unconventional thin film
rolling method, we successfully transferred the
plant’s key structural aspects into artificial
color-tunable photonic fibers.
RESULTS
A concentric layered architecture with
nanoscopic periodicity superposed by regular
microscale curvature induces high reflectivity in
the blue spectrum across a broad angular range
ensuring high visibility of the seeds (Fig. 1a-c).
Applying the knowledge of the structural
components responsible for the plant’s bright
blue color, we successfully created bio-inspired
multilayer-clad photonic fibers (Fig. 1d-f) with
spectrally selective reflectivity exceeding 90%.
By tuning the thickness of the individual layers
in the multilayer cladding, the fibers can be
tailored to strongly reflect light in any desired
spectral range. Furthermore, the fibers can be
.

manufactured entirely from elastic materials.
Upon mechanical deformation of the elastic
fibers by longitudinal elongation or lateral
compression, the layer thickness in the cladding
can be reversibly varied enabling the controlled
tuning of the reflection band throughout the
entire visible spectral range. We present
different fiber designs and discuss potential
applications of this photonic material.
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PURPOSE AND OBJECTIVES
The success of fluid-feeding insects—among the
most abundant and diverse life forms on Earth—
reflects the variation in structure and function of
their fiberlike proboscises. Although naturally
engineered to acquire fluids, the proboscis
represents a paradox because it also must repel
viscous fluids and debris to remain clean and
functional; in other words, the proboscis should be
simultaneously hydrophilic and hydrophobic. Our
investigation focuses on the natural solution to this
dual challenge. Particularly, we were interested in
defining the roles of capillarity, suctioning, and
wetting of the butterfly proboscis in facilitating fluid
uptake.
INTRODUCTION
The mouthparts of fluid-feeding insects have a
common organizational ground plan. They have a
textured, cuticular surface of valleys and ridges
forming a network of conduits connected to the
central food canal by pores. The proboscis consists
of two long fiberlike strands, the galeae, which are
joined along a pair of seams by linking structures,
the legulae. The concave walls of the opposing
galeae form a central food canal for transporting
fluids, aided by suction pressure from a muscular
pump in the head. The top, or dorsal, row of legulae
in the terminal 5%–20% of the proboscis are
enlarged and widely spaced. Cuticular modifications
near the tip of the proboscis, such as brushy lateral
extensions, are found in species that feed from
films, such as sap, rather than strictly from pools,
such as floral nectar.
APPROACH
Proboscis structure was elucidated and quantified
primarily by scanning electron microscopy, which
provided the basis for interpreting function. To
study liquid uptake and the relation between the

radius of the food canal of the proboscis and the
radius of pores in a surface with a liquid film, we
used X-ray phase-contrast imaging of drinking
butterflies, and observed Plateau instability. X-ray
phase-contrast imaging also was used to
simultaneously view liquid-bridge formation in the
butterfly’s proboscis and the action of the sucking
pump in its head. A capillary-rise technique
permitted overall wettability of the proboscis to be
assessed. The technique involved a straightened
proboscis held vertically while a dish was gradually
filled with distilled water. The rising level of the
water surface on the proboscis was videorecorded,
and the height of the contact meniscus on the
proboscis was used to calculate the contact angle.
Selective staining with fluorescent dyes was used to
show the relation of microstructure to wettability
patterns.
RESULTS AND DISCUSSION
When butterflies fed from pools of liquid, a
continuous fluid column formed in the food canal,
but when they fed from films on a porous surface,
resembling films on substrates such as rotting fruit,
the fluid drawn into the food canal formed a series
of liquid bridges separated by air bubbles. X-ray
phase-contrast imaging revealed that Plateau
instability causes the liquid bridges to form in the
food canal. These bubble trains then were
transported to the gut by the sucking pump in the
head. A two-step model of capillary intake and
suctioning represents a key innovation for exploiting
a vast range of nutritional sources and can be
applied not only to butterflies and moths, but also to
engineered devices.
The capillary-rise technique revealed a remarkably
sharp transition between hydrophobic and
hydrophilic sections of the proboscis at ca. 85% of
the distance from the tip. This discovery allowed us

to recognize the terminal 5%–20% of the proboscis,
depending on species, as a functional drinking
region, corresponding with a structural transition
involving enlargement of the dorsal legulae.
Fluorescent staining showed that the legulae are
hydrophilic. Staining also revealed a mosaic pattern
of hydrophilic and hydrophobic areas on the galeal
surface. Fluid adheres to hydrophilic areas, while
hydrophobic areas limit the adhesive surface and
create air pockets, leading to a Cassie-Baxter state.
This state enhances fluid mobility, which facilitates
self-cleaning and fluid movement toward the
drinking region where spaces between microbumps
on the rough galeal surface increase, favoring a
Wenzel state. In butterflies that feed from films of
fluid, such as sap, uptake is additionally enhanced
by a hydrophilic brushlike tip on the proboscis,
which increases surface area and functional
versatility.
CONCLUSIONS
This study provides the first demonstration of the
essential role of capillary action in acquiring liquids
from porous substrates, its integration with a suction
pump, and enhancement by a wetting-nonwetting
dichotomy. The findings suggest that the rich

diversification of butterflies and moths was
facilitated at least partly by structural innovations of
the proboscis that promoted capillarity and
wettability, allowing these insects to exploit a wide
range of food sources. The findings provide a
blueprint for developing applied engineering devices
with biomedical and forensic uses. Capillary uptake
could be built into microfluidic devices, which also
could be treated differentially with hydrophilic or
hydrophobic compounds to promote directed
channeling of fluids.
The remarkable variation in proboscis architecture
among the more than 175,000 species of butterflies
and moths, and the concomitant functional
versatility, offers a nearly unlimited library of
biomodels for engineered microfluidic devices. Yet,
the number of experiments that can be performed in
the laboratory, versus 125 million years of natural
experimentation over the evolutionary history of the
butterfly proboscis, limits the engineered device to a
lower level of functionality.
KEYWORDS
Capillarity, cleaning, flexible microfluidics, porous
materials, proboscis, wettability.
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ABSTRACT
Emerging cellulose nanomaterial (CN)-based
technologies offer potential development of
composite materials with a wide range of new
properties that have applications in products once
considered improbable with biobased materials
(wood, plant, etc.). CNs are fiber shaped particles (320 nm wide, 50-2000 nm in length) that have a
unique combination of characteristics: high axial
stiffness (~150 GPa) comparable to that of Kevlar,
high tensile strength (estimated at 7.5 GPa), low
coefficient of thermal expiation (~ 1 ppm/K ),
thermally stable up to ~300°C, high aspect ratio (10100), low density (~1.6 g/cm3), a reactive surface of
–OH side groups that facilitates grafting chemical
species to achieve different surface properties
(surface functionalization), are extracted from
renewable and sustainable resources (trees and
plants), can potentially be produced at industrial size
quantities and at low costs (from the paper pulping
industry), and preliminary studies have shown low
environmental, health and safety issues.1 Varieties of
CN composites have been produced; foams, films,
fibers and plates. CN-composite films have been
produced with transparencies greater than 80%,
specific tensile strengths greater than cast iron, and
have had very low coefficient of thermal expansion
similar to fused silica. While these materials have
great potential to meet a wide range of structural and
functionality requirements, a comprehensive
understanding of these materials and how to use
them in the production of continuous fibers is

needed. While research in CNs has grown rapidly in
the last few years little has been done with
incorporating them into continuous fibers.
Our recent work has focused on the development of
dry spun cellulose acetate (CA) fibers using
cellulose nanocrystals (CNCs) as reinforcements.
Increasing amounts of CNCs (up to 49wt%) were
successfully dispersed into CA fibers in efforts to
improve the tensile strength and modulus of the
fiber. A maximum of 230% increase in tensile
strength and 760% increase in modulus was
observed. The role of CNC alignment on the fiber
properties was also investigated, in which 2D X-ray
diffraction was used to quantify the level of CNC
alignment
within
the
fibers.
Empirical
micromechanical models such as Halpin-Tsai are
used to predict the elastic modulus of the fibers.
This talk will provide a general introduction and
review of the current state of art in CNs, CN
nanocomposites, and CN continuous fiber research,
describe several potential opportunities/applications
of CNs in continuous fibers, and describe in greater
detail our work on the processing, characterization,
and modeling of CN-continuous fibers.
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OBJECTIVE
This paper describes the fabrication of nanofibers for
enzyme based biocatalytic applications. Fabrication of
highly stable enzyme coatings on the nanofibers is
described. To improve the enzyme loading onto
hydrophobic polymer nanofibers, an alcohol dispersion
technique has been formulated. These fibers can be used
to anchor and stabilize enzyme aggregates through
covalent attachment and chemical cross-linking. The
nanofibers coated with stabilized enzymes can be used for
continuous flow reactors. Stability of the enzyme coatings
in highly reactive environments has been investigated.
INTRODUCTION
The substrate-specificity of enzymatic reactions is
very useful in bio-sensor and bio-catalysis. From the
chemical engineering point of view, catalysts can and
should be reused as long as their activity is preserved; but
there is no simply way of recovering native enzymes
(which are biocatalysts) after use. So, many researchers
immobilized enzymes on solid support materials to
facilitate the recovery process. When enzymes are
anchored on nanofibers, the recovery process can be as
very simple. For example, the physically entangled
nanofibers can be retrieved from the solution with 100%
yield by simply grabbing them with tweezers. Nanofibers
also provide large surface area for the attachment of
enzymes and large pores or empty space to achieve
efficient mass transfer of substrate to the active site.
However, the key issue is the stability of the enzymes
anchored on nanofiber surfaces. This paper will discuss
the production, characterization, enzyme stabilization and
applications of biocatalytic nanofibers.
NANOFIBERS FOR ENZYME LOADING
In heterogeneous enzymatic systems, the solid
support material should meet several important
requirements. It should have a large surface area to
maximize the enzyme loading. It should also have pores
or open spaces in the material to achieve efficient masstransfer of substrates to the active site of an enzyme. In
addition, it should be durable and easily recoverable by a
simple physical method. More importantly, it should have
the right functional groups at the surface suitable for
covalent attachment of enzymes. Polymeric nanofibers
can meet all these requirements. The choice of polymeric
materials is quite diverse, so that the material properties
as well as surface chemistry can be varied easily. Polymer
nanofibers can easily be fabricated via an electro-spinning
process as shown in Figure 1.1
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Figure 1. Schematic view of electro-spinning process.
Inset shows a scanning electron microscopy (SEM) image
of electro-spun polymer nanofibers.
For the enzyme immobilization and bio-catalytic
applications, the polymer nanofibers should be insoluble
in aqueous solution and mechanically flexible. They
should also have the functional groups to which enzymes
can be anchored. For these reasons, we chose a mixture of
polystyrene and poly(styrene-co-maleic anhydride) [PSPSMA]. Figure 2 shows SEM images of PS-PSMA
nanofibers produced by electrospinning from a toluene
solution. The surface morphology of the nanofibers can
vary depending on the solvent property and the humidity
of the environment.

Figure 2. SEM images of PS-PSMA nanofibers produced
by electrospinning of a toluene solution of PS-PSMA.1
In order to maximize the biocatalytic activity, it is
important to disperse the supporting materials in the
reaction media. We have devised a simple method for
dispersion of PS-PSMA nanofibers in water without using

Relative activity

conventional surfactant molecules.2 First, the electrospun
nanofiber mat is dispersed fully in the aqueous alcohol
solution (20% by volume). The nanofibers are then
thoroughly washed without drying using a copious
amount of distilled water until alcohol is completely
removed from the solution phase. Figure 3 compares the
as-spun and alcohol-treated PS-PSMA nanofibers
immersed in water.
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Figure 4. Enzyme stability of free trypsin (empty
triangles), covalently-attached trypsin (filled circles), and
trypsin-aggregate coatings (empty circles) under repeated
use and rigorous shaking (200 rpm). Inserted figure
shows the enzyme stability during the first 12 days.5

Figure 3. Pictures of as-spun and alcohol-treated PSPSMA nanofiber bundles immersed in water.2
ENZYME LOADING AND STABILIZATION
There are several ways to produce enzyme-polymer
composite nanofibers. A simple approach is to electrospin
polymer solutions containing enzymes.3 However, the
enzymes embedded in the nanofiber may not be utilized
effectively in biocatalytic reactions. This can be avoided
if the enzymes are coated on the nanofiber surface, rather
than embedded in the nanofiber. For the covalent
attachment of enzymes, the maleic anhydride group on
the PS-PSMA fiber surface can be used to reach with free
amine groups at the enzyme surface. The covalently
attached enzymes can be stabilized by chemical crosslinking with glutaraldehyde (GA) to enhance the retention
of the loaded enzymes. One can also utilize the GA
treatment to cross-link enzymes from the solution onto the
chemically-anchored enzymes at the polymer surface,
forming enzyme aggregates. In this way, the total enzyme
loading per unit mass of nanofiber support can be
increased significantly.1,4
In addition to the improved activity, the cross-linked
enzyme aggregates (CLEAs) show a superior
performance over the covalently-attached enzyme system
from the stability point of view (Figure 4). The half-life of
the CLEA activity could not be calculated due to the
insufficient loss of activity over this period of time. This
dramatically-enhanced stabilization can be explained by
no leaching of the immobilized enzymes and the good
stability of CLEAs themselves. In addition to preventing
leaching of the enzyme molecules, the inter- and intramolecular covalent cross-linking of the three dimensional
protein structure is known to impart enhanced stability to
the protein against thermal and organic solvent
denaturation.

PERSPECTIVES
Electrospun polymer nanofibers are successfully used
as a solid support material for enzyme immobilization.
The large surface area of electrospun nanofibers allows
high enzyme loadings and high apparent enzymatic
activities. The sustainability of the enzymatic activity of
biocatalytic nanofibers can be achieved by crosslinking
enzyme molecules that prevents irreversible enzyme
denaturation. Hydrophobic polymer nanofibers can be
well dispersed in aqueous solution by a simple pretreatment with aqueous alcohol solutions, which further
improves enzyme loading and activity. With the
improvement of enzyme loading, activity, and stability,
the biocatalytic nanofibers will make efficient biocatalytic
systems for bioconversion, bioremediation and
biosensing. In addition, the easy control of polymer
nanofiber structures can open up a new potential for more
versatile and efficient use of biocatalytic nanofibers in
various applications including drug delivery and tissue
engineering.
KEYWORDS: Nanofibers, enzyme immobilization,
biocatalysis.
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STATEMENT OF PURPOSE
While high-resolution crystallographic structures
of cellulose suggest an inherent structural linearity,
model cellulose microfibrils based on these
coordinates are known to distort from the linear
crystallographic structure and adopt a right-handed
twist. The primary goal of this project is to
understand why microfibril twisting occurs in
molecular dynamics (MD) simulations by
elucidating the driving forces of twisting behavior
and probing its sensitivity to commonly employed
computational approximations.
INTRODUCTION
Much of the fine detail of currently accepted
structural knowledge concerning cellulose I stems
from a benchmark X-ray and neutron
crystallography study that provided high-resolution
information on the relative positioning of both
heavy and hydrogen atoms in the cellulose Iα and
Iβ unit cells.1-2 Importantly, the crystallographic
coordinates indicate that the polysaccharide chains
constituting a cellulose microfibril should be
perfectly parallel and linearly oriented (Figure 1a).
However, when microfibril structures based on
these coordinates are used for MD simulations,
they undergo significant distortions, the most
obvious of which is the adoption of an overall
right-handed twist (Figure 1b). Since the first
report of this behavior by Matthews et al. in 2006,3
microfibril twisting has been observed with
numerous atomistic and course-grain carbohydrate
force fields.4-11 While there exists some
experimental evidence to support a twisted
microfibril conformation in an aqueous
environment,12 indicating that the results of MD
simulations may not be so unreasonable, an
extended timescale study of microfibril behavior
demonstrated that twisted structures eventually
transition to structures representing the hightemperature intermediate for phase transition
between cellulose Iα and Iβ.8 Altogether, these
findings have generated significant concerns
regarding cellulose structure, the driving force for
distortions observed in MD simulations, and the
overall suitability of classical force fields for
application to cellulose.

a.

b.

Figure 1. Side view of model cellulose microfibril
(a) before and (b) after MD simulation with the
GLYCAM0613 force field.
EXPEREIMENTAL APPROACH
A series of MD simulations were specifically
designed to evaluate the role of solvent and the
effect of solvent model, the effect of charge set and
application of explicitly modeled oxygen lone pairs,
as well as the overall role of nonbonded
interactions. Model microfibrils were constructed
based on the crystallographic coordinates from
Nishiyama, et al.1 as assemblies of 81 cellulose
chains with degree of polymerization 20, and
subjected to 10 ns MD simulations in order to
study the initial onset of twisting behavior.
RESULTS AND CONCLUSIONS
The results of this study suggest that microfibril
twisting is favored by van der Waals interactions
and counteracted by both cellulose intra-chain
hydrogen bonds and solvent effects at the
microfibril surface. In general, twisting is not
driven by electrostatics, however, the most
accurate atomistic modeling of cellulose likely
requires a pre-polarized charge distribution that
captures the electrostatic properties of β-D-glucose

in the context of the cellulose crystalline lattice, as
well as application of explicitly modeled oxygen
lone pairs to optimally reproduce the cellulose
internal hydrogen bond network. Twisting is also
dependent on the ability of the explicit solvent
model to induce well-ordered, tightly coordinated
water structure at the microfibril surface.
KEYWORDS
Cellulose, microfibril twist, molecular dynamics
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ABSTRACT
Many anthraquinone compounds possess light-active
properties under UVA or fluorescent light exposure. This
research
project
studied
novel
light-induced
multiprotective functions and physical properties of
cotton fabrics by incorporating anthraquinone species
through a conventional vat dyeing process. Two
anthraquinone derivatives with different structural
features were chosen in this study to explore the
feasibility for applications in preparation of protective
textiles. Considering the practical requirements, the
washing durability and light fastness of the functions were
evaluated based on antibacterial, anti-UV, as well as
chemical and physical properties.
KEYWORDS Antimicrobial Cotton; Vat Dyeing; AntiUV; Anthraquinone species
INTRODUCTION
Recently, light-active properties of some anthraquinone
compounds were discovered and employed in
development of light-induced antimicrobial cotton
fabrics.1,2 The light active antimicrobial functions of the
compounds are due to formation of triplet excited status
of the anthraquinone structures and consequent
production of reactive oxygen species (ROS) such as
hydrogen peroxide on the materials.3
Examining structures of light-active anthraquinone
compounds, many of them possess structural features of
vat dyes, which can be incorporated onto cotton cellulose
by using commercial vat dyeing processes. Such an
approach could be advantageous for preparation of
functional cotton fabrics due to the fact of achieving
potential coloration and multiple functions in one wet
treatment, an environmentally friendly process. Thus, a
light-active 2-ethyl-anthraquinone (2EtAQ), though not a
real vat dye because of its low substantivity to cellulose,
and a real vat dye, Vat yellow GCN, possessing
anthraquinone basic structure, were chosen in the studies.4
Vat yellow GCN, different from 2EtAQ, has high
substantivity to cotton and could reach high exhaustion
ratio on cotton fabrics. The use of Vat yellow GCN can
further confirm the concept and support the practicability
of the technology.
EXPERIMENTAL
2-Ethyl anthraquinone(2EtAQ) and Vat Yellow GCN
were used in vat dyeing of cotton fabrics.
UVA exposure of the fabrics was conducted in a UV
crosslinker with five 8W UVA lamps (365 nm
wavelength). The color change of the treated samples was

measured by using a colorimeter (Color-Eye 7000A,
Gretag Macbeth, USA) with a standard daylight source
D65. The color difference between control and treated
sample was expressed as ΔE (Eq.1) based on International
Commission on Illumination (CIE76).

Tensile strengths of cotton fabrics were evaluated by
using an INSTRON Tensile Tester (USA) according to
modified D5034-09 Standard Test Method for Breaking
Strength and Elongation of Textile Fabrics (Grab Test).
Washing durability of the treated fabrics was evaluated by
using a Launder-Ometer (Atlas Electric Devices Co.,
USA) following the AATCC Test Method 61-2003:
Colorfastness to Laundering, Home and Commercial:
Accelerated.
Ultraviolet Protection Factor (UPF) of both untreated and
treated
fabrics
was
measured
by
UV/vis
spectrophotometer under 389 nm light.
Antibacterial test were evaluated against Gram-negative
bacterium, Escherichia coli (E. coli) (K-12), and grampositive bacterium, Staphylococcus aureus (S. aureus)
(ATCC 12600). Untreated cotton fabrics were used as
Control I, and samples without light exposure were
chosen as Control II. The microbial reduction rate was
calculated according to the following equation (Eq.2):

Where B is the number of colony forming units of control
II (without light exposure) and A is the number of colony
forming units of light exposed samples.
RESULTS AND DISCUSSION
Light-induced antimicrobial functions
The successful incorporation of anthraquinone
compounds onto cellulose is evidenced by light-induced
antimicrobial functions of the vat dyed cotton fabrics,
which were evaluated in vitro against both E. coli (gramnegative) and S. aureus (gram-positive) according to the
testing methods. The bacterial reduction rates, determined
by the ratio of colony counts from the 2EtAQ and Vat
Yellow GCN treated and control samples, are shown in
Table I. According to the experimental results, the
untreated cotton did not show any noticeable
antimicrobial function, similar to the treated samples
without light irradiation. Both E. coli and S. aureus
appeared to be susceptible to the cotton fabrics treated
with different concentrations of 2EtAQ and Vat Yellow
GCN under light exposure. Upon illumination for 30 min,

all treated samples demonstrated clear light-induced
bactericidal effect against both Gram-positive and Gramnegative microorganisms. With increasing amount of
anthraquinone compounds incorporated, the fabrics
demonstrated enhanced killing power under UVA against
both E. coli and S. aureus. All samples, after light
exposure for 60 min, exhibited bacterial reduction rates of
99-99.99%.
Washing durability and light stability of the antimicrobial
functions were also examined in the study. And results
indicate the anthraquinone species on the cotton fibers
could survive repeated laundry, and the functions were
basically unchanged within the tested lighting duration.
Table I. Light-induced antimicrobial functions of vat dyed
cotton fabrics
Reduction Rate of Bacterial Count (%)
Samples
Untreated Cotton
2EtAQ 1% owf*
2EtAQ 3% owf
2EtAQ 6% owf
2EtAQ 9% owf
GCN 0.5% owf
GCN 1.5% owf
GCN 3% owf

E. coli
(105 CFU/mL)
30min
60min
0.00%
0.00%
80.06% 99.99%
98.46% 99.99%
99.99% 99.99%
99.99% 99.99%
74.76% 99.99%
66.62% 99.99%
68.66% 99.99%

S. aureus
(104 CFU/mL)
30min
60min
0.0%
0.0%
91.9%
99.9%
93.4%
99.9%
96.6%
99.9%
97.4%
99.9%
61.6%
99.5%
54.7%
99.6%
72.3%
99.2%

*owf: on weight of fabric
Anti-UV functions
The ultraviolet protection factors (UPF) of untreated and
treated fabric samples were evaluated, and the results are
shown in Table II. It is clear that the ultraviolet shielding
provided by cotton fabrics was enhanced significantly
with the presence of anthraquinone derivatives, and the
UPF values increased proportionally to the amount of
anthraquinone derivatives. The considerable improvement
of ultraviolet protection on the treated cotton fabrics can
be attributed to the distinct absorbance of anthraquinone
derivatives in the UVA range (315- 400nm).
Table II. Ultraviolet Protection Factors of untreated
and treated fabrics
Sample
Untreated Cotton
2EtAQ 1% owf
2EtAQ 3% owf
2EtAQ 6% owf
2EtAQ 9% owf
GCN 0.5% owf
GCN 1.5% owf
GCN 3% owf

UPF (@389 nm)
4.21
7.94
12.48
13.41
17.69
56.88
85.53
87.61

Mechanical properties
Tensile strength values of the untreated and treated
samples were measured before and after the light
exposure. The plain cotton clearly was unaffected by the
UVA light exposure even with some the marginal

variations. The UVA light illumination did not alter the
mechanical properties of the Vat Yellow GCN treated
cotton fabrics in the entire concentration ranges and under
the longest exposure duration of 8 hours. However, the
UVA light clearly exhibited certain impact on the
mechanical properties of the 2EtAQ treated fabrics. The
tensile losses intensified with prolonged light exposure
times and increased concentration of 2EtAQ on the
fabrics.
Color fastness
Table III summarized the color differences (ΔE values) of
the 2EtAQ and Vat yellow GCN dyed cotton fabrics. The
Vat yellow GCN dyed cotton exhibited pretty good light
fastness. The color changes of the 2EtAQ dyed cotton
samples were most significant when they were exposed to
UVA initially, and the follow-up light exposure would
have less significant impact, which can be observed by
comparing the difference of ΔE between 4 and 8 hours.
The major color changing factor is Δb*, a yellowing
effect. The yellow may be ascribed to the light-induced
structural change of the anthraquinone compounds, or the
oxidation of cellulosed structure.
Table III. Color changes of fabrics before and after UVA
exposure
Samples
Untreated Cotton
2EtAQ 1% owf
2EtAQ 3% owf
2EtAQ 6% owf
2EtAQ 9% owf
GCN 0.5% owf
GCN 1.5% owf
GCN 3% owf

∆E after
4hr UVA
1.31
9.89
12.62
12.74
13.25
2.15
2.21
2.25

∆E after 8hr
UVA
1.28
11.47
14.78
16.24
16.77
6.24
2.86
2.91

CONCLUSIONS
Both 2EtAQ and Vat yellow GCN dyed cotton fabrics
demonstrated light-induced multiple protective functions.
The functions are durable against washing and stable
under long term light exposure. 2-ethylanthraquinone
(2EtAQ) is a powerful light-active agent but not a good
dye. 2EtAQ dyed fabrics could endure light-induced
damages to colors and fibers due to its high lightsensitivity. The vat yellow GCN dyed cotton fabrics also
possessed good mechanical properties and limited color
changes under light exposure, making vat yellow GCN a
good multi-functional dye for textile applications. The
results provide feasibility of using light-active vat dyes as
functional agents.
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ABSTRACT
Cotton is the foremost money generating crop of
Pakistan not only in the form of foreign earning but
also plays a vital role in the cottage industries of the
country. It also provides job opportunities to the rural
people. Pakistan is amongst the largest group of
exporting cotton yarn. The quality of water specially
the tube well water along with different stress levels
seriously deteriorates the quality of cotton fibre both
in the on chemical as well as physical properties of
the fibre. Whereas the quality of cotton fibre also
influenced by different stress levels of water as in
many areas of Pakistan the shortage of water create a

somber effect on the chemical properties of the fibre.
Completely Randomized Design (CRD) was applied
in the analysis of variance of data for testing the
differences among various quality characteristics.
The results indicate that different cotton varieties,
water qualities and water stress levels have highly
significant differences for fibre chemical constituents
like cellulose content, pectin content, protein content,
wax content and ash content.
KEYWORDS
Water quality, Water stress levels, Cotton fibre,
Chemical properties.
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ABSTRACT
Natural fiber as a reinforcing constituent can play a
dominant role in the field of fiber reinforced polymer
composites (FRPC) due to its eco-friendliness,
renewability, abundance in nature, co2-neutrality,
flexibility, low density, and low cost. Hence, sugarcane
fiber can be a potential candidate to replace the synthetic
FRPC. The objective of this study is to evaluate the effect
of chemical treatment on the tensile properties of single
sugarcane fiber. Sugarcane collected from the local
market was cut into some specific length and fibers were
extracted from the juicy section. These fibers were then
dried in an oven to remove the moisture. Surface
modification was accomplished by performing alkali
treatment and neutralizing by acetic acid solution. The
fiber was then rinsed with water and dried at 80°C for
about twenty four hours using an oven. Untreated and
treated fibers were characterized using tensile testing
according to the ASTM D 3822-01standard. Optical
microscopy (OM) was employed to measure the diameter
of the fiber and scanning electron microscopy (SEM) was

used to evaluate the fracture morphology of failed
samples. Tensile tests were carried out on the span length
of 25 mm of the single fiber. The resultant data showed
that maximum improvement in the tensile strength and
modulus was observed to be 87% and 29%, respectively,
compared to those of untreated ones due to chemical
treatments using 5% NaOH solution and 2% acetic acid
solution, respectively. Strain to maximum strength was
enhanced by about 16% compared to that of the untreated
one. A small initial weight loss was observed in the
temperature ranging from 25 to 150 °C due to the
evaporation of water. However, untreated fiber started to
decompose at around 200 ºC while treated fiber started to
become decomposed at around 250ºC. It might be due to
the removal of non-cellulosic substances including
hemicellulose, lignin, and pectin as a result of the
chemical treatment. Fracture morphology of the treated
fiber revealed rougher fracture surfaces compared to
untreated fiber surfaces. This is an indication of more
energy absorption by the treated fibers during the tensile
loading.
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OBJECTIVE
The goal of this study is to utilize nanofiber yarns
as the substrate component for a rapid,
immunochromatographic assay for diagnostic
testing in point-of-care or in-home settings.
INTRODUCTION
Early diagnosis of many conditions, such as
influenza, is very beneficial. Early diagnosis allows
for earlier and more accurate treatments to be
administered to patients, ultimately leading to
decreased symptom time and severity. Recently,
there has been a push towards rapid diagnostic test
platforms for use in point-of-care or in-home
settings.1 Lateral flow immunoassay (LFIA)
configurations are the most popular for these tests.
The LFIA configuration allows for reduced turnaround time for diagnosis compared to other
diagnostic methods; however, despite the
advantages of rapid diagnostic tests, there are still
limitations associated with the current technology:
insufficient sensitivity for some applications,
multiple components, and sample collection
methods.2

Colloidal Gold-Antibody Conjugate Preparation
Goat anti-rabbit IgG was re-suspended in 5 mM
sodium bicarbonate buffer (pH 9) and added to a
25 nm gold colloid. A 10% (w/v) BSA solution
was then added to further stabilize the gold
conjugates. The excess protein was removed by
centrifugation. The fluffy pellet of gold conjugated
antibodies was re-suspended in a10 mM phosphate
buffered saline (PBS) solution with 1% (w/v) BSA.
Model Immunoassay System
The goat anti-rabbit IgG on the surface of the
nanofiber yarns will serve as the test line detecting
the presence of the rabbit anti-bovine IgG or test
analyte. The rabbit anti-bovine analyte will also be
recognized by the gold conjugated goat anti-rabbit
IgG. The rabbit anti-bovine IgG immobilized on
the surface of the nanofiber yarns will serve as the
control line, detecting the presence of the colloidal
gold labeled antibody, but not the goat anti-mouse
IgG analyte (the negative sample). A schematic is
provided below in Figure 1.

APPROACH
Currently, most LFIA rapid diagnostic tests use
multiple components, including nitrocellulose
membranes for the reaction zone. Our study will
utilize the advantages provided by nanofiber yarns
to address the limitations of the current technology
Preparation of Immunoassay Yarns
High
specific
surface
area
cellulose
acetate/poly(methyl methacrylate)/poly(ethylene
oxide) yarns were prepared by an electrospinning
method reported previously.3 Rabbit anti-bovine
IgG and goat anti-rabbit IgG were functionalized
by the photo-reactive sulfo-NHS-LC-diazirine
crosslinker added to the nanofiber yarns in lowvolume droplets, such that there were two separate
regions of antibody added to the yarn. A mask was
placed over the yarn such that only narrow stripes
were exposed to UV light. The yarns were then
blocked with a 5% (w/v) bovine serum albumin
(BSA) solution for 1 hour.

Figure 1. Model Immunoassay system. The goat antirabbit IgG (test) and rabbit anti-bovine IgG (control)
stripes are immobilized on the immunoassay yarn. The
rabbit anti-bovine IgG test analyte (positive sample)
shown on top binds to the goat anti-rabbit IgG on the test
line and the gold-conjugated goat anti-rabbit. The goat
anti-mouse IgG (negative sample) is not recognized by
the test line (bottom) while the goat ant-rabbit is still
binds to the rabbit anti-bovine IgG control line.

Analyte Yarn System
To check the reactivity of each of the components,
an analyte yarn immunoassay system was

employed. This will ensure that the immunoassay
yarn antibodies are specifically reacting with the
analytes, and the gold-conjugated goat anti-rabbit
IgG is specifically recognizing the rabbit antibovine IgG analyte bound to the yarn and the yarn
immobilized rabbit ant-bovine IgG, serving as the
control. Immunoassay yarns were prepared with
two antibody stripes as mentioned above. The
rabbit anti-bovine IgG and goat anti-mouse IgG
analytes at a concentration of 1 mg/ml were then
added to the immunoassay yarns and incubated for
20 minutes at room temperature. Excess analyte
was then washed away by wicking 10 mM PBS.
Conjugate Pad Immunoassay System
To allow for a one-step immunoassay systems
nanoparticles must be added to the yarn in a
dehydrated state such that the analyte can simply
be added to the immunoassay yarns and results
may be read. Nanoparticle-antibody conjugates
dried on the fiber were unable to be re-suspended,
introducing the need for a low-retention glass fiber
conjugate pad. Nanoparticle-antibody conjugates
were added to the glass fiber pads and dried. The
conjugate pads were then twisted in the nanofiber
yarn during fiber collection. Samples were then
added to the yarn to wick the gold nanoparticles
along the length of the yarn. After wicking sample
and buffer along the yarn a delicate task wiper was
pressed against the yarns to wick away any unbound nanoparticle-antibody conjugates and the
results were read.
RESULTS AND DISCUSSION
Analyte Yarn Immunoassay System
Red coloration was seen at the test and control
antibody lines of the immunoassay yarn for the
positive sample, as expected or a positive test. Red
coloration was only apparent at the control line of
the immunoassay yarn with the negative sample
added, as expected for a negative test. These results
confirm the reactivity of the individual
components, and this system may be useful as a
point-of-care diagnostic tool.
Conjugate Pad Immunoassay System
Red coloration is only visible at the location of the
rabbit anti-bovine IgG (control) stripe for the goat
anti-mouse IgG (negative control) analyte, as
expected for a negative test. There is red coloration
at the test and control stripes for the immunoassay
performed with the rabbit anti-bovine IgG (test)
analyte, as expected for a positive test. The red
coloration at the test and control lines in the
immunoassays
is
indicative
of
specific
nanoparticle-antibody binding to the appropriate

sites. However, improvement in signal intensity
and clarity is needed, for the test analyte
immunoassay in particular. There was also more
red coloration at the conjugate pad location for the
test analyte immunoassay, indicating incomplete
release and non-specific binding of goldconjugated antibodies.
CONCLUSIONS
There is specific reactivity of each component of
the system: the goat anti-rabbit IgG conjugated to
the immunoassay yarn and the gold nanoparticles
recognize the rabbit anti-bovine (positive) analyte
but
not
the
goat
anti-mouse
IgG
(negative) analyte. The goat anti-rabbit IgG
conjugated to gold nanoparticles also specifically
binds to the rabbit anti-bovine IgG immobilized on
the immunoassay yarn.
FUTURE WORK
The analyte yarn immunoassay system could be
viable as a point-of-care diagnostic test with some
optimization. Optimization of the conjugate pad
immunoassay system could lead to its employment
as a point-of care or in-home diagnostic test.
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ABSTRACT
Algae based polymeric materials have many potential
applications such as for packaging, agricultural and
horticultural products. There is a market demand for
packaging materials that are both biodegradable and
sustainable. Algae bioplastics and/or their
thermoplastic blends can meet this market demand as
well as create domestic jobs in bioplastic
manufacturing, bioremediation, and renewable
biomass production industries. In order to
commercialize and solve some of the technical
challenges of these algae bioplastics, various
studies—particle size reduction study, odor study,
and color study—were performed to enhance their
aesthetics and mechanical performance. The purpose
of the particle size reduction study was to study the
efficiency of different milling processes in reducing
the size of algae particles to below 10 m. The odor
study was conducted to investigate the effect of
absorbers and oxidizers on odor removal. An odor
panel was performed to evaluate the level of odor
intensity. Static headspace microextraction and gas
chromatography-mass spectroscopy (GC/MS) was
used to identify the odorous compounds and
qualitatively determine the effectiveness of the odor
removal agents. The objective of the color study was
to investigate ways to modify plastic color. Four
color additives (red, green, blue, and yellow) were
added to the algae plastic formulation during
compounding. The data provided by these studies
proved invaluable to the development of plastic based
on renewable algae biomass.
For the particle size reduction study, the fluidized bed
jet mill showed more versatility in meeting the algae
particle size distribution standards when compared to
the classifying mill. This size is critical for the film
and filament
fiber applications. It is evident from the preliminary
study of odorous volatiles that many of the volatiles
generated from the algae based plastic are due to

processing conditions.
Of the odor removal
techniques investigated, hydrogen peroxide holds the
most promise in removing volatiles from the algae
based plastic. Activated carbon proved marginally
effective in reducing odors. From the information
gathered from this study, it is recommended that odor
techniques that target specific functional groups be
investigated.
The color modification study showed that titanium
dioxide, up to 5% weight, successfully lightened the
color of the algae plastic samples for poly (butylene
adipate-co-terephatalate),
polypropylene-activated
carbon, and polylactic acid as base resins when
compared to the respective controls. In addition to
the titanium dioxide, the 1% of pigments, such as red,
blue, and yellow, into the algae-based plastics
modified the color of the algae plastics to be more
like red, blue, or yellow, respectively, when
compared to the controls. This color modification
technique can be further studied and applied towards
improving the aesthetics of algae-based plastics.
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ABSTRACT
This presentation focuses on boron-nitride nanotube yarns
and a review its properties, means of production, and
structural characteristics. The properties of individual BN
nanotubes suggest extraordinary mechanical yarn
performance even in air at 900 C. Their large band gap
suggests that these are insulators; however, boron-nitride
is one of the few materials whose band gap can be
substantially externally tuned. We expect practically
important transport and mechanical properties that exceed
even the potential of carbon nanotube yarn. These
properties have the potential for a ‘game changing’ effect
on fundamental design of high temperature composites
and for many other applications.
OBJECTIVE
This presentation will be a review of the state of the art of
the growth and properties of boron-nitride nanotube
(BNNT) materials and a discussion of progress at UNH in
their experimental continuous synthesis.
INTRODUCTION
Carbon-carbon composites, ceramic fibers, and high
temperature materials in general, have very low strain to
failure, and so exhibit poor fracture toughness.
Alternative materials like CNT yarn are not available in
volume, are expensive, and burn in air at >550 C.
A high fracture toughness ceramic of extraordinary
strength doesn’t exist, especially one that can be ‘tied in
knots’. Its commercial availably would transform the
composites field and enable new kinds of applications at
ambient to extreme temperatures. BNNT has never been
grown as a continuous yarn1, a format required by
industry for integration into standard products2. Fiber
strength and modulus are about the same as CNTs, but its
stronger pi bonds are expected to yield stronger yarns.
Continuous yarns would extend CNT’s mechanical
properties to very high temperatures using a ceramic
(insulating) version of this fiber.
APPLICATIONS
These include: (1) High temperature composites using
flexible continuous fiber for 3D weaving3, a BN/BN
analog of carbon-carbon, and ceramic matrix composites;
(2) Radiation Shielding, neutrons are highly absorbed by
BNNTs using polyethylene (PE) matrices high energy
electrons are also absorbed, space tethers, cable shielding,
reinforcements, (3) Tunable conductors; (4) Piezoelectric
actuators, energy harvesters, in situ strain sensors4 and (5)
fire protection for clothing, and for electrical cables. This

material enables a new kind of BN-BN composite
analogous to a C-C composite that could be used as
armor, rocket motors or casings, and offers a structural
material,
which
combines
the
multifunctional
characteristics of extraordinary strength and modulus,
very high fracture toughness, and radiation shielding.
OVERVIEW OF CURRENT RESEARCH
Boron Nitride nanotubes were created by Zeltl5 after
being theoretically predicted by Cohen6. They are one of
the few materials whose prediction preceded their
creation. Their properties depend on the nature of their
atomistic bonding, their defect distribution, external
electric fields, surface cleanliness, and physical
dimensions. Boron nitride nanotubes for example are Sp2
bonded, exhibit a ~5.5 ev maximum band gap, with only a
few grown-in defects. In addition they are nano-scaled in
two dimensions and as such have some properties that
substantially deviate from bulk or planar BN. They also
differ from CNTs whose band gap varies as 0.5 to 0.7
ev/d7 where as the band gap of boron nitride is
approximately liner with D, depends sensitively on
Chirality8 and can be tailored9.
APPROACH
Previous process limitations will be overcome through
high temperature synthesis of BNNT yarn using a new
kind of CVD reactor now under development employing
very high-rate gas phase pyrolysis with direct fiber
10spinning10. In this approach, the fibers will be twisted at
the start of their growth, a requirement to obtain strength
from short staple length fibers. Figure 1 describes part of
a patent pending invention assigned to UNH. Reactants
enter the system on the right, are heated and vaporized,
pass into a mixing camber where they exit into a feeding
chamber, which allows mixed fuels to enter the rotating
tubes. Reactants pass down the tube and undergo
reactions at different positions depending on the
temperature at that point. Towards the end of the tubes,
BNNT fibers start to form and continue down the main
large furnace tube shown on the left.

KEYWORDS
Boron-Nitride, nanotubes, fibers, strength, neutron
absorption, high modulus, armor, high temperature,
piezoelectric, sensors, energy harvesting, band gap.

Figure 1. The injector end of a BNNT high speed reactor.
GROWTH PROCESS
This UNH process is designed for very high throughput of
reactants and a new method for forming the fiber. At the
start, we select a transition metal and cause a small
diameter, 2 to 10 nm, catalyst particle formed in situ. The
diameter is controllable through various process
parameters. This is straightforward; however, control of
the particle chemistry to keep it stable is more difficult. It
is also important, that in the main furnace, where it is
much hotter, that the particle retain sufficient strength to
resist crushing by the much stiffer and stronger BNNT.
Following the initial synthesis, fiber formation occurs by
rotation of the reaction tubes which twists the gas born
nanotubes into a yarn where they are gathered on a
bobbin. In order to keep the yarn uniform, a tension
measurement and control system is used just prior to
harvesting.
SUMMARY
Rapid progress in property determination of BNNT
suggests that this is an extraordinary material worthy of
more attention. The lack of availability of BNNT yarn and
tapes (or sheet) is inhibiting investigators from studying
this material. Progress at UNH and at NASA (and its spin
outs) is aimed at addressing this issue by provided large
low cost BNNT yarn.
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Mullite fibers were prepared using sol-gel and
electrospinning methods. Fiber diameters from
400 nm to 10 μm can be controlled by the
precursor concentrations. The obtained mullite
fibers have narrow diameter distributions and
excellent mechanical properties. The tensile

strengths of the electrospun mullite fibers were
1.3-1.6 GPa for the 5 mm gauge. The elastic
modulus was characterized using Euler-elastica
equation in the bending test. The fiber after
annealed at 1200°C exhibited an elastic modulus
of 103 GPa.
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ABSTRACT
This paper discusses novel materials and routes to the
realization of optical fibers exhibiting zero Brillouin
scattering. Such Zero Brillouin Activity (ZeBrA) optical
fibers would enable the continued performance of fibers
to higher optical powers critical for their use in modern
communication and defense systems.
STATEMENT OF PURPOSE
Stimulated Brillouin scattering (SBS) is an acousto-optic
effect that presently limits the scaling of powers to higher
levels in many laser systems. This work focuses on
mitigating SBS by developing materials with zero
Brillouin gain.
INTRODUCTION
Optical fibers, already ubiquitous for telecommunications,
are the subject of growing attention in high energy laser
applications. Such applications include directed energy
systems, laser marking and cutting, oil drilling, and
sensing. Present and future demands to achieve higher
power levels from and through fibers are held back by
parasitic nonlinearities that begin to dominate as power
levels increase. Known for many years to be problematic
eventually [1], nonlinearities are now the main limitation
in continued power-scaling in most optical fiber-based
systems; especially in high power systems, and
particularly high-power-per-unit-bandwidth systems. Of
these, Stimulated Brillouin Scattering (SBS) possesses the
lowest power threshold and therefore is more problematic
as it impacts performance at lower power levels [2]. SBS
is an acousto-optic effect that manifests noise at low
powers and acts as a highly-efficient reflector at high
powers. A recent and thorough review of SBS in optical
fibers is provided in Ref. [3]. It would be highly useful to
numerous industrial and commercial sectors to have
optical fibers with greatly reduced (even negated) SBS
gain.
APPROACH
Previous approaches to SBS reduction have largely
focused on either external stimuli, such as applied strain
[4] or temperature [5] gradients, or through fiber
waveguide design [6,7]. While these routes have yielded
improvements in SBS threshold further enhancements are
required. Additionally, the application of gradients and
the use of more intricate fiber designs add complexity,
hence cost and reliability issues. The solution discussed
herein is purely a material one employing novel glasses in
simple fiber geometries.

RESULTS AND DISCUSSION
Suggesting a materials solution to reduced SBS is easier
said than done as, if it were simple, it would have been
done. The principal issue is that glass compositions with
low (or zero) Brillouin gain are generally not stable at the
combinations of time and temperature employed to make
conventional optical fibers; see Ref. 8 for a thorough
review of this topic.
The molten core approach has proven a powerful method
to realize fiber compositions that are otherwise unstable
due to either liquid-liquid immiscibilities, phase
separation, or crystallization [9,10]. In the particular case
discussed here, crystalline precursors were used [11].
Specifically, crystals of yttrium aluminum garnet (YAG;
Y3Al5O12), sapphire (Al2O3), and barium oxide (BaO)
were sleeved inside pure silica tubes. At the draw
temperature for the silica, the core crystalline phase is
molten such that the (molten) liquid-filled core flows with
the cladding tube as it draws into fiber. Given the high
quenching rates for the fiber, the core typically solidifies
into a non-crystalline solid as the fiber cools. In this
manner, the molten core approach presents a direct way to
obtain silica-clad fiber with core compositions not
achievable using conventional optical fiber methods.

Figure 1. Comparison of Brillouin gain from molten-core
derived fibers relative to conventional (SMF-28TM) fiber.
Circles represent fiber core compositions that have been
realized to-date.

In the case of the YAG-derived optical fibers
manufactured to-date, the Brillouin gain was found to be
reduced by about 6dB relative to conventional optical
fiber due to a combination of reduced photoelasticity and
larger density, Brillouin linewidth, and acoustic velocity
[12]. Although some increases can be achieved with
larger yttria-alumina concentrations.
Silica-clad fibers draws from either sapphire (Al2O3) or
barium oxide (BaO) precursor crystals exhibited more
extraordinary effects. First, because the photoelasticity of
both Al2O3 and BaO is negative, dissolution in to these
melts of positive photoelastic silica yields a binary
composition of zero photoelasticity; hence zero Brillouin
scattering. While these exact ZeBrA compositions were
not obtained, core compositions with high alumina [13]
and baria [14] contents in silica were realized with
significant reductions in the Brillouin gain. Figure 1
compares the relative Brillouin gain for these fibers to
that of conventional optical fiber. Though not discussed
here for reasons of space, alumino- and bario-silicate
compositions were identified, fabricated, and tested that
exhibited zero, or nearly-zero, dependence on Brillouin
frequency with temperature [13, 14] or strain [14]. In all
of these cases, the resultant fiber core composition resides
in a region of the phase diagram for the constituent
materials where immiscibilities exist such that these fibers
could not be fabricated using conventional methods.
CONCLUSIONS
Provided here was a brief summary of the molten core
fabrication of optical fibers with greatly reduced Brillouin
gain. These novel fibers possess core compositions that
exhibit novel and highly useful properties not previously
seen due to glass instabilities that arise when conventional
fabrication methods are used. The silica-clad nature of
these fibers facilitates a variety of useful firsts including:
the lowest measured Brillouin gain coefficient from an
optical fiber, the potential to negate Brillouin scattering
all together, and athermal and a-tensic Brillouin frequency
phenomena. These industrially-relevant findings are in
addition to some fascinating glass-science-related
considerations. Further, this enables opportunities to study
the structure/property relationships in glasses with zero
Brillouin scattering or Brillouin scattering that is
independent of temperature or frequency.
FUTURE WORK
Future priorities for continued development of these
fibers should focus on: (1) reducing fiber attenuation to <
100 dB/km, (2) single mode operation in fibers with core
compositions exhibiting 20 – 30 dB SBS suppression, (3)
active fibers, (4) Brillouin athermal and a-tensic fibers,
(5) reduced Raman gain and reduced thermo-optic
coefficients, and (6) materials modeling.
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During the last few decades research in fiber
reinforced ceramic matrix composites (CMCs) has
been of increasing interest. These materials are
potential candidates for a broad range of critical high
temperature applications in oxidizing and/or corrosive
environments due to a combination of the positive
properties of ceramic matrices and fibers as well as
the elimination of the negative brittleness of the
matrix material. However, continued progress in
CMCs requires the development and availability of
high performance ceramic fibers at reasonable cost.
Ceramic fibers are required because the most highly
commercialized inorganic fibers, i.e. carbon fibers
although available in commercial quantities suffer
from oxidation which starts at temperatures of about
400 °C. In addition, readily available glass fibers
show significant creep deformation at temperatures
greater than about 400 to 500 °C.
In this talk, the current status and the future prospects
of ceramic fibers will be presented. The most
developed and investigated ceramic fibers are oxide
fibers. They primarily consist of Al2O3 or Al2O3/SiO2
(mullite) compositions. Chemically, these fibers are
stable in oxidizing environment, and have high elastic
modulus and strength up to high temperatures (more
than 2000 °C). However, under applied stresses, they

tend to show significant creep and grain growth at
temperatures above 1100 °C. We will review the
processing, performance and use of these fibers.
As a result, there is significant activity in the
development of non-oxide fibers primarily based on
silicon (e.g. SiC, SiCN, SiBCN, SiBN, SiNCO,
SiCOTi). Pure SiC-fibers have been available
commercially for more than two decades and have
shown excellent room and high temperature
properties. We will review the processing and
properties of these fibers. The most significant
problem with these fibers is their high cost which has
limited their wide spread use.
Hence, for high volume industrial applications it is
necessary to combine good fiber properties with
relatively reasonable costs. The University of
Bayreuth research team has developed a ceramic
SiCN fiber which uses an in-house synthesized ABSE
polycarbosilazane and fiber manufacturing using
well-established processing steps (melt-spinning, ebeam curing, pyrolysis). The processing and
properties of this fiber together with recent
investigations on the incorporation of multi-wall-Cnanotubes (MWCTN) to further improve the
properties of the fibers will be presented.
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Fine ceramic oxide fibers are widely used as
reinforcements in composites for high
temperature applications. The primary goal of
this research was to investigate the growth of
single crystal or textured oxide fibers by heat
treatment of polycrystalline or amorphous,
extruded precursor fibers. Mullite was selected
for this study due to its excellent chemical
stability, creep resistance and strength at high
temperatures. A quadrupole lamp furnace (QLF),
with a small, disc-shaped, hot zone was used for
the heat treatment.
Micrographic analysis and in situ synchrotron Xray diffraction analysis have been performed on
the mullite system for anisotropic grain growth
of mullite. The estimated activation energies
from the SEM micrographic analysis were 644.3
and 773.7 kJ/mol for the length and thickness,
respectively. An in situ synchrotron X-ray

diffraction microstructure analysis was done with
a curved image plate (CIP) detector and the fiber
was heat treated with a QLF. A Williamson–Hall
analysis was carried out for the calculation of the
apparent crystallite sizes. The apparent crystallite
size showed anisotropy in crystallite growth.
Furthermore, the growth rates in the [0 0 1] and
[1 1 0] directions demonstrated elongated
crystallite growth.
Mullite whiskers were
prepared by HF leaching out and templated into
polycrystalline mullite fiber by extrusion.
Textured growth of mullite fiber with elongated
grains, ∼400 m in length and aligned along the
long-axis of the fibers, was achieved by heat
treatment. Repeated heat treatment cycles of a
whisker-templated fiber showed a bamboo-like
microstructure. It was confirmed by TEM that
the growth direction along the fiber length was
the [0 0 1] direction of orthorhombic mullite.
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STATEMENT OF PURPOSE/OBJECTIVE
Natural polymer nanofibers are the focus of many studies
due to their biocompatibility and inherent functionality.
However, the highly charged nature of natural
polyelectrolytes such as chitosan, hyaluronic acid, pectin,
and chondroitin sulfate make them a challenge to
electrospin. This paper focuses on electrospinning pure
pectin with PEO carrier for possible applications in tissue
engineering and food science.
INTRODUCTION
Pectin, one of the most complex heterogeneous
polysaccharides in nature, is composed of mainly (98%)
linear chains of (1,4)-linked- α-D-galacturonic acid (or
homogalacturonan (HGA)).1 While the exact arrangement
of these components is source-dependent, the widely
accepted pectin functionality is the partial esterification of
the abundant D-galacturonic acid residues with either
methyl groups at the C6 position and/or acetyl groups at
O2 and/or O3 positions.1,2 While pectin has found much
use ss a gelling agent, the inconsistencies in chemical
structure due to commercial extraction methods and
inherent source variability have limited its use in other
applications. Here, we have studied key material
properties of electrospun pectin blends with polyethylene
oxide (PEO) (1:1 v/v) in order demonstrate the
fabrications of a fibrous, and less toxic, material system
and to understand the effects of source variability on the
resulting fibrous mats.
Electrospinning is currently the most effective method for
producing nanoscale nonwoven mats of natural polymeric
materials. However, there has been much difficulty in the
production of pure nanofibrous mats via electrospinning
from a variety of natural polymers, including pectin.
APPROACH
Reagents
Apple (AP, P2157, MW = 30 – 100 kDa, methoxy group =
>7.1%) and polyethylene oxide (PEO, MW = 600 kDa)
were purchased from Sigma Aldrich, MO, USA. Citrus
peel (CP, MW = 170 – 230 kDa, DE = 36.4%) and sugar
beet pulp pectin (SBP, Genu® Beta Pectin, MW = ~200
kDa, DE = ~55%) samples were generously donated by
C.P. Kelco (Atlanta, GA, USA). DE values here were
obtained from the certificate of analysis or data from the
bulk powder suppliers. All bulk samples were used as
received and all aqueous solutions were prepared with
doubly distilled water.
Preparation of electrospinning solutions
Aqueous 3 wt % solutions of PEO, AP, CP and SBP were
mixed separately. All solutions were mixed 24 h at room

temperature on an Arma Rotator A-1 (Bethesda, MD,
USA). Blends containing 1:1 volume ratios of PEO-AP,
PEO-CP,
PEO-SBP
were
prepared
prior
to
electrospinning.
Preparation of electrospun PEO-pectin fiber
All blend solutions were individually loaded into a 10 mL
disposable syringe (Becton Dickinson & Co., Franklin
Lakes, NJ, USA) with a 21-gauge needle (Becton
Dickinson & Co., Franklin Lakes, NJ, USA) attached.
Electrospinning was performed under a set flow rate of 20
μL/min (Harvard Apparatus, Plymouth Meeting, PA,
USA), with a fixed 10 cm needle tip to collector distance
and with 18 kV applied (Gamma High Voltage Research
Inc., Ormond Beach, FL, USA) to the needle. The fibers
were collected under ambient conditions of 23-25C and
21-32% relative humidity. As controls, pure PEO mats
were also electrospun under the same conditions. Prior to
characterization, the fiber mats were carefully peeled off
an aluminum foil collector wrapped around a copper mesh
electrode and stored under ambient conditions.

Figure 1. Representative FESEM micrographs of electrospun
PEO (285 ± 57 nm), PEO-AP (124 ± 26 nm), PEO-CP (493 ±
254 nm) and PEO-SBP (581 ± 178 nm) blend fibers. Scale bars
on main images are 10 μm and 5 μm for insets.

RESULTS AND DISCUSSION
Previously, PEO and pectin fibers were produced by
electrospinning the blend polymer from solutions
containing aqueous NaOH/folic acid/sodium alginate3,4
or chloroform.5 Instead, this study utilized water as a nontoxic, biocompatible and inexpensive solvent alternative
for electrospinning PEO-pectin polymer blends.
All aqueous solutions containing PEO-AP, PEO-CP and
PEO-SBP blends produced random fibrous network mats
(Figure 1). FTIR (Figure 2) spectra of the electrospun
fibers suggest that pectin, spun with the PEO carrier,
contributed to the chemical interactions of the entire blend
fiber.

Figure 2: FTIR spectra of bulk pectin powder from apple
pomace (AP), citrus peel (CP) and sugar beet pulp (SBP) and its
electrospun fibers with PEO. Characteristic peaks of pectin are
denoted by the black solid vertical line at 1720 cm-1 and black
dashed vertical line at 1600 cm-1 for the carbonyl (C=O) of the
ester and carboxylic acid and the carboxylic anion (COO-)
asymmetrical stretches, respectively. Additional peaks at 1395
cm-1 denote C-O-H bend and bands at 1313 cm-1 and 1219 cm-1
are attributed to C-H deformation while bands at 1130 cm-1,
1076 cm-1 and 1007 cm-1 are contributed by the C-O-C
symmetric stretch and C-C bonds of the backbone chain.

The graph in Figure 3 displays the calculated %
crystallinity of the electrospun blend fibers. Due to the
intensity of the PEO reflections, the influence of the
various pectins on the crystallinity of the blend fibers was
only observed in the changes in PEO characteristic peak
intensities at 2θ = 19° and 23° for the 120 and 112 planes.
The percent crystallinity of the PEO fibers with various
pectin follow the same trend bulks and is inversely related
to the DE: PEO-AP (37%) > PEO-CP (28%) > PEO-SBP
(23%). Pectin may have disrupted PEO crystal formation
due to intermolecular chain entanglements or chain
interactions. In this study, the addition of a pectin type
with a higher DE leads to PEO-pectin fibers with lower
crystallinity.
CONCLUSIONS
Production of fine fibers of PEO and various-sourced
pectin from aqueous blend solutions by electrospinning
was demonstrated. The submicron-diameter range
distributions, tensile moduli and strengths of the collected
fibers were influenced by both the degree of esterification
(DE2) and the crystallinity of the bulk pectins. Addition of
the higher DE and less crystalline bulk SBP and bulk CP
types produced PEO blend fibers with larger fiber
diameters with wider distribution and higher tensile
moduli and strength. In contrast, addition of the
semicrystalline bulk AP type produced fibers having
smaller diameters, narrower size distribution but have
lower tensile modulus and strength than those with bulk
SBP and bulk CP.
KEYWORDS
Polyelectrolytes, pectin; electrospinning; citrus peel;
apple pomace; sugar beet pulp; polygalacturonic acid

Figure 3. Plots of the (A) percent crystallinity (%) of bulk PEO
and pectin from apple pomace (AP), citrus peel (AP) and sugar
beet pectin (SBP) and their corresponding electrospun blend
fiber. (B) Percent crystallinity of bulk pectins and its
corresponding estimated DE1 (%) and (C) DE2 (%) values.
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STATEMENT OF PURPOSE
Wet electrospinning is a useful method for threedimensional structure control of nanofibrous materials.
This novel technology uses a liquid collector instead of a
solid metal one commonly used for standard
electrospinnig. The article compares internal structure
features of polycaprolactone nanofibrous materials
prepared by both technologies. We analyze the influence
of various concentrations of chloroform/ethanol solvent
and different water/ethanol composition used as a liquid
collector. Electron scanning microphotographs have
discovered a dual structure of wet electrospun materials
composed of micro and nanofibers uniformly distributed
across the sample bulk. We have shown that the full-faced
twofold fiber distribution is caused by the solvent
composition and is induced and enhanced by the
increasing ethanol ratio in the liquid collector. The
developed nanofibrous materials can find their application
in tissue engineering, where the dual fiber diameter
structure can offer better mechanical properties and first
of all bigger pores preserving good cell adhesion thanks
to the sufficient occurrence of nanofibers.
INTRODUCTION
Wet electrospinning is a modification of well-known
method for nanofibrous materials production by
electrospinning. The modification is based on a usage of a
liquid reservoir collector instead of solid mostly metallic
collector. The first descriptions of such set up were
focused on production of three dimensional nanofibrous
scaffold 1, 2. The bulky nanofibrous materials cannot be
easily produced by classical electrospinning methods. It
can be provided by special patterned collectors, usage of
porogen particles in between nanofibers, usage of
chemical blowing agents 3 etc. Wet electrospinning is
relatively simple and effective method how to produce
three dimensional (sponge like) materials without
sophisticated machine devices and without special
chemical additives in between or inside nanofibers. The
main application of such materials is in tissue
engineering. The presenting research is focused on
polycaprolactone wet electrospinning with water/ethanol
mixtures as a liquid collector and its comparison with
electrospinning onto plate metal collector.
APPROACH
Poly--caprolactone (PCL) with molecular weight
Mw=48,000 – 90,000 g/mol by Sigma Aldrich solved in
chloroform/ethanol (9:1 by weight) mixture was stirred
for 24 hours at magnetic mixer. The final concentration of

polymer in the solution was 15wt%. Solution of PCL in
chloroform only was used for comparison. When wet
electrospinning method was applied, distilled water,
ethanol and mixtures of water/ethanol (9:1; 8:2; 7:3; 6:4;
5:5; 4:6; 3:7; 2:8; 1:9 in the weight ratio) were used as a
liquid collector. The electrospinning device consists of a
syringe ended by a metal needle with internal diameter
0.9 mm connected with a positive high voltage source
(Spellman SL 150) and placed in the feeding device
(KDScientific KDS-100) and a grounded collector based
on a metal plate placed inside a reservoir with a collector
liquid (Fig.1). Parameters of the electrospinning were
found at the previous experiments: positive voltage
20 kV; distance between needle end and collector liquid
level 100 mm; pool depth 10 mm; feeding velocity
7 ml/h.

a)

b)

Fig. 1. Scheme of the needle electrospinning (a) and
needle wet electrospinning (b) set ups used in described
experiments.
RESULTS AND DISCUSSION
All materials electrospun into the liquid collector have the
similar surface density about 6 gm-2. The scanning
electron microscope images show the double diameter of
fibers in the materials produced by wet electrospinning.
After the diameter measurement, the decreasing number
of fibers with the smaller diameter with increasing ethanol
in the collector liquid was found. The creating of 3D
structure was found only from the liquid collector
water/ethanol 8:2, 9:1 by weight and ethanol only. Usage
of other liquid collectors leads to the fibers capture onto
liquid level only. Apparently in this case thinner fibers are
absorbed by thick ones and thus the ratio of fibers with
smaller diameter decreases. The electrical conductivity of
the liquids used as a collector decrease with increasing
ethanol amount in the solution. According the images
description, the best collector liquid was chosen as 9:1

chloroform/ethanol by weight (conductivity 1.2 S/cm;
surface tension 26 mN/m). The scanning electron images
of selected electrospun materials are shown in Fig.2. The
distribution of fiber diameters of the selected material
electrospun into the collector liquid (ethanol/water 9:1 by
weigh) is in Fig. 3. The liquid collector was chosen as the
best one for its clear dual structure and creating bulky
material thanks to fiber immersing into liquid collector
easily. The dual structure of fibers (see Fig. 2 a and b) is
obviously caused by solvent mixture (chloroform/ethanol)
used in the study. Chloroform is a good solvent for PCL,
but ethanol is not. Thus the structure with micro and
nanofibers is creating in the electrospinning area, where
not only whipping is presented but also a branching of
polymer liquid jet before the fibers attaching the collector.
The polymer solution jet branching during electrospinning
process was already described for some polymer
solutions, including PCL 4. Thanks to the wet
electrospinning application (liquid collector usage), the
solidification of fibers with higher diameter in the liquid
of collector exists. The polymer solution jet surface
coagulation after its immersion into liquid collector does
not allow Plateau-Rayleigh instability development. Thus
the fibers with bigger diameters are not dividing to the
spherical polymer bodies, as it is visible at the sample
electrospun to the metal plate collector only (Fig. 2 c
and d).

Fig. 3. Histogram of fiber diameter in the PCL fibrous
material electrospun into the liquid collector
(ethanol/water in weight ratio 9:1)
CONCLUSIONS
The main result of the study is the description of the dual
fibrous structures, where microfibers and nanofibers are
distributed uniformly in the sample bulk with threedimensional structure produced from PCL by wet
electrospinning into ethanol/distilled water mixture.
FUTURE WORK
Wet electrospun PCL materials combining micro and
nanofibers can be used as a scaffold for tissue
engineering. The fibers of bigger diameter brings better
mechanical properties and larger pore size important for
three-dimensional structure cell populating and fibers of
smaller diameter ensure good adhesion of cells inside the
scaffold. We have also prepared theoretical explanation of
the fiber capturing on the liquid collector surface or its
immersing into the liquid collector and three-dimensional
structure creation based on a solution of a lift force on a
partly submerged cylinder in a liquid. Other theoretical
solutions could relate to explanation of Plateau-Rayleigh
instability evolution during wet electrospinning.
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Fig. 2. Scanning electron images of the electrospun
fibrous materials: wet electrospun PCL (from
chloroform/ethanol solution) fibrous material into
water/ethanol 1:9 collector reservoir (a and b); PCL
material electrospun onto metal plate collector (c and d).
Scale is 120 µm (resolution 1,000x) at a and c; 10 µm
(resolution 10,000x) at b and d.
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OBJECTIVE
The invention of electrospinning occurred in the 1930s,
electrospinning related studies have exponentially
increased in the last few decades [1]. The main demand of
nanofibrous structures was application in tissue
engineering. That was the reason why electro spun
nanofibers became popular.
This article is based on the needleless electrospinning and
air blowing method. These two methods are added with
equipment for particle incorporation. Micro or nano
particles can be incorporated by special sputtering
equipment to the nanofibrous material. Thanks to accurate
combination of all these methods, voluminous and fluffy
compound material can be prepared. The new composite
materials can be used in tissue engineering or as a new
hybrid scaffold.
INTRODUCTION
The needleless electrospinning method and particle
equipment was used to create nanofibrous mats with
incorporated particles. The high voltage was used to
charge a polymer solution. Thanks to the high voltage an
electric field between two electrodes was created. The
electrostatic force draws the polymer jets from Taylore´s
cone [2]. Polymer jet draws from microfibers up to nano
fibers. During the process the solvent is evaporated
thunderously from polymer solution and completed
nanofibres are deposited on collector. This method was
combined with an air blowing jet. The air, which was
blown out from the jet, was mixed with particles and also
with nanofibers. This material was deposited on collector.
APPROACH
The purpose of the research is to use the three methods all
at once. The combinations of electrospinning method, air
blowing method and apparatus for particle incorporation.
The used arrangement is schematically depicted in Fig.1.
Material, which was created, was composite material
compound from nanofibers and active carbon particles.
Thanks to air blowing method it is deposited very gently
and therefore voluminous and fluffy.

Fig. 1: Arrangement for particle incorporation, 1 – air
blowing jet, 2 – nanospider, 3 – particle incorporation, 4 –
collector.
RESULTS AND DISCUSSION
For experiments were used two polymers types. The first
used polymer was polyvinyl alcohol (PVA) liquid (16%
PVA, Chemické závody Nováky), which was diluted to
the final concentration 12wt%. Solvent for this polymer
was distilled water. NanospiderTM was used for creating
nanofibers. The second used polymer was poly-ecaprolactone (PCL) pellets (Mn: 45.000; Sigma Aldrich,
St Louis), which were diluted to the final concentration
16wt%. Solvents for this polymer were the ratio
chloroform and ethanol. The final fluffy nanofibrous
layers are depicted in Fig.2.

A

B

Fig. 2: Voluminous nanofibrous layers, A – detail view on
PVA nanofibers with incorporated activated carbon
particles, scale 5μm, B–surface of PCL nanofibrous layer
were are placed carbon active particles, scale 50μm.

CONCLUSION
This study shows that combination of electrospinning, air
blowing and incorporation particles leads to production of
composite nanofibrous materials. These materials are
consisted of nanofibers and micro or nano particles which
are deposited inside or on the surface. This technology is
elective and can be used to create voluminous nanofibrous
materials which can be applied in tissue engineering as
scaffolds.
FUTURE WORK
Future work will include electrospinning of different
polymeric solutions, incorporation of new particles.
Improvements in particle incorporation mean to improve
the feeding particles and testing of produced nanofibrous
materials.
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OBJECTIVE
The ability to purify, isolate, and concentrate proteins
from a variety of matrices is a tremendous challenge
that touches many different technological areas. At
present, protein therapeutics are receiving incredible
interest as being more highly specific than “small
molecule" drugs. In most instances, proteins are
expressed in fermentation broths that are incredibly
complex and require the isolation of target proteins in
exceedingly high purity, with high throughput and
yield.
The challenges posed in the field of
proteomics (and its cousins such as glycomics and
metallomics) are very different. In these cases,
hundreds and thousands of proteins can exist in a
variety of biological fluids, at concentrations that
differ by five orders of magnitude. In this laboratory,
novel-shaped polymer fibers, called capillarychanneled polymer (C-CP) fibers are being
developed as stationary phases for the processing of
proteins on the preparative and analytical scales. The
physical and chemical characteristics of these fibers
allow for operation at very high fluid processing
rates, as the mass transport between the mobile and
stationary phases is highly efficient. The chemselectivity of the processes is readily changed
through the choice of the base fiber identity, with a
virtually unlimited tool-kit of surface modifications
easily applied. We describe here the basic traits that
make C-CP fibers very powerful means of processing
proteins.
INTRODUCTION
Capillary-channeled polymer (C-CP) fiber stationary
phases have demonstrated a number of very positive
characteristics relevant to downstream processing of
proteins. In physical terms, fibers packed into
column structures provide very high permeability,
while also promoting very efficient mass transfer
to/from the fiber surface. The extruded polymer
fibers have very low porosities (rp = ~2 nm) as
determined by inverse size exclusion chromatography
(iSEC)
measurements.
In
practical
terms,
proteins/polypeptides having molecular weights of
>10,000 Da experience virtually no van Deemter Cterm broadening. As such, analytical-scale
separations can be performed at linear velocities of
up to 100 mm sec-1 without sacrifice of
chromatographic efficiency.

Melt-extrusion of C-CP fibers from simple
thermopolymers presents very low primary materials
costs. These base polymers present very different
surface chemistries, both in terms of their native
states as well as the acceptance of surface
modifications. For example, nylon 6 is an excellent
surface for weak anion/cation exchange separations.
The surface is easily modified using simple triazine
chemistries under ambient conditions. Polyester
provides for a more hydrophobic surface having
aromatic character, which can also be used for weak
cation exchange. Finally, polypropylene provides for
solely hydrophobic interactions between solutes and
the fiber surface. This interaction allows for very
robust affixing of capture ligands through adsorption,
as chemistries can be affected by simply passing the
ligands through assembled column. We describe
here an overview of the physical characteristics that
lead to very promising preparative separation
performance as well as the chemistries that can be
affected to make them of high utility in protein
analytics.
APPROACH
C-CP fiber chromatography columns are prepared by
pulling a loop of the fibers through the columns to
basically achieve a structure of fibers that are aligned
along the liquid flow axis. Columns typically
perform best with packing densities that yield ~60%
open volume. The figure below depicts a typical CCP fiber as well as a cross section of a packed
column. Columns can be created from 0.8 mm i.d.
tubing up to multi-millimeter preparative sizes.
Micropipette tips used in chemistry development and
in solid phase extraction applications are simply cut
from the polymer, microbore columns.

SEM cross section of C-CP fiber.

SEM cross section of C-CP PP
fiber packed column.

RESULTS AND DISCUSSION
As stated previously, there are trade-offs in having
different degrees of stationary phase porosities. In
the case of C-CP fibers, the lack of porosity on the
scale of proteins results in very efficient mass
transfer to-and-from the surface; yielding virtually
non-existent van Deemter C-terms.
This
characteristic is depicted in the figure below, where
plate heights (H) are plotted across linear velocities
of 0.5 – 27 mm s-1. The responses depicted here,
where there is a clear A-term dominance, illustrate
why the fibers are not practical for small molecule
separations, but are very competitive with other
protein phases, but at MUCH higher linear velocities
than typically encountered. In terms of analytical
protein separations, this means that separations can
be performed at much higher linear velocities as
shown in Fig. 5 for a simple 3-protein suite using the
same linear, reversed-phase gradient for each of the
flow rates. In quantitative terms, there is in fact a 30
% resolution improvement due to the peak widths
decreasing inversely proportionally with the linear
velocity, while improving the analytical throughput
by a factor of 2. Note there is no appreciable peak
asymmetry as velocity is increased ! !
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Fluorescent images of C-CP fibers still in column. Images were taken with an
epifluorescence microscope with a 4x objective and a 0.13 NA. Images show
FITC-PEG-lipid surface modification after wash with (a) 50% ethanol, (b) 1M
NaCl, (c) 50% CAN

CONCLUSIONS AND FUTURE WORK
C-CP fibers form a very promising platform of
technologies having potential applications in areas
such as downstream processing, proteomics, and
protein analytics.
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relevant head groups functionalized to the PEG.
These groups include: amine, carboxylic acid, biotin,
succinimidyl ester, maleimide, fluorescein, DTPA (a
chelating agent). The PEG-lipid structure is shown
below, with the head group labeled as R. DSPEPEG-Fluorescein (PEG-FITC) is used to visualize the
surface modifications through fluorescent imaging.

Effect of mobile phase velocity on elution
characteristics for an RP separation of
ribonuclease A, cytochrome C, and
transferrin.

While the physical properties of the C-CP fibers
allow for efficient, fast separations, we believe
modifying the surface to generate a species-specific,
ligand dense stationary phase is highly practical.
Modification of the PP C-CP fiber surface is possible
with PEG-lipids due to the strong interaction of the
lipid tail with the hydrophobic PP. The hydrophilic
PEG group extends away from the surface into the
mobile phase and thus acts as a spacer arm,
potentially reducing steric constraints and prohibiting
nonspecific binding at the PP surface. PEG-lipids are
commercially available with a variety of biologically
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INTRODUCTION
Embryonic development, homeostatic maintenance,
and injury repair require spatially and temporally
coordinated
cellular
growth,
migration,
differentiation, and organization into higher level,
functional structures. These processes are
coordinately regulated by the chemical and physical
properties of the extracellular microenvironment.
Specifically, many tissues such as tendon, ligament,
muscle, and the nervous system are composed of
highly ordered, aligned structures of cells and
extracellular matrix. Structural disruption resulting
from injury or pathology creates an important barrier
to effective regeneration. A critical benefit of fibrous
biomaterials is their ability to provide topographic
guidance to induce cellular alignment. One of the
long-term goals of our laboratories is to develop
scaffolds based on capillary channel polymer (CCP)
fibers that possess micro-scale surface grooves and
investigate their application as structural templates
for guided regeneration of these highly organized
tissues.
LIGAMENT TISSUE ENGINEERING1,2
Although clinically effective, autologous and
allogeneic grafts for anterior cruciate ligament
reconstruction are limited by donor site morbidity
and availability. This project has focused on the
potential of CCP fibers as a scaffold for ligament
tissue engineering. Our earliest studies investigated
the ability of CCP fiber scaffolds to orient fibroblasts
and their secreted extracellular matrix for the
engineering of soft connective tissues. In order to
evaluate the potential advantages of the CCP fiber
microarchitecture, we first cultured human dermal
fibroblasts on CCP and conventional round fibers of
comparable denier and total perimeter. Relative to
both round fiber controls, CCP fibers provided
significant increases in nuclear and cell polarization
and orientation parallel to the underlying fiber axis.
Collagenous extracellular matrix deposition was also
highly aligned with the fiber topography.
NERVE GUIDANCE
Spinal cord injury results in permanent motor and
sensory deficits due to the inability of damaged axons
in the adult central nervous system (CNS) to
regenerate. Axonal growth in the developing CNS

and adult peripheral nervous system are supported by
highly aligned cellular structures that provide
growth-permissive adhesive ligands and soluble
trophic factors. The aim of this project has been to
develop fully acellular, biomaterial-based nerve
guides
modeling
these
characteristics
of
environments that support axonal growth and
regeneration. We have extruded CCP fibers from
poly-l-lactide over a broad range of denier and
channel dimensions. CCP fibers modified by
adsorption of a recombinant protein containing the
extracellular domain of the L1 neural cell adhesion
molecule support adhesion and oriented neurite
outgrowth from dissociated and explant cultures of
primary CNS neurons. All CCP fibers supported
highly directed neurite outgrowth, indicating limited
sensitivity to small variations in fiber channel
dimensions.
FIBER MICROCARRIERS
Due to the post-mitotic nature of neurons and the
limited number of endogenous stem cells in the adult
brain, the transplantation of exogenous neural stem
cells (NSCs) is the only viable therapy for that
advanced stages of neurodegenerative disorders such
as Alzheimer’s disease, Parkinson’s disease, and
amyotrophic lateral sclerosis. A major barrier to
successful NSC therapy is the preferential
differentiation of NSCs to glial rather than the
required neuronal phenotype after transplantation.
Recent work by others has shown that the
topographic properties of fibrous biomaterials
potently induce neuronal differentiation.3,4 However,
fibrous biomaterials are not easily compatible with
injection-based strategies for minimally invasive
delivery that are preferred in the CNS. The goal of
this project is to develop micrometer-length CCP
fibers as microcarriers for NSCs that can be
incorporated within hydrogel precursor solutions for
injectable delivery and in-situ gelation. We have
adapted conventional histological techniques for
embedding and sectioning ~200 micrometer CCP
fibers and procedures for complete and effective
removal of the embedding compound. As proof-ofprinciple, we have shown that after adsorption of
fibronectin, these CCP fiber microcarriers can be
efficiently seeded with fibroblasts that attach and
grow over the course of a week. Most importantly,

cell-seeded microcarriers can be injected through
syringe needles of clinically-relevant gauge without
cell detachment or loss of viability.
CONCLUSIONS AND FUTURE WORK
These studies demonstrate that the CCP fiber
microarchitecture offers significant advantages
relative to conventional round fibers and can impart
bioactivity for cellular organization in diverse
regenerative medicine applications. Our current
studies are focused on completion of our nerve
guidance design through incorporation of trophic
factor delivery from hydrogel coatings within the
fiber channels and testing microcarrier-directed
neuronal differentiation of NSCs.
KEYWORDS
Fibrous biomaterials, tissue engineering, topographic
guidance, ligament, nervous system, stem cells
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OBJECTIVE
In order to effectively create a scaffold capable of
regenerating human tissue which encourages scaffoldbody interactions, biomaterials must provide a platform
that mimics the native cellular microenvironment. Here,
we use hyaluronic acid, a naturally occurring anionic
glycosaminoglycan found in mammalian connective
tissue, to create an electrospun scaffold for skin tissue
engineering applications.
INTRODUCTION
The ultimate polymer scaffold for tissue engineering
applications will mimic the body’s architecture at a
cellular level, closely resembling the natural systems it is
supposed to replace and provide a framework necessary
for new cellular proliferation and reparation.1 Mimicry of
the extracellular matrix (ECM) which plays an important
role in organizing cellular three dimensional (3D)
structures, and contributes to the mechanical strength of
the entire tissue, is an important component in the design
of cellular scaffolds.1 Hyaluronic acid (HA) is an ECM
polysaccharide found in mammalian connective tissue and
consists of two alternating glycosidic linkages.2 HA is an
integral component of tissue repair, wound healing,
cellular migration, and proliferation.2 Due to their
hydrophilic nature, facile fabrication and chemical
modification, and demonstrated biocompatibility, HA
hydrogels have been investigated as tissue scaffolds.3
Although hydrogels have demonstrated to be adequate
biomaterials for cell survival with minimal inflammatory
response, Feingold-Leitman et al. demonstrated that when
grown on a dual phase scaffold of electrospun
polycaprolactone nanofibers and fibrinogen hydrogel,
smooth muscle cells proliferated at a higher density and
preferred the architecture of electrospun nanofibers.4
Electrospinning is a well-established, low-cost, polymer
processing technique which results in non-woven
nanoscale fibrous scaffolds with better surface area to
volume ratios compared to other fiber processes or tissue
scaffolding techniques.5 Difficulties are encountered with
electrospinning and crosslinking neat HA fibers due to the
high viscosity of HA solutions at low weight percent
concentrations and the anionic charge on the polymer.6
We have previously reported that addition of phosphate
salts into the HA solution can facilitate electrospinning,
however these salts may block potential crosslinking sites
on HA.7 Therefore, we have developed a solvent system
which allows for neat HA fibers to be electrospun and
crosslinked. Because HA is an integral component in
connective tissue and wound healing, these fiber scaffolds

were tested with dermal fibroblasts in order to evaluate
their potential for skin tissue engineering applications.
METHODS
Creation of electrospun scaffolds and crosslinking:
Solutions for electrospinning were prepared from HA (1.5
w/v) in a 1:1 DMF/dH2O solvent system. In order to
crosslink the electrospun fibers, NaOH and DVS were
added to the solvent system prior to electrospinning. HA
solutions were loaded into a 10 mL Becton Dickinson
(BD) syringe fitted with a 20 gauge needle and an 11 cm
collection distance. Fiber mats were spun for
approximately five hours on a copper collecting plate
coated with wax fiber for fiber morphology
characterization. Because humidity has a large effect on
successful HA electrospinning, all mats used in this study
were electrospun with a RH of ≤ 15%. HA fiber scaffold
characterization: Electrospun HA fibers were
characterized with several techniques, including FTIR to
determine chemical bonds and verification of crosslinking
and SEM to determine fiber size and morphology. In
addition, the solubility and mechanical properties of
fibrous scaffolds was assessed prior to cellular seeding.
HeLa and human dermal fibroblast (HDF) response:
Both HeLa and HDF cells (5 x104 cells/well) were seeded
onto tissue culture polystyrene (TCP) 6-well plates with
or without electrospun scaffolds. Immunofluorescent
stains including DAPI (nucleus) and phalloidin (actin
cytoskeleton) were utilized to visualize cellular
morphology after 2 days. In addition, a cellular viability
assay which measures ATP production was performed as
well as reverse transcriptase polymerase chain reaction
(RT-PCR) at Day 2 and 9 which enabled for a qualitative
measurement of gene expression for skin wound healing
proteins.
RESULTS AND DISCUSSION

Figure 1. HA fiber scaffolds. Uncrosslinked HA (a)
crosslinked HA-DVS (b) and crosslinked after water
immersion HA-DVS* (c). Scale bar represents 2 µm.
Figure 1 reveals SEM micrographs of electrospun HA
fibers before (a) and after crosslinking (b). Crosslinked

fibers immersed in water swell, but remain intact (Figure
1c). In addition, crosslinking the HA fibers increases the
fiber diameter (Figure 2a). Figure 2b reveals changes in
FTIR spectra in the alkene and ether bond regions (1250
and 3000 cm-1) indicating that crosslinking with divinyl
sulfone occurred in both the bulk HA solution and the
electrospun HA fibers.

Figure 4. Ethidium bromide stained agarose gel of
RT-PCR products for β actin (housekeeping gene),
CD44, MMP1, and TIMP1 after 2 days growth on TCP,
HA fiber scaffold, or HA gel.
CONCLUSIONS
HA can be electrospun and crosslinked without additional
copolymers or phosphate salts in a neutral solvent system
of DMF and dH2O with a small amount of NaOH and
divinylsulfone. Electrospun HA fiber scaffolds facilitate
both HeLa cell and fibroblast attachment. Dermal
fibroblasts grown on HA fiber scaffolds appear to have
lower inflammatory gene expression compared to both
TCP and HA gels. These results indicate that HA fibrous
scaffolds provide a suitable biomaterial to promote
cellular adhesion and growth, as well as negate an
inflammatory response.
Figure 2. Fiber diameter distribution (top) and FTIR
spectra of crosslinked and bulk HA (bottom).
Figure 3 displays representative immunofluorescent
micrographs of both HeLa cells and HDF cells grown on
a control glass coverslip, in comparison to the HA gel
(positive control) and HA fiber scaffolds. As shown, all
cells display an extended morphology, indicative of
attachment and growth on each substrate. Interestingly,
the cytoskeletal focal adhesions appear to be more
prominent with HeLa cells grown on fibrous scaffolds
compared to the HA gel or TCP. In addition, HDF cells
also display an extended morphology on all substrates
tested. Further investigation into gene expression of
inflammatory/wound healing indicators CD44, TIMP1,
and MMP1 revealed lower expression in HDFs grown on
electrospun HA scaffolds compared to that of HA gels
and control TCP (Figure 4).

Figure 3. HeLa (a-c) and HDF (d-f) cell morphology
on glass coverslip (a,d) HA gel (b,e) and HA fibers
(c,f) with red boxes highlighting focal adhesions.
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Continuous needs for engineering of new materials
and devices, with distinct properties and functions
that will revolutionize future technologies, require
developments of unique and controllable shapes at
micro, nano- or smaller length scales. These
materials and devices, if designed properly, will
exhibit adaptive, self-regulating functions, and
should operate in an unprecedented, autonomous
manner. To achieve these attributes in polymeric
fibers localized structural and morphological
variations enabling favorable spatial and energetic

.

conditions for responses induced by minute external
or internal stimuli will be necessary. These
generalized concepts formulated the principles for
the development of a new generation of stimuliresponsive polymers that exhibit self-repairing
characteristics. This presentation will address
examples of orchestrated network designs that
facilitate an opportunity for the development of
self-healing polymeric fibers that upon mechanical
damage
are
capable
of
self-healing.
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OBJECTIVE
Precise release of drugs delivered to exact place of
disease should sole many problems connected to side
effects caused by classical methods of therapy. Such
system has to be very complex. Polyvinylpyrrolidone
(PVP) is an interesting biocompatible/biodegradable
polymer which can be used as a drug carrier with
controllable degradation [1,2]. The size distribution of
PVP capsules has to be below one micrometer and the
amount of encapsulated drug has to be very precise. These
requirements demand development of sophisticated
technology which can guarantee reproducible production
of such core-shell capsules.
INTRODUCTION
Polyvinylpyrrolidone is an interesting water soluble
polymer due to its use in pharmaceutical industry [1,2].
Electrospinning of PVP is possible in both needle and
needleless technologies with fiber diameters below 400
nm [3]. But the main potential of PVP is in producing of
submicron coaxial capsules by electrospraying technology
[4]. Such capsules can be used for drug delivery systems
or wound covering as well as for three dimensional
scaffolds for tissue engineering as suppliers of growing
factors for cells. The distribution of diameters of capsules
depends on the concentration of polymer and on the
solvent. It is advantageous to produce submicron capsules
due to its higher mobility in current tissue. The
crosslinking of PVP is done by photochemical way using
UV light. It allows us to control drug release from
minutes up to days.

Figure 1: (A) Chemical structure of PVP, (B) Capsules
electrosprayed from 7.5 wt% of PVP dissolved in ethanol.

APPROACH
To produce submicron particles using of solvent with low
surface tension and the high kinetics of evaporation is
necessary. Ethanol and isopropyl alcohol was used as a
good solvent for PVP with molecular weight 40 000
g/mol, produced by Sigma-Aldrich. Nanofibrous layers
were produced by the needleless electrospinning process
on the Nanospider NS 1WS500U made by Elmarco [5].
Crossllinking was provided by the Noblelight Heraeous
200F deuterium UV light. Capsules were made by needle
electrospraying process. Nanofibrous layers were used for
studying of process of PVP crosslinking due to the better
observation of solubility of the layers. Fluorescein
isothiocyanat-dextran (FITC-dextran) with molecular
weight of 10000 g/mol produced by Sigma-Aldrich was
used for observation of drug release.
RESULTS AND DISCUSSION
Several experiments were provided. First of all, it was
necessary to spin/spray different concentrations of PVP.
An ideal concentration for capsules was found between 5–
10 wt%. More than 90% of all capsules were bellow one
micrometer. For nanofibrous production, optimal
concentration of PVP is 30 wt% with fiber diameters
bellow 500 nm.
Second important step was to find possible photochemical
crosslinking process by UV light. The crosslinking was
possible only under the nitrogen atmosphere, so therefore
the UV light with wavelength around 200 nm is
responsible for crosslinking process. By the time of UV
irradiation we can simply control the crosslinking process
in the range from minutes to days. It was tested for
nanofibrous layer, due to the better manipulation.
However more detailed studies of crosslinking process
have to be provided in the near future.
Last and the most important step is the encapsulation of
drugs into the capsules of PVP and the study of kinetics
of drug release. FITC-dextran was used for such purpose.
The electrospraying process from emulsion of PVP and
FITC- dextran was used for encapsulation. Choice of
FITC dextran was not very convenient because it tends to
create its own droplets. But around thirty percents of all
droplets showed bi-component structure which was
proved by PHENOM electron microscopy as well as by
the fluorescent microscopy Zeiss OBSERVER Z1.

Finally it is necessary to develop material which can be
used for medical applications. It can be done by
combination of nanofibers with capsules. Without
nanofibers, capsules tend to coagulate and create
homogenous
polymeric
film.
Combination
of
electrosptraying and electrospinning process enables us to
create unique nonwoven material for wound covering
with various ranges of drug release.

process. Finally we want to design “intelligent”
nanofibrous cover which can stay in the wound during all
healing process, continually release drugs and then
degraded.

CONCLUSION
First steps for development of complex biodegradable
wound cover with controlled drug release has been done.
PVP seems to be good polymer for such system due to its
biocompatibility, biodegradability good solubility in
various solvents. It is an easy way how to spin as well as
spray PVP by external electrostatic field. It tends to
disintegrate into the submicron droplets.
It was proved that PVP is possible to crosslink by the
photochemical method using UV light. We can control
the degradation of PVP in range from minutes to days.
Some preliminary studies of incorporation of drugs into
the capsules using fluorescein has been provided. First
materials for wound covering combining nanofibers and
capsules have been prepared.
However, still lots of work have to be done before its
commercial application.
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FUTURE WORK
For the future experiments we have to explain the process
of crosslinking. Reproducibility of production of capsules
plays crucial role for its commercial use. Therefore it is
necessary to find optimal conditions of used technology.
All capsules have to be below one micrometer and have
core-shell structure. The drug release has to be studied
more in the details for optimization of crosslinking
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ABSTRACT
Natural spider silk fibers combine mechanical properties
such as stability and flexibility which results in a
toughness superseding that of all other fiber materials
(Gosline 1999). A spider silk fiber mainly consists of
proteins, the so-called spidroins (“spidroins” = spider
fibroin).
My group has previously developed a strategy to
recombinantly produce engineered spider silk proteins in
E. coli (Huemmerich 2004), which allows adjusting the
amino acid sequence and therefore the properties of the
silk proteins. So far, more than 30 different variants have
been established. Recombinant spider silk proteins can be
processed into a diverse set of morphologies including
fibers, foams, hydrogels, particles, non-woven meshes,
capsules, and films (Hardy 2008). The processing of
spider silk proteins can be accomplished from aqueous
solution or organic solvents, and assembly can be
precisely controlled by experimental conditions such as
pH, temperature, pressure, protein concentration, ionic
strength and composition, allowing the adaptation of the
material’s properties to distinct functions.
Recently, we have employed the recombinant spider silk
protein eADF4(C16) dissolved in HFIP at concentrations
from 4 % (w/v) up to 24 % (w/v). It turned out that below
8% (w/v) nanoparticles were obtained (electro-spraying),
while homogeneous fibers could be produced at
concentrations above 16 % (w/v). With increasing protein
concentration the fiber diameters increased from 150 nm
up to 700 nm (Lang 2013).

Most as-spun silk fibers are water soluble and
predominantly consist of random coil and -helical
structures. Since in most applications water stable
scaffolds are necessary, the non-woven meshes can be
post-treated with methanol vapor to induce the formation
of -sheet structures.
Here, two applications of electrospun spider silk fibers
will be presented: air filtration devices and tissue
engineering scaffolds.
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INTRODUCTION
Porous fibrous materials have steadily attracted much
attention from engineers and scientists in various areas [16] including textile engineering, fuel cells, medical
science, chemical engineering, reservoir engineering,
industrial construction, aeronautics science, etc.
Permeability is an important transport property, which is
related to the geometric structure of the porous fibrous
materials. Since it represents the resistance of the porous
media to the fluid flow at a given injection pressure, it is
important to many applications. The estimation of
permeability is important in the design and use of fibrous
materials. So far, a number of experimental techniques
and theoretical methods have been developed to
determine the permeability of fibrous porous media [1-4]
with varying degree of limitations. In present work, we
derive the analytical expression for the permeability of
porous fibrous materials based on the fractal geometry
theory.

thickness) ( l0 ) of the porous media were used to obtain
the through-plane permeability of the fibrous structures
using Darcy’s law:
A p
(1)
Q(r )  k

APPROACH
Figure 1 is a schematic arrangement of fractal porous
fibrous materials composed by a bundle of tortuous
capillaries and the sizes of capillaries and tortuosity
follow the fractal scaling laws. In our work, the fluid flow
process is characterized based on the assumption that the
tortuous capillaries pass through a 2D cross-section as
shown in Figure 1.

where the coefficient

 l0

where Q (r ) is the total flow rate for flow through the
cross-sectional area (A) and  is the viscosity of the fluid.
In Fig. 1 the area fractal dimension for pores can be
obtained by [7]
ln 
(2)
d  2
f

ln(rmin / rmax )

where  is the porosity, rmax and rmin are the maximum
and minimum radius of pores, respectively.
Based on the fractal theory in Fig. 1, the hydraulic
permeability of porous fibrous materials is:
(2  d f )
(3)
k C

C

(4  d f )

9 108 
(1  0.342 )
2 (1  0.342 )
[ 2(
 1) 
 2]2
128(1   )[1  0.41ln(1/  )]
(1   )
3 (1   )

RESULTS AND DISCUSSION
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Figure 1. Schematic arrangement of fractal porous fibrous
materials composed by a bundle of tortuous capillaries.
Studies of flow through porous media have mainly
been concerned with the derivation of macroscopic laws
for the fluid flow. In the study of fluid flow through
fibrous porous media, the transport property of interest is
the hydraulic permeability (k) for low Reynolds number
flows, pressure drop values across the length (or
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Figure 2. The hydraulic permeability of fibrous porous
media versus porosity at different ratios of  in Eq. (3).

Figure 2 is a plot of the hydraulic permeability versus
porosity for three different ratios of   rmin / rmax in
fibrous porous media. It can be seen from Figure 2 that

the hydraulic permeability increases with porosity. This is
expected that the high porosity cause the increase of fluid
flow through fibrous porous media. From Figure 2 it can
also be found that the hydraulic permeability increases as
the ratios of  .
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Present model Eq. (3)
Ref. [8] (U750 random fiber mat)

2

k(m )

2.0x10

FUTURE WORK
Future work may be possible by generalize and extend
this analysis to other flow regime as well as nonNewtonian fluid flow in fibrous porous media.
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Figure 3. Comparison of the proposed model and current
experimental data for U750 random fiber mat.

Figure 3 shows a comparison of the hydraulic
permeability predicted by the present model (by Eq. (3))
and that from reported experiments [8] for the random
fiber mat U750. In the experiment [8] permeability for
any selected porosity can be calculated if the average
diameter of fiber tows is measured. It is seen that good
agreement between the model predictions and the
experimental data is found. From Figure 3 it can be
observed that experimental values are higher than
theoretical ones at high porosity. This can be explained by
the fact that an increase in porosity causes the increase of
fluid velocity, leading to the increase of permeability.
However, at higher velocities, Darcy’s Law is invalid.
CONCLUSIONS
In this work, a new analytical model for permeability of
fibrous porous media is obtained using fractal theory. The
present analytical model is found to be a function of the
porosity and the area fractal dimensions of fibrous porous
media. The model predictions are compared with the
existing experimental data, and good agreement between
the model predictions and experimental data is found. The
validity of the present model is thus verified. This study is
essential to the optimization and design of porous fibrous
materials for various applications such as textile
engineering, chemical engineering, medical use, etc.
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INTRODUCTION
We developed a novel technique enabling determination of
the permeability of electrospun yarns composed of
hundreds of fibers. Analyzing the wicking kinetics in a
yarn-in-a-tube composite conduit it was found that the
kinetic is very specific. The liquid was pulled by the
capillary pressure associated with the meniscus in the tube
while the main resistance comes from the yarn. Therefore,
one can separate the yarn permeability from the capillary
pressure which cannot be done in wicking experiments
with single yarns. Surface tensiometer (Cahn) was
employed to collect the data on wicking kinetics of
hexadecane into the yarn-in-a-tube conduits. Yarns from
different polymers and blends were electrospun and
characterized using the proposed protocol. We showed that
the permeability of electrospun yarns can be varied in a
broad range from 10-14 m2 to 10-12 m2 by changing the fiber
diameter and packing density. These results offer new
applications of electrospun yarns as flexible micro- and
nanofluidic systems.
APPROACH
Materials and polymer solution preparation
Polyacrylonitrile (PAN, MW = 150 kDa), Polyethylene
oxide (PEO, MW = 1000 kDa), Cellulose acetate (CA,
MW = ~37 kDa), Polymethyl methacrylate (PMMA,
MW = ~996 kDa) were obtained from Sigma-Aldrich.
Polyvinylidene fluoride (PVDF) was purchased from
Goodfellow. Dimethylacetamide (DMAc) was purchased
from Alfa Aesar. All chemicals were used as received
without further purification. DMAc was used as a solvent
to prepare polymer solutions: a. 12.28 wt% CA/PMMA
mixture with the CA/PMMA ratio = 5:2 (by weight); b.
10 wt% PAN; c. 13.42 wt% CA/PMMA/PEO mixture
with the CA/PMMA/PEO ratio = 8:5:2 (by weight); d.
18.03 wt% PVDF/PEO mixtures with the PVDF/PEO
ratio = 10:1 (by weight).
Yarn manufacturing
The yarns were formed by using the method described in
Ref. [1]. For PVDF/PEO and CA/PMMA/PEO blends, a
flexible syringe heater (Watlow, EHG SL10) was
attached to the syringe to maintain the temperature at 55
°C. PAN and CA/PMMA blends were electrospun at
room temperature. The twelve turns per centimeter twist
(tpcm) was found sufficient to prevent disentanglement
and separation of fibers at the yarn ends after cutting off
the yarn from the mandrel. Hence, we applied the same
12 tpcm twist to all yarns and the fibers at the yarn ends
were firmly secured [1].

Experimental Setup
In order to analyze the permeability of electrospun yarns,
we employed the setup schematically shown in Figure
1a. Cahn DCA-322 Dynamic Contact Angle Analyzer
enables the detection of an incremental change of the
sample weight with 1 g accuracy. A 5 mm (Ly) long
piece of an electrospun yarn was cut with a razor blade,
and the cut end was embedded into a capillary tube. The
embedded part was approximate 1 mm long and the
remaining 4 mm of the yarn stuck out from the capillary.
The tube holding the yarn was then freely hung on the
loop A of the Cahn balance arm (Figure 1a). A
schematic of the mechanical principle of force
measurement by Cahn DCA-322 Analyzer is shown in
Figure 1a. There are two loops used for weight
measurements (loop A and loop B). Loop A is more
sensitive and can measure a force up to 150 mg force;
loop B is less sensitive and can measure a force up to
750 mg force. A reference weight placed on loop C is
used to counter balance the sample weight providing
maximum sensitivity to the system.

Figure 1. (a) Schematic of the experimental setup showing the principle
of operation of Cahn DCA-322 Analyzer. A capillary tube with
embedded yarn is connected to the balance arm through a hook. The
weight of the absorbed liquid is measured by the balance arm as the
meniscus crawls up the capillary bore. (b) The position of meniscus
before and after wicking experiments. Scale bar is 2 mm. (c) An
example of measurement of the Jurin height (Zc) which is shown as the
white arrow.

RESULTS AND DISCUSSION
Model of fluid uptake by a yarn-in-a-tube conduit
In order to set up the yarn-in-a-tube model, we explicitly
assume that the liquid is transported along the yarn and
the capillary. The liquid discharge through the yarn (Q1)
can be described by the Darcy’s law [2, 3] as Q1 = (kyA/)(∂/∂y), where ky is the permeability of the yarn,
∂/∂y is the potential gradient taken along the yarn,  is
the liquid viscosity, and A = Ry2 is the cross-sectional
area of the yarn of radius Ry. The liquid discharge

through the capillary (Q2) can be described by the
Hagen–Poiseuille law [2] as Q2 = - (kcA/)(∂/∂y) with
kc = r2/8. Subscript “c” refers to the capillary. Combining
Q1 = Q2 and expressing the meniscus velocity through
the capillary Q2 = r2dL/dt, we obtain the basic equation
describing kinetics of meniscus propagation through the
capillary:
dL r 2  Pc   gL 

(1)
dt 8
r 4 Ly
L  Ly  2
8 Ry k y
where Pc is the capillary pressure and is equal to gZc,
and Zc is the Jurin height which is defined as the
maximum height that the liquid column can reach after
wicking into a vertical tube (Figure 1b) [4].

Analysis of Experimental Data
The weight gain (ΔW) increasing with time t was
acquired by the Cahn DCA-322 Analyzer. We converted
the weight gain W(t) to the meniscus position L at time t
which is written as L(t) = V/r2 = W/r2, where  is
the liquid density and r is the capillary radius. The yarn
permeability ky was obtained by using a Matlab code by
fitting the experimental data to Eq. (1). A summary of
the obtained results is presented in Table I and Figure 2.
The scaling arguments based on the Hagen-Poiseuille
law suggest that the interfiber distance (d) of the yarn
can be estimated as d ~ (8ky)1/2. The results show that the
permeability spreads over two order of magnitudes from
10-14 to 10-12 m2.
Table I. Collection of permeabilities ky, interfiber distances d, and fiber
diameters Df of different materials.
d (μm)
Df (μm)
ky (m2)
1.9 ± 0.1 ×10-11
12.4 ± 0.3
~20
Dacron
4.2 ± 0.6 ×10-12
5.8 ± 0.4
~6
CA/PMMA/PEO
-13
4.6 ± 0.5 ×10
1.9 ± 0.1
~2
PVDF/PEO
1.3 ± 0.1 ×10-13
1.0 ± 0.04
~1
CA/PMMA
8.8 ± 0.3 ×10-14
0.8 ± 0.02
~0.6
PAN

Figure 2. A summary of permeabilities and porosities of different
materials. The y axis of permeability is represented in logarithmic
scale, and the error bars are the standard deviations.

As shown in Figure 3E, the interfiber distance (d) is
proportional to the fiber diameter (Df). This tendency
shows that when the fiber diameter is increased, the
interfiber distance is also increased. As follows from
Figure 3E, the interfiber distance (d) is almost equal to
the fiber diameter (Df), d ~ Df. Since d ~ (8ky)1/2, we
found that the permeability is ky ~ Df2/8.

A

B

C

D

E

Figure 3. The SEM micrographs of electrospun fiber yarns: (A)
CA/PMMA/PEO, fiber diameters Df ~ 6m, (B) PVDF/PEO, fiber
diameters Df ~ 2m, (C) CA/PMMA, fiber diameters Df ~ 1m, and (d)
PAN, fiber diameters Df ~ 0.6m. (E) The corresponding relation
between the interfiber distance (d) and fiber diameter (Df).

CONCLUSIONS
We developed a characterization technique enabling to
specify the permeability of electrospun yarns using
wicking experiments on complex conduits made of yarnin-a-tube pairs. This method takes advantage of the
distinctive capillary pressure produced by the meniscus
in a tube; the driving capillary pressure does not depend
on the pore size and can be measured independently
using the Jurin capillary rise technique. A mathematical
model describing the kinetics of wicking of wetting
liquids into yarn-in-a-tube conduit was developed and
used for interpretation of experiments. Yarns from
CA/PMMA, PAN, PVDF/PEO, and CA/PMMA/PEO
were electrospun and characterized using the proposed
technique. We showed that the yarn permeability spans
two orders of magnitude (10-14~10-12 m2) and is mostly
controlled by the fiber diameter and packing density.
These electrospun yarns have great potential as flexible
nanoconduits and absorbing materials and can be used
for applications requiring controlled manipulation with
small amount of fluids.
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ABSTRACT
Thermal transport in polymer nanofibers (NFs) has
recently received increasing interest due to its unique
promise for advanced thermal management. Polymers
(e.g., polyethylene) that are usually good thermal
insulators in bulk forms were found to be good thermal
conductors when they are drawn into one-dimensional
fibers with high draw ratios and nanoscale diameters [1].
The internal structures (such as the crystalline domains),
chain entanglements, and defects morphologies are
believed to affect the phonon propagation that is directly
related to a polymer’s thermal energy transport properties.
However, no systematic and quantitative understanding of
this structure-function relationship exists to date.
Understanding the correlation between the structure and
properties is crucial to the design and fabrication of
polymer nanofibers that meet the need for an efficient
thermal energy transfer that requires high thermal
conductivity as well as electrical insulation, high chemical
stability, lightweight, high mechanical performance, and
low-cost mass-production.
In this study we used electrospinning, a simple and
versatile method, to produce one-dimensional nanofibers
with controlled fiber diameters, morphology, and internal
structures. The as-spun fibers were stretched along the
fiber axis while being annealed in high vacuum so as to
improve the crystal structures and orientations. Detailed
and quantitative information of the nano-structure
evolution in the interior of the nanoscale fibers with
different diameters and post-spinning processing histories
were revealed by in-situ synchrotron wide-angle x-ray
scattering.
Thermal conductivities of individual suspended
nanofibers were measured on a micro-scale Wheatstone
differential bridge circuit, which provides an ultra-high
sensitivity of the conductance (~0.1 nW/K) [2]. A thermal
conductivity increase of approximately 4-5 times in
compared to thicker fibers and bulk Nylon samples was
achieved in as-spun Nylon-11 fibers of diameters of ~100
nm. Post-spinning hot stretching was found to further
increase the conductivity. This enhancement has been
correlated with the change of the internal crystalline
structures and domain orientations in the nanofibers
determined from x-ray scattering.

Fig. (a) Thermal conductivity of Nylon nanofibers
(b) Wide angle x-ray scattering patterns of as-spun
and hot-stretched nanofibers.
We also studied the beaded (highly defective) NFs, which
formed due to the jet instability, and found that the
thermal conductivity is bulk-like although the fiber
filaments between the beads have uniform size
distributions. This further demonstrates the predominant
effect of internal structures on the macroscopic thermal
properties.
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INTRODUCTION
Incorporating multiple functional materials in a single
optical fiber is paving the way to realizing new and
unconventional optical and optoelectronic functionalities
in the unique form factor of an optical fiber. Several
breakthroughs that my group has recently achieved in this
area are leading to new ways of thinking of the fiber
drawing process itself. For example, we are developing
fiber drawing as a nanofabrication tool that appropriates
the inherent scalability of thermal drawing, the
controllable size reduction from a macroscopic scalemodel (‘preform’), and the one-dimensional fiber formfactor for applications in the areas of photonics, solar
energy concentration, and recently biomedicine. I will
review our results on multi-octave midinfrared
supercontinuum generation in composite chalcogenide
glass nanowires. Next, I will describe our discovery of infiber fluid and mechanical instabilities that has led to a
novel approach for the fabrication of multimaterial
structured micro- and nanoparticles. I will also describe
our efforts on biosensing through specific protein-protein
interactions and the encapsulation of biomaterials using
micro- and nanoparticles produced by in-fiber
emulsification. Finally, I will also present our results on
the fabrication of efficient fiber luminescent solar
concentrators that may pave the way to solar harvesting
fabrics and clothing.
APPROACH
The overall approach that we make use of in preparing the
macroscopic multimaterial preforms and drawing them
into fibers is described in Refs. [1-4]. Since the preform is
constructed at the centimeter scale, multiple processes
exist such as extrusion, rod-in-tube, thin-film rolling, and
stack-and-draw, all of which may be combined to produce
preforms with complex transverse architectures [5,6].
Such a preform is then thermally drawn in the viscous
state into a fiber that maintains the transverse fiber
architecture but with reduced scale and hence axially
elongated. The result is thus hundreds of meters of
uniform fiber with complex cross sectional geometries
combining multiple materials having low-scattering
intimate interfaces, thereby enabling new and sometimes
altogether unexpected behaviors and applications. Figure
1 highlights one aspect of this technology, namely the
control over the feature sizes over extended lengths. In
this particular example, globally oriented high-density
arrays of amorphous semiconducting nanowires are
thermally drawn inside a polymer matrix and are

harvested from the fiber by selective dissolution of the
polymer.

Figure 1. (a-c) SEM micrographs of ordered nanowire
arrays after removal of the polymer cladding. The
nanowire diameters are (a) 570, (b) 200, and (c) 100 nm.
(d) EDX of the nanowire bundle (continuous blue line)
and the bulk glass (dashed red line) obtained in the SEM
showing an elemental decomposition compatible with the
material As2Se3. The sulfur peak in the nanowire EDX is
due to remnant PES polymer.
NANOPARTICLE FABRICATION VIA IN-FIBER
FLUID INSTABILITIES
There is a wide range of applications that make use of
nanoparticles in drug delivery, chemical and biological
catalysis, and even cosmetics. Such applications would
benefit from the availability of an efficient particle
synthesis approach capable of producing particles over a
wide range of sizes, from a variety of materials, and in a
multiplicity of structures. We have discovered that an infiber Plateau–Rayleigh capillary instability (Fig. 2) may
be harnessed to fabricate uniformly sized, structured
spherical particles spanning the wide range of sizes from
2 mm down to 20 nm (Fig. 3) [7]. We thermally process a
multimaterial fiber and thereby controllably induce this
instability9, which results in a well-ordered, oriented

emulsion. Here the fiber core corresponds to the dispersed
phase while the cladding corresponds to the continuous
phase. We arrange a variety of structures and materials in
a macroscopic preform to produce composite, structured,
spherical particles, including core-shell particles, bicompartment ‘Janus’ particles, and even multi-sectioned
‘beach ball’ particles (Fig. 4). Furthermore, we produce
fibers with a high density of cores that allows for an
unprecedented level of parallelization, where all the cores
are induced to break up simultaneously along the whole
length into uniformly sized, structured spheres.

while a thermally compatible built-in polymer jacket
lends the nanotaper mechanical stability [9].
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Multimaterial fibers; nanowires; thermal fiber drawing
ACKNOWLEDGMENT
This work was funded by NSF (ECCS-1002295), the US
Air Force Office of Scientific Research (AFOSR) under
contract FA-9550-12-1-0148, and CREOL, The College
of Optics & Photonics (UCF).
REFERENCES
[1] M. Bayindir, et al.. Nature 431, 826 (2004).
[2] M. Bayindir, et al.. Nat. Mater. 4, 820 (2005).
[3] M. Bayindir, et al.. Adv. Mat. 18, 845 (2006).
[4] A. F. Abouraddy, et al.. Nat. Mater. 5, 532 (2006).
[5] A. F. Abouraddy, et al.. Nat. Mater. 6, 336 (2007).
[6] G. Tao, A. M. Stolyarov, A. F. Abouraddy, I. J. Appl.
Glass Science 3, 349 (2012).
[7] J. J. Kaufman, et al.. Nature 487, 463 (2012).
[8] G. Tao, et al.. Opt. Lett. 37, 2751 (2012).
[9] S. Shabahang, et al.. Opt. Lett. 37, 4639 (2012).

Figure 2. (a) A macroscopic preform is thermally drawn
into a fiber. Subsequent thermal processing of the fiber
induces the PRI which results in the breakup of the intact
core into spherical droplets. (b) Reflection optical
micrograph of a fiber cross section with 20-m-diameter
core; inset shows the core (scale bar is 20 m); G: glass,
P: polymer. (c) Transmission optical micrograph of the
fiber side view after a temperature (T) gradient is applied
along the axis to induce the PRI. The core breaks up into
an orderly string of spherical droplets.

Figure 3. SEM micrographs of nanoparticles having
diameters ~ 920 nm, 560 nm, 210 nm, 62, and 20 nm. The
particles are extracted from the fibers by dissolving the
polymer cladding with DMAC.

MIDINFRARED FIBERS
The development of robust infrared fibers is crucial for
harnessing the opportunities afforded by new mid-infrared
lasers. We have developed an approach to the fabrication
of chalcogenide glass fiber preforms: one-step
multimaterial extrusion that produces a preform
consisting of a glass core and cladding surrounded by a
built-in, thermally compatible, polymer jacket for
mechanical support [8]. The polymer cladding allows us
to produce robust tapers with submicrometer core
diameter. We have used these nanotapers to produce
infrared supercontinuum radiation extending over more
than one octave of bandwidth, from 850 nm to 2.35 m in
a single spatial mode from a robust, compact, composite
chalcogenide glass nanotaper. The all-solid nanotaper
strongly confines the field to a 480 nm diameter core,

Figure 4. Multi-segment Janus particles. (a) Schematic of
the preform to produce ‘beach ball’ particles; G1, G2 and
P as in Fig. 13. (b) Reflection optical micrograph of a
‘beach ball’ fiber cross-section; scale bar, 20 m. (c)
EDX spectral images of an exposed ‘beach ball’ particle
cross-section. (d) Transmission optical micrographs of the
cross sections of a 40-m-diameter particle; scale bar 20
m.
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INTRODUCTION
Numerical simulation of impact events on fabric
based protective systems requires accurate
characterization of its constituent material at
similar strain rates as the impact event. Because
Kevlar yarn is woven into fabric to make protective
equipment, the strength of the individual filaments
may become compromised as a result of the
crimping, and weaving process, and may become
further altered by post weaving processes applied
to the fabric such as scouring or polymer treatment.
Since impact events subject the fabric to various
loading rates including high rates, experiments to
study the behavior of the fibers in protective
equipment must be conducted at a variety of
similar loading rates, especially at the high strain
rates that the fibers in the vest will experience.
Single fiber experiments have been conducted at
high strain rates by a variety of authors on aramid
fiber
[1-5],
ultrahigh
molecular
weight
polyethylene [6], spider silk [7], and carbon
nanotube fibers [8]. Lim et al. [4] investigated the
effect of weaving on single Kevlar fibers up to high
strain rate; however, the specific type of Kevlar
fiber, weave type, and post weave treatment were
not detailed in that study. These parameters would
affect the measured strengths and the use of these
measured strength values with single fiber based
multi-scale computer simulations will affect the
outcome.
To elucidate and quantify any damage to the fibers
as a result of the production process, single fibers
were extracted from the warp and weft directions
of plain woven Kevlar KM2 cloth and the strength
was measured over a wide range of strain rates and
compared to the response of fibers extracted from
an unwoven yarn. The fibers from the warp, weft,
and unwoven Kevlar were investigated to obtain
the tensile strength at 0.001 s-1, 1 s-1, and ~1000 s-1
over a wide range of gage lengths using a Bose
Electroforce test setup and a Hopkinson tension bar
modified for fiber experiments. In this study, in
addition to the investigating damage in warp and

weft fibers relative to the unwoven fiber, the effect
of loading rate on the strength was also
investigated. Furthermore, strength of fiber is
dependent on the defects in the fiber.
To
investigate the effect of the defect distribution on
the fibers, fiber strength was also investigated
relative to the gage length of the tested fiber at
these loading rates and the direction (warp, weft
and unwoven) of the fiber.
EXPERIMENTS
To study the effect of plain weaving on the strength
of individual Kevlar fibers, never woven or virgin
fibers were extracted from Kevlar KM2 600 denier
yarn. Warp and weft samples were taken from style
706 Kevlar fabric since style 706 is composed of
600d yarn. The surface of the 706 fabric was
coated with a water repellant finish (CS-898). To
study the rate dependence of the fiber experiments
were conducted at quasi-static, intermediate, and
high rate which correspond to strain rates of 0.001
s-1, 1 s-1, and ~1000 s-1, respectively. High-rate
experiments (~1000/s) were conducted using a split
Hopkinson tension bar that was modified for fiber
characterization while low and intermediate rate
behavior was captured using a Bose Electroforce
experimental setup [5]. Additionally, specimens
with of 2, 5, 10, 50, 100, and 150 mm gage lengths
were used in the investigation at low and
intermediate rates to study the effect of distribution
of defects along the fiber. High rate experiments
were limited to specimens of 2, 5, and 10 mm gage
lengths. A total of 10 experiments were conducted
at each condition of strain rate, gage length and
fiber direction combination.
RESULTS
The results of strength measurements as a function
of gage length (defect distribution) at low strain
rate are shown in Figure 1a. The failure strength of
the fiber was higher at shorter gage lengths (2 and
5 mm) but was constant for unwoven fibers of
longer than the 10 mm gage length. The behavior
given in Figure 1b shows the effect of weaving and
post processing on the strength of the single fibers.

The warp fibers were about 35% weaker than
unwoven fibers while the weft fibers were about 38% weaker.

Figure 1. (a) Gage length (effect of defects) dependence
of the KM2 fiber; (b) Reduction in strength of the warp
and weft fibers compared to unwoven Kevlar as a
function of strain rate

The measured strengths of the 2, 5, and 10 mm
gage lengths are summarized in Figure 1b. The
Kevlar KM2 fiber showed a modest increase in
failure strength as the strain rate increased from
0.001/s to 1000/s. The decrease in strength of the
warp and weft fibers relative to unwoven fiber is
apparent at all strain rates. The fiber retains the
similar rate sensitivity despite any defects due to
weaving or post processing. The magnitude of the
decrease in strength of warp and weft fibers is
similar to that seen by Nilakantan et al. [9] with
yarn scale investigations. Nilakantan et al. saw a
decrease in strength for warp yarns of about 1520% and 30% for greige (loom state yarn) and
scoured (washed) yarns, respectively. Weft fibers
were and 6-9% weaker for greige and 10-16%
weaker for scoured yarns. The decrease in strength

of the warp and weft fibers seen in this study is
most likely due to application of the hydrophobic
finish applied to the fiber after weaving and
scouring takes place. Curing of the fluoropolymer
applied to the surface of the fiber takes place at an
elevated temperature, which most likely decreases
the strength of the fiber further past the greige and
scoured strength obtained from yarn scale
experiments.
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OBJECTIVE
Use atomic force microscopy (AFM)-based
nanoscale infrared (IR) spectroscopy to probe the
chemical makeup of a fiber composite material near
the interface between the carbon fiber and epoxy
matrix.
INTRODUCTION
Fiber composite materials are widely used in many
applications and the fiber/matrix interface is a key
area of research. For instance, some commercial
planes are partly made up of fiber composites to
reduce weights while maintaining or exceeding the
mechanical strength of metallic counterparts [1].
Surface treatments and sizing, which is a thin coating
of no more than a few hundred nanometers around
the carbon fiber, dictate the mechanical properties of
the overall composite [2]. Therefore, understanding
the chemical composition at the interface between the
carbon fibers and the surrounding epoxy matrix with
sub-micron spatial resolution is critical for
understanding and enhancing the properties of fiber
composites.
Fiber composite materials are challenging for surface
chemical analysis because the spatial resolution of
many techniques is coarser than the scale of the
interface. Fourier transform infrared spectroscopy
(FT-IR) has been a dominant technique in providing
such chemical information, but its spatial resolution
is diffraction limited to 3 to 10 µm [3]. In this study,
the spatial resolution has been improved to ~100 nm
using atomic force microscope based infrared
spectroscopy (AFM-IR). This AFM-IR technique has
been previously used to image fibers including
visualizing the orientation of electrospun PVDF
fibers and highly oriented fibrils like Kevlar® [4].
The previous configuration of the AFM-IR technique
used total internal reflection illumination from below
the sample and required thin samples (less than 1 µm)
to be deposited onto IR transparent optics [5]. In this
work, we have employed top side illumination that
allowed measurements with substantially simplified
sample preparation. In this configuration it was
possible to obtain spatially-resolved chemical
characterization of a carbon-epoxy composite.

RESULTS AND DISCUSSION
Using a modified AFM-IR instrument (nanoIR™,
Anasys Instruments Corp., Santa Barbara, CA),
localized infrared spectra of epoxy are collected from
a cross-section of the carbon fiber-epoxy composite.
Obtaining an AFM image as a guide, locations of the
carbon fiber (circular features) and the surrounding
epoxy matrix can be spectroscopically identified
(Figure 1). As expected, the spectral features of the
carbon fiber (highlighted in black) are very broad.
The IR absorption from the epoxy matrix is stronger,
and the spectrum highlighted in red has a less intense
C=C aromatic stretching band at (1504 cm-1) relative
to the 1448 cm-1 methylene bending mode compared
to the green spectrum. This is indicative of local
chemical differences in the epoxy material.

Figure 1. 25 μm x 16 μm AFM image (top) and local
AFM-IR spectra (bottom) of epoxy and carbon fibers
(circular islands) are obtained
The chemical nature at the interface of carbon fiberepoxy composite was captured using the modified
AFM-IR technique. A series of spectra has been
collected at every 100 nm from the surface of the
carbon fiber into the neighboring epoxy matrix.

Spectra have been normalized to 1448 cm-1 and the
absorption bands at 1504 cm-1 and 1236 cm-1 are
increasing towards the bulk of the epoxy matrix. The
former band pertains to the aryl groups in the epoxy
while the other corresponds to the backbone C-O-C
stretches. Since little is known about such chemical
variations within a short length scale, well-aimed
surface modifications and/or epoxy selections are
needed to further understand the interaction of carbon
fiber and epoxy as an ensemble. The instrumentation
technique as described provides a viable means to
execute such interrogations.

CONCLUSION
Using a modified AFM-IR technique, the chemical
environment of the epoxy near the surface of the
carbon fiber can be probed below the diffraction limit
of
traditional
infrared
microspectrometers.
Additional investigations at length scales of hundreds
of nanometer will assist further advances in the
science of fiber-epoxy composites.
KEYWORDS
AFM, AFM-IR, carbon, fiber, epoxy, infrared
spectroscopy
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Figure 2. AFM-IR spectra collected at every 100 nm.
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INTRODUCTION
For a lignocellulosic feedstock biorefinery to be
economically viable and sustainable, it must be able
to use a variety of resources and utilize all major
lignocellulosic components to generate valuable
products.1 In this context biomass fractionation rather
than pretreatment is proposed, and this could be
achieved through the use of organosolv techniques2,3,
ionic liquid technologies, green liquor processes, or
through the repurposing of defunct kraft mills as
biorefineries. In consideration of the potential for
clean lignin streams to become available, there is
now a tremendous effort to find uses for lignin that
will enable a biofuel economy to be competitive.
These uses have been identified as: replacements for
petroleum derived chemicals4, phenol derivatives,
polymer blends, adhesives polyurethanes, epoxy
resins, conducting polymers, antioxidants, and now
of course, carbon fiber5.
The currently preferred method of manufacturing
low-cost carbon fiber from lignin (Figure 1) involves
the preparation of a suitable lignin that is melt-spun
into fiber. The fiber is then oxidatively
thermostabilized and carbonized. The integrity of the
lignin fiber during oxidative thermostabilization
depends on its ability to crosslink, so that the glass
transition (Tg) of the material is maintained above the
process temperature, ultimately rendering it infusible.
Figure 1: Schematic of carbon fiber
production from an industrial (technical)

The process is complex and careful control of the
lignin, spinning conditions, treatment temperatures,
and ramping profiles are required to obtain carbon
fiber. Lignin, which is naturally partially oxidized,
demands critical control of the melt-spinning step.
The lignin has to be prepared in such a way to have a
low enough softening temperature (Ts) for it to be
melt spun without polymerizing, but a high enough
glass transition temperature (Tg) for fiber stabilization
to proceed at an acceptable rate. The most critical

elements of fiber production and carbon fiber
conversion are Tg (Figure 2) and purity.

Figure 2: Relationship between (a) fiber Tg and permissible rate of
oxidative stabilization (OxS; and (b) carbon fiber yield and OxS (Y
denotes region of fully infusible fiber formed; X is fusible region).

EXPERIMENTAL
There are difficulties in Tg measurements as they
are generally measured using Differential Thermal
Analysis (DTA, single heavy furnace design) and at
slow speeds (1–10°C/min). Several studies, including
round-robin, of Tg have been done.6,7 However, once
lignins with Tg offsets that exceed 185°C are
measured, crosslinking reactions within the lignin
occur and therefore measurement becomes inaccurate
or impossible at DTA rates.
Lignins with Tg offsets of up to 240°C were
examined to evaluate the utility of increased rates of
measurement at up to 500°C/min (by DSC, dual lowmass furnace) and compared to reduced rates of
measurement (to 5°C/min). Similarly, experiments
have been performed to evaluate the effect of thermal
cycling at various rates and the effects of quench
cycling on Tg measurements.
TGA examinations were performed using
various rates to 950°C to evaluate the effects of
impurities in lignin on their thermal decomposition
traces, and carbon yields. The effect of Tg on thermal
decomposition was also examined.
The lignins used were characterized for purity
using elemental analysis, standard NREL ash8 and
carbohydrate9 quantification methods, Klason
method, FTIR coupled with Principle Component
Analysis, and HMQC-NMR.
RESULTS AND DISCUSSION
Good lignin Tg measurements could be obtained
using rates of up to 200°C/min with little impact due
to time-transition delay. Furthermore, the thermal
history of lignins often needed to be erased due to the

effects of lignin work-up procedure so that a more
accurate measurement of Tg could be made for
extrusion purposes. An appropriate method was to
first measure the Tg at a rate of 100°C/min to obtain
an initial rough measurement; a second dried sample
would then be used for the actual Tg measurement.
The second sample would be run at 500°C/min to
120°C, held isothermally to remove any potential
moisture, ramped at 500°C/min to around 20–40°C
above the Tg offset measured for the first sample, and
then cooled rapidly. This allowed the sample to be
quenched while preventing lignin volatilization (for
low Tg, or high polydispersity lignins) or substantial
crosslinking/degradation to occur (for high Tg
lignins). The Tg could then be measured at a rate of
100°C/min. Comparison of the Tg measurements of
lower Tg lignins recorded at 10°C/min and
100°C/min differed by less than 1°C which indicated
a small time-transition delay, while higher Tg lignins
gave improved measurements.
The following chart (Figure 3) shows the glass
transition temperature (Tg) and enthalpy (dCp)
measurements of some Poplar organosolv lignins.
The quality of the Tg traces indicate relatively pure
samples. It also reveals differing range of Tg widths
indicating low polydispersity or molecular weight
ranges; the sample with a Tg of 141°C has a wider Tg,
indicating the process conditions were too aggressive.
The enthalpy (dCp) roughly indicates the amount of
material allowed to undergo a Tg, values around 0.4
(and up) indicate the material contains few (if any)
infusible materials, while those below indicate the
presence of infusible material and carbohydrates
bound to the lignin.
Figure 3

Switchgrass organosolv lignins also show a
range of Tg widths and dCp (Figure 4)., however,
dCp is lower in comparison to the poplar samples.
This combined with other data indicates that the
switchgrass requires a longer organosolv reaction
time to reduce bound saccharide content.

Figure 4

CONCLUSIONS
An improved methodology for lignin Tg
measurement has been found that uses advantages
associated with true DSC measurements. This has
enabled the measurement of high Tg lignins without
lignin crosslinking. TGA experiments gave data that
differed due to the levels of impurities present (ash
and carbohydrates) so that peaks in the TGA
derivative could be observed. The use of combined
DSC and TGA data when combined with analytical
purity data enables the assessment of lignin
properties for evaluation as a carbon fiber precursor.
These data will be presented and discussed during the
conference seminar.
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ABSTRACT
The sustained extraterrestrial presence of humans in
the solar system currently hinges upon the ability to
provide structural, thermal insulation composites (STICs)
that can be inexpensively manufactured and transported.
These advanced composites must have thermal insulation
properties in the range of 10-50 mW/(m-K) and
mechanical properties suitable to support an anticipated
lunar habitat internal pressure of 30 kPa. The favorable
thermal insulation and mechanical properties of microand nano-scale materials are thought to be one way of
achieving such novel device performance.
Micro-channeled materials have been produced
which show a substantially lower density, acceptable
rigidity and strength, and decreasing thermal conductivity.
The nano-channeled materials we have started to create
are expected to limit convection even further by means of
the Knudsen effect. Both the micro-channeled and nanochanneled materials were created by sacrificial thermal
degradation of infused poly(lactic acid) (PLA) fiber,
while the high-temperature resistant epoxy matrix
remained intact. These novel channeled epoxies are one
of the first materials we are investigating for STIC
applications.
INTRODUCTION
NASA has committed to establishing a permanent
human presence beyond that of the International Space
Station as early as the year 2030, with preliminary
colonization occurring on the moon. For this lunar colony
to be successful, new composite materials must be
developed which demonstrate optimized properties
capable of dealing with the harsh conditions of an extraterrestrial environment. These composite materials must
protect against the extreme lunar temperature range and
must also exhibit mechanical properties suitable for
habitat construction. Furthermore, these composite
materials must be lightweight so their transport can be
economically viable.
While aerogels and foamed materials may have their
niche in this application, novel materials must be
developed to provide the needed balance of demanding
property requirements. By exploiting the unique
advantages of nanoscale materials, unique material
properties may be achievable. One such hypothesized
material utilizes nano-diameter channels to prevent air
flow, thus eliminating convective heat transfer (via the
Knudsen effect) [1]. The use of an insulating matrix
material limits heat conduction, while additives can
inhibit radiative heat transfer, thus achieving an even

lower
effective
thermal
conductivity.
Further
modifications and additives can be incorporated to
increase the matrix strength for use in load-bearing
structures, either on their own or as part of a layered,
hybrid composite.
APPROACH
The high-temperature degradation of neat PLA fiber
and neat epoxies were examined and selective
degradation routes were planned. Microfiber nonwoven
mats were then infused with high temperature epoxy resin
by a Vacuum Assisted Resin Transfer Molding (VARTM)
procedure. Fibers were selectively removed via hightemperature thermal degradation. The densities were then
calculated and compared to theoretical values. Similar
degradation studies were carried out on epoxy resins
incorporating PLA nanofiber mats.
RESULTS AND DISCUSSION
Thermal degradation behavior
Poly(lactic acid) was chosen as a sacrificial polymer
due to its ability to be electrospun into nanofiber and also
for its relatively low reported thermal degradation
temperature of 260°C [2 - 4]. Various PLA samples were
examined using thermal gravimetric analysis (TGA) to
determine the effect of fiber diameter on both the thermal
degradation onset temperature and degradation rate. The
activation energy for PLA thermal degradation was also
determined and compared to literature values [3,4]. High
temperature epoxy was generated from diglycidyl ether of
bisphenol A (DGEBA) cured with 4,4’-diaminodiphenyl
sulfone (DDS). The cured epoxy was subjected to
temperatures from 250 - 350 °C to determine epoxy
degradation resistance during PLA degradation. After 15
minutes at 350 °C, these individual trials resulted in PLA

Figure 1. Isothermal degradation of epoxy and PLA at 350 °C

mass loss of at least 95% and epoxy mass loss of less than
7% in all trials (Figure 1).

free path of an air molecule (λoxygen = 67 nm), will reduce
or prevent the passage of air molecules.

Micro-channeled epoxy
Nonwoven microfiber mats (fiber diameter of 18.2
μm) were infused with resin at a moderate temperature
under a VARTM setup. The resin was then cured using a
modified cure cycle. Finally, the resultant composite was
subjected to elevated temperatures for a pre-determined
time to selectively degrade the PLA fibrous mat.
Applying the Rule of Mixtures, the theoretical values of
the composite density were determined, before and after
complete PLA removal. These values were compared to
the experimentally determined values (Table I) from
which it is evident that the observed decrease in density
after thermal degradation (AD) is close to the theoretical
value for selective removal of the PLA.

Figure 3. SEM image of nano-channeled DGEBA/DDS sample

Nano-channeled epoxy
PLA nanofiber mats were electrospun using an
Elmarco Nanospider Lab 500®. The electrospinning
variables were evaluated and optimized for this particular
equipment, achieving final average fiber diameters below
300 nm. A 10% loading of the PLA nanofibers in
DGEBA/DDS resulted in the expected amount of weight
loss in the TGA experiment corresponding to complete
removal of the PLA (Figure 2). Moreover, exposure of the
nanocomposite to a temperature of 275 °C for 60 minutes
resulted in narrow channels with the expected nanoscale
dimensions, as observed by SEM (Figure 3).

Figure 2. TGA of 10wt% PLA nanofiber-DGEBA/DDS

Thermal insulation and mechanical properties
Having confirmed with TGA, density and SEM data
that PLA fibers can be selectively removed from high
use-temperature DGEBA/DDS epoxy, we will show the
influence of channel volume fraction on thermal
insulation properties and discuss the thermal insulation
and mechanical properties of the micro-channeled and
nano-channeled materials.
It is anticipated, for example, that a comparison of
nano- and micro-channel epoxies with equal initial PLA
content will demonstrate that the nano-channeled epoxy
has a lower thermal conductivity. This is expected to
result from the Knudsen effect, whereby passageways
with a diameter in the region of, or less than, the mean

CONCLUSIONS
Selective removal of poly(lactic acid) fiber from
DGEBA/DSS epoxy via thermal degradation has been
demonstrated. This selective removal creates channels in
the epoxy, where channel size is dictated by the VARTMembedded PLA fiber size. This selective removal results
in a lower density material. These channeled materials
remain structurally sound after the degradation process,
indicating they may provide a solid framework for
mechanically robust, thermal insulation applications.
Table I. Theoretical and Experimental Densities, g/cc
Material
PLA
DGEBA/DDS
Air
26%PLA-DGEBA/DDS
26%PLA-DGEBA/DDS-AD

Theoretical
1.24
1.2
0.001205
1.21
0.870

Experimental
1.241
1.230
-1.232
0.885

FUTURE WORK
In addition to exploring horizontally aligned
nonwoven microfiber and nanofiber mats, samples will be
created using vertically aligned nonwoven fiber mats as
well as randomly oriented chopped fibers. Comparison of
these materials will show the impact of fiber directionality
and orientation on thermal conductivity. Enhancement of
the mechanical properties of the final STIC nanochanneled materials is expected to include the addition of
certain nanoparticles in the epoxy matrix and/or
utilization of micro and/or nano-scale fiber reinforced
materials in a final sandwich composite structure.
ACKNOWLEDGMENT
This work was funded through NASA EPSCoR award
NNX12AB17G.
REFERENCES
[1] Mezedur, M., et al. AIChE Journal, 48, p. 15-26, 2002
[2] Bhardwaj, Nandana,
Subhas C. Kundu,
Biotechnology Advances 28 (2010): 325-347.
[3] Babanalbandi, A., et al. Polymer International 48, p.
980-984, 1999.
[4] Yang, M.-H. Journal of Testing and Evaluation, 37, 4,
2009.

Hybrid Multiscale Composite with Electrospun Carbon Nanofibers
Yong Zhao1, Chuilin Lai2, Min Xi2, Hao Fong1,2
Department of Chemistry and Applied Biological Sciences; 2Program of Materials Engineering and Science, South Dakota
School of Mines and Technology, Rapid City, South Dakota 57701-3995
Hao.Fong@sdsmt.edu

1

INTRODUCTION
For laminated composites made of prepregs, the
fibers dominate in-plane mechanical properties that are
typically high enough for applications, whereas the resin
matrices dominate out-of-plane mechanical properties
(e.g., interlaminar shear strength and delamination
toughness) that are much lower than in-plane properties
[1]. To mitigate the problem, additional reinforcement
agents have been incorporated (between neighboring
laminas within composites) for improving out-of-plane
properties. Recently, carbonaceous nanomaterials (e.g.,
carbon nanotubes/nanofibers, exfoliated graphite nanoplatelets, activated carbon, etc.) have attracted growing
attentions as innovative reinforcement agents due to their
capabilities of considerably improving out-of-plane
properties for the resulting composites [2].
The technique of electrospinning provides a viable
approach for convenient fabrication of fibers with
diameters ranging from nanometers to microns [3].
Electrospun carbon nanofibers (ECNs) can be developed
through thermal treatments (i.e., stabilization followed by
carbonization) of their electrospun precursors such as
polyacrylonitrile (PAN) nanofibers. Our previous study
showed that the ECNs could possess superior mechanical
properties (particularly the tensile strength) that would
unlikely be achieved through conventional approaches
[4]. This is primarily due to the following two reasons:
(1) the innovative precursor, with fiber diameters being
~100 times smaller than that of conventional counterparts,
would possess high degree of macromolecular orientation
and substantially reduced amount of defects; and (2) the
ultrathin diameters of fibers would also prevent the
formation of structural inhomogeneity (particularly
sheath-core structures) during the thermal treatments [4].
In this study, ECF mats were utilized as nanoscale
reinforcement for developing the hybrid multi-scale
composite. As compared to reported research activities
on nanoscale reinforcement [2,5,6], the uniqueness and
advantages of ECN mats include: (1) the mats can be
readily sandwiched between conventional fabrics, thus the
addition of ECNs does not result in substantial increase of
processing cost; (2) since ECN mats are very thin, the
addition of ECNs does not lead to significant weight
increase of composite; and (3) since ECNs in the mats are
randomly oriented, the distribution of ECNs between
neighboring laminas in the composites are quite uniform.
Unlike carbon nanotubes/nanofibers that are made
through bottom-up synthetic methods, the ECNs are
prepared through a top-down manufacturing process;
Hence, ECNs (and ECN mats) are cost-effective and can
be readily sandwiched between conventional carbon fiber
fabrics without substantial increase of processing cost.

APPROACH
The SC-15 epoxy resin was selected as the polymeric
matrix; a low-cost composite-manufacturing technique
(i.e., the vacuum assisted resin transfer molding
(VARTM) method, as shown in Fig. 1) was adopted for
fabrication of composites. To investigate the effects of
ECNs on the hybrid multi-scale composite, mechanical
properties of the composite were evaluated. Specifically,
the short-beam shear test and three-point flexural test
were carried out to determine the interlaminar shear
strength and flexural properties, respectively. Scanning
electron microscopy (SEM) was employed to examine the
micro- and/or nano-scaled morphologies, the distribution
of ECNs in composites (particularly between neighboring
laminas), and the fracture surfaces.
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Figure 1: Schematic illustration of the VARTM process
and the hybrid multi-scale composite made of six layers
of T300 CF fabrics and five layers of ECN mats.
RESULTS AND DISCUSSION
Interlaminar Shear Strength
The short-beam shear test was carried out to measure
the interlaminar shear strength of the fabricated
composites. Interlaminar shear strength is to describe the
composite’s resistance against the interlaminar shear
failure such as free-edge delamination in angle-ply
composites. The shear strength of a specimen can be
determined using the following formula:
P
 s  0.75 m
bh
where τs is the shear strength of the specimen (MPa), Pm
is the peak load recorded in the test (N), b is the specimen
width (mm), and h is the specimen thickness (mm).
Fig 2(A) shows two typical load-displacement curves
acquired experimentally from the composites with and
without ECNs, respectively. It is evident that the
incorporation of ECNs substantially increases the flexural
rigidity (stiffness) and failure load. The values of
interlaminar shear strength and the corresponding
standard deviations for the tested composites are shown in

Table I. For comparison, two types of composites were
evaluated: the one made of six layers of T300® CF fabrics
in the epoxy resin without ECN mats, and the other made
of six layers of CF fabrics sandwiched with five layers of
ECN mats. Each datum in the table provides the mean
value of five measurements with the corresponding one
standard deviation. The results indicated that the hybrid
multi-scale composite with interlaminar regions
containing ECNs possessed substantially higher
interlaminar shear strength than the control composite
without ECNs. The experimental values of interlaminar
shear strength for the composites with and without ECN
reinforcement were (51.2 ± 4.9) MPa and (27.5 ±
1.3) MPa, respectively. Thus, the interlaminar shear
strength was improved by ~86 % after the incorporation
of ECNs. The interlaminar regions in conventional
composites reinforced with carbon fiber fabrics are weak
due to presence of neat resin layers between neighboring
plies and lack of transverse reinforcement; in contrast, the
incorporation of ECNs considerably strengthens the
interlaminar regions in the resulting hybrid multi-scale
composite. Phenomenologically, if a micro-crack initiates
in the regions due to stress concentration, the ECNs
remain intact across the crack plane and support the
applied load similar to the hooks and loops in Velcro [7].
Therefore, the crack propagation can be effectively
suppressed by the bridging nanofibers; consequently, the
epoxy matrix is reinforced.
350

A

300

200
150
100

0.2

0.4

0.6

0.8

1.0

Displacement (mm)

1.2

200
150
100

CF epoxy
CF/ECN epoxy

50
0
0.0

B

250

250

Load (N)

Load (N)

300

CF epoxy
CF/ECN epoxy

50

1.4

0
0.0

Table I: Mechanical properties of (conventional) CFepoxy composite and (hybrid multi-scale) CF/ECN-epoxy
composite. Each datum shows the mean value of five
measurements and one standard deviation.
InterFlexural properties
laminar
CompoModu- Work of
shear
Strength
sites
lus
fracture
strength
(MPa)
2
(GPa)
(KJ/m
)
(MPa)
CF27.5
376.9
30.1
11.2
epoxy
± 1.3
± 11.8
± 1.0
± 0.5
CF/ECN51.2
418.5 ±
32.8
13.6
epoxy
± 4.9
11.7
± 7.8
± 0.6
CONCLUSION
The impregnation of electrospun carbon nanofiber
mats (between neighboring laminas) would substantially
improve out-of-plane properties (e.g., interlaminar shear
strength) of the resulting hybrid multi-scale composite.

350

400

volume fraction of reinforcing fibers. The impregnation
of ECNs into the interlaminar regions led to the increase
of flexural properties for the resulting CF/ECN-epoxy
composite. The ECNs (with diameters much smaller than
those of the T300® CFs) could strongly bond to the epoxy
resin due to much higher specific surface area, resulting in
improvement of interfacial bonding; consequently, the
flexural strength of the CF/ECN-epoxy composite would
be improved. Additionally, ECNs could also be broken
and/or detached from the matrix of epoxy resin when the
load is applied; this would dissipate the strain energy,
preventing the failure of the composite and leading to the
higher value of work of fracture.

0.5
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Figure 2: Typical load-displacement curves from the
short-beam shear tests (A) and three-point flexural tests
(B) of the CF-epoxy and CF/ECN-epoxy composites.
Flexural Properties
Fig. 2(B) shows two typical experimental loaddeflection curves of three-point bending tests for the
composites with and without ECNs, respectively. Similar
to the ones shown in Fig. 2(A), the composite with ECNs
had much higher stiffness and failure load. Based on the
experimental load-deflection curves, the flexural strength
(FS), flexural modulus (FM), and work of fracture (WOF)
of the composites can be extracted (Table I). The results
indicated that the FS, FM, and WOF were all increased
upon impregnation of ECN mats into the composites. The
values of FS, FM, and WOF for the CF-epoxy composite
(without ECN mats) are (376.9 ± 11.8) MPa, (30.1 ±
1.0) GPa, and (11.2 ± 0.5) KJ/m2, respectively; while
those for hybrid multi-scale CF/ECN-epoxy composite
are (418.5 ± 11.7) MPa, (32.8 ± 7.8) GPa and (13.6 ±
0.6) KJ/m2, respectively. The improvements of FS, FM,
and WOF are 11.1%, 9.3%, and 21.4%, respectively.
In general, mechanical properties of fiber-reinforced
composites are dominated by mechanical properties and
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INTRODUCTION
Typical piezoelectric sensors and actuators manufactured
from ceramics such as lead zirconate titanate have high
energy density, but are brittle and rigid and not wellsuited for textile applications. Poly(vinylidene fluoride)
however, as a fiber-forming polymer with piezoelectric
properties, is ideal. The piezoelectricity of PVDF is a
well-known phenomenon, having first been reported in
1969 by Kawai et. al., and is derived from the presence of
a permanent dipole between the partially positive
hydrogen atoms and the partially negative fluorine atoms
[1].
PVDF forms several crystalline phases, but the two most
prevalent
are
α,
a
trans-gauche-trans-gauche
conformation formed by slow cooling of a melt, and β, an
all trans conformation formed via the extension of the
polymer chains at approximately room temperature as
seen in Fig. 1. Only the β phase contains a permanent
dipole in its mm2 crystallographic configuration. The
rapid and high extension of the polymer chains during the
electrospinning process strongly favors the formation of
this elongated crystalline phase, producing an inherently
piezoelectric material. Samples of the polymer usually
contain a mixture of crystalline phases and distorted
phases embedded within an amorphous matrix. [1-3]
A standard post-processing
step in the production of
PVDF piezoelectric sensors
and actuators is to pole the
material, i.e., expose it to an
external high voltage field at
an elevated temperature (to
improve uniformity). This
aligns
the
piezoelectric
crystallite dipoles with the
external surfaces of the
Fig. 1: Crystalline phases of
PVDF.
fibrous
mat
thereby
maximizing the overall charge separation for a strain in a
given direction. Several previous studies have observed
further improvements in piezoelectric response of
electrospun fibers through the addition of nucleation
agents such as multi-walled carbon nanotubes to the
PVDF polymer solution [4-9]. Electrospun fibers of
PVDF have been found to exceed the piezoelectric
response exhibited by stretched thin films of PVDF,
possibly due to lower defect concentrations and the
restricted size of domains, further motivating the
development of fibrous PVDF sensors [8]. In this study
we have optimized the PVDF electrospinning conditions
to maximize β crystallinity of the resulting fibers. Carbon

nanotubes have been added to the system and the
relationship between nanotube concentration within the
spinning solution and the β crystallinity and piezoelectric
response exhibited by the resulting electrospun fibers has
been investigated.
RESULTS AND DISCUSSION
PVDF nanofibers were electrospun from solution in
dimethylacetamide (DMAC)/ acetone mixed solvent at
temperatures ranging from 25 ˚C to 55 ˚C with a goal of
maximizing the β crystalline phase. Between 12 and
18wt% of Poly (vinylidene fluoride) (PVDF) was
dissolved in the solvent(DMAC: 14v% to 50v%) and
nonsolvent mixture(acetone: 50v% to 86v%). Several
combinations
of
PVDF
concentration,
solvent
composition and temperature produced fine, uniform
fibers with high β crystallinity. Carbon nanotubes were
added to spinning dopes containing 14 wt% PVDF, in a
sovent mixture containing 14 v% DMAC and 86 v%
acetone which formed promising fibers at room
temperature.
The pure PVDF sample is relatively uniform, containing
no large defects, and are separated from each other. The
addition of nanotubes drastically alters the fiber
morphology, however. Even with the addition of 0.1 wt%
of nanotubes, one can observe a significant number of
beads. Beading is undesirable for this application due to
the diminished elongation of PVDF located within the
beads, and the likelihood that nanotubes are also
agglomerated within them.

Fig. 2: Scanning electron micrographs of spun fibers. Note increasing
bead occurrence and slight decrease in fiber diameter with increasing
nanotube concentration.

Differential scanning calorimetery was performed to
estimate the overall crystallinity of the poled and unpoled
fiber samples relative to the PVDF pellets. There is a

moderate increase in total crystallinity in spun fibers
relative to the PVDF powder, and a further increase in
fibers containing CNTs relative to pure PVDF fibers, but
no significant trend with increasing concentration of
nanotubes in the fibers. The annealing during the poling
process unexpectedly lowered the overall crystallinity.
There was no distinct temperature shift in the melting
peak before and after poling the samples. A much smaller
secondary endothermic peak was present in the samples
located 50.7 ± 2.1 °C in the unpoled fiber samples and at
107.7 ± 0.39 °C in the poled fiber samples. A sample that
was only annealed, but not exposed to an electric field
was also tested, and the secondary peak was found to shift
to 102 °C, only slightly lower than that of the annealed
and poled samples, indicating that the majority of the shift
is due to the elevated temperature, not the external field.
No significant trends were observed with respect to the
area of this peak.
X-Ray diffraction was used to investigate the relative
fractions of α and β crystallinity within the samples.
Scans were restricted between 15° and 30°. There exist
four known α peaks at approximately 17.8°. 18.2°, 19.8°,
26.4° and one known β peak at 20.7 ° in this range [10
13]. The spectra yielded from the raw PVDF used in
solution preparation was characteristic of α phase PVDF,
with peaks corresponding to the known values and a
definitively lack of β crystallinity, as would be expected
from slowly cooled PVDF pellets. In the as-spun samples,
the three distinct peaks transformed to one distinct peak
located at 20.5 ± 0.05° for all fiber samples, confirming
an α to β transformation due to the electrospinning
process. The peak also contained a shoulder centered at
approximately 18.5 ± 0.1°, corresponding to some
residual α phase in the sample. The β to α ratio increases
slightly with increasing nanotube concentrations in
unpoled fiber samples, but drops slightly after 0.25 wt.%.
Poling yields a significant increase in the β to α ratio for
all samples, with the optimum concentration being found
to be 0.25 wt% CNTs with nearly 80% β crystallinity.
Average traces from multiple runs of the piezoelectric
measurements showed a trend in maximum piezoelectric
response to displacement, from 0.38 ± .02 mV/μm for
pure PVDF fibers up to 1.92 ± .02 mV/μm for 0.25 wt. %
then back to 0.56 ± .03 mV/μm at 0.35 wt. % show a

Fig. 3: Sections of oscilloscope traces collected from three cyclic
testing runs for poled samples with four concentrations of carbon
nanotubes. An optimum was reached at 0.25 wt% CNTs, with a rapid
decrease beyond this point.

significant increase in voltage per displacement up to this
optimum concentration, far beyond the modest increase in
β crystallinity as estimated with XRD. This suggests that
β crystallinity of the PVDF alone cannot be the sole
determining factor for macroscopic piezoelectric response
in this complex fibrous mesh.The response behavior of
the samples did not vary significantly from cycle to cycle
or run to run for each sample, supporting the validity of
this data collection method.
CONCLUSIONS
In this study piezoelectric polymeric fibers were
fabricated via the simple electrospinning process.
The relatively small increase in β crystallinity and the
decrease in total crystallinity following poling suggests
that the proposed mechanism for piezoelectricity in PVDF
via β crystallinity is not the sole factor enhanced by
carbon nanotubes. It is possible that the nanotubes do not
act solely as nucleation centers for the β crystalline PVDF
but are active components in the system. CNTs could
increase the charge mobility in the fibrous network such
that a greater charge separation is more readily achieved
across the mesh. Further verification of the exact
locations of the nanotubes via transmission electron
microscopy could reveal more about how nanotubes
enhance the piezoelectric response of PVDF.
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OBJECTIVE
Objective of this research is to optimize the process parameters
of wet-spun PVDF fibers for maximizing the tensile strength
and applied force at break using Taguchi Method.

qualities. It is widely used in engineering statistics recently. [1315]

INTRODUCTION
Poly (vinylidene fluoride) (PVDF) is known its good
piezoelectric properties. As a piezoelectric polymer, PVDF has
the ability to convert mechanical energy into electrical energy. It
has low cost, highly flexible and biocompatible. The
piezoelectric property of PVDF is extensively used in film form
for different applications such as strain sensors, mechanical
actuators, energy harvesters, and artificial muscles. [1–5]
As wet spinning applications, PVDF fibers are produced by dryjet wet spinning process for mesh applications. All the literature
for wet spinning of PVDF is based on mesh application and the
produced PVDF fiber is in hollow form. In this research, solid
PVDF fiber is produced and used for the parameter
optimization. [6–8]
PVDF polymer has three phases: α-phase, β-phase, and γ-phase
PVDF polymers as shown in Figure 1. The reason for the
preferred formation of the α-phase is the higher crystallization
rate at higher temperatures (110–150 °C). On the other hand, βphase crystallizes below 80°C. During the melt spinning,
crystallized PVDF will be in α-phase. The β-phase of PVDF is
obtained by mechanical deformation such as uniaxial stretching.
That is why during melt spinning, additional drawing under high
voltage should be done to change the phase formation of PVDF
from α-phase to β-phase. α-phase PVDF polymer does not have
the ability to generate electricity under stress. To have the
piezoelectric activity, PVDF polymer should be β-phase because
the fluorine (-) and hydrogen (+) atoms are on the two different
sides that create the polarity. β-phase PVDF polymer could be
produced if the process temperature during the crystallization of
PVDF is less than 70°C during the fiber production. [11, 12]
Because the β-type PVDF polymer production is difficult to be
produced and additional process is needed for melt spinning, wet
spinning could be selected to produce PVDF fibers since the
temperature is not a big issue during the production of fibers.
Another difference between the melt-spun fiber and wet-spun
fiber is that wet-spun fiber will have pores inside of the fiber.
The pores in the fiber will affect the piezoelectricity. The
preliminary result that was done to wet-spun fibers shows higher
voltage outputs from the fiber and this result also shows that it is
worthwhile to do parameter optimization in wet spinning of
PVDF fibers.
Taguchi method is used as a statistical method for this research.
This method is used to establish the minimum set of parameterlevel combinations of experiments to optimize product qualities
and identifies significant contributions of parameters to the

(a)

(b)

Figure 1. Typical (a) α-phase and (b) β-phase PVDF polymer.
[9]

APPROACH
PVDF polymer (Kynar Type 760) is used for the PVDF fiber
production using the wet spinning process as shown in Figure 2.
PVDF polymer is dissolved using DMA (dimethylacetamide)
with mechanical mixing for 3 hours at 60°C. PVDF amount in
the solution is chosen to be 20% w/w. The spinning temperature
is chosen as 25°C.

Figure 2. Typical Wet-Spinning Set-up [10]
Wet spinning process is done as follows: Dissolved PVDF
solution is fed to the pump and then to the one-hole spinneret.
After the spinneret, PVDF solution passes the spinning bath to
solidify for monofilament production. After the spinning bath,
preformed PVDF fiber is sent to washing bath. At the end, the
produced PVDF fiber is wound to bobbin. The drafting region is
selected as the spinning bath. During the spinning, four
parameters are selected for optimization of PVDF fiber
production: pump speed (5, 10, 15 rpm), drawing ratio (1, 1.5,
2.0), drawing temperature (20°C, 40°C, 60°C), and spinneret
diameter (0.8mm, 1.0mm, 1.3mm). L9 orthogonal array in
Taguchi method is used to find the optimum process parameters
to produce strongest yarn. Therefore rather than producing 34

(81) different fiber samples, only 9 samples is enough for the
optimization.
Table I. L9 Orthogonal array in Taguchi Method

CONCLUSIONS
In conclusion, the optimization of wet spinning parameters to
produce PVDF to the force applied at break and tensile strength
is investigated using Taguchi method. The optimum parameters
for the highest strength and applied force at break are
determined. These process parameters could be used for the
further production of the PVDF fibers. Also, Taguchi method is
found to be reliable for this research.

FUTURE WORK

P1: Pump Speed, P2: Spinneret Diameter, P3: Drawing Ratio,
P4: Drawing Temperature; Levels are from lowest to highest.
The denier of the fiber is measured by weighing 1m of fiber with
five measurements. Fiber strength is measured according to the
ASTM D-3822 method. The 10cm-fiber length is used for
strength and elongation measurements.

RESULTS AND DISCUSSION
The applied force at the break, tensile strength, and elongation at
break results are given in Table I. According to the applied force
at break results, sample 9 has the maximum applied force at
break. After the calculations using Taguchi method, the
optimum parameters that result in maximum applied force at
break is calculated as (3, 3, 1, 1) sample, which implies the
sample made from process parameters as 15rpm pump speed,
1.3mm spinneret diameter, 1.0 drawing ratio, and 20°C drawing
temperature. Since denier value does not have an effect, the
result is expected because the maximum applied force at break
will be for maximum thickness of the fiber with minimum
drawing ratio. The expected result for the Taguchi method is
calculated as 358gf. After the new fiber is produced, the final
number is found as 347gf, which is close enough to the expected
value.
Table II. Strength Results PVDF Fibers
SAMPLE
NUMBER
1
2
3
4
5
6
7
8
9

Force (gf)
126
75
91
150
130
239
109
161
326

Tensile
Strength
(gf/tex)
0.52
0.48
0.49
1.16
0.60
0.52
0.68
0.52
0.47

Elongation
(%)
22.8
18.8
22.5
38.6
12.1
25.9
34.9
15.9
40.9

The maximum tensile strength is found at the 4th sample as
1.16g/tex. After the calculation using Taguchi method, the
optimum parameters that result in maximum tensile strength is
also 4th sample. Therefore the optimum process parameters are
as follows: 10 rpm pump speed, 0.8mm spinneret diameter, 1.5
drawing ratio and 60°C drawing temperature. The result is
expected because the maximum tensile strength will be achieved
when the fiber is drawn and the polymer molecules are oriented.
Higher temperatures like 60°C drawing temperature helps the
orientation of the polymer chains. 10rpm pump speed with
0.8mm spinneret size results in less porosity.

This research is still ongoing. The electrical properties and the
effect of porosity to the piezoelectricity of produced PVDF
samples are being investigated. Additionally, molecular
structure of the PVDF fibers will be checked to determine the
amount of α and β-phase PVDF fibers.
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INTRODUCTION
Carbon Nanotubes (CNTs) are promising
nanofillers for improving the properties of
polymers because of their unique characteristics [13]. However, due to their high polarizability and
smooth surface, CNTs form strong van der Waals
interactions between one another making them
difficult to process and utilize. To overcome
traditional difficulties in CNT integration, and to
enable preparation of CNT-reinforced composites,
a large-scale effort has been invested into the
development of an efficient surface treatment and
functionalization technique for improving the
dispersion and interfacial interaction of CNTs with
various matrices. Recognizing the need for surface
modification of CNTs, Zyvex Technologies has
developed a versatile and non-damaging chemistry
platform using rigid conjugated polymers, poly
(aryleneethynylenes) (PAEs), and is called
Kentera™ (Figure 1). The rigid rod backbone
(indicated in turquoise in Figure 1) of Kentera is
designed to adhere to the surface of the CNT while
the side chains are designed for enhanced
compatibility, adhesion to the host matrix and to
create a steric-barrier that prevents aggregation of
the nanotubes. [4,5]

Figure 1: Molecular model showing CNT-Kentera
interactions
Superior dispersions of CNTs into resins using
Kentera technology have resulted in fiber
reinforced composite applications with promising
mechanical and electrical properties. However,
despite good dispersions the complete potential of
CNTs has not been realized because of the weak

interactions between the CNTs and the resin
matrix.
In addition, resins filled with CNTs are not
amenable with common composites manufacturing
processes such as VARTM, pultrusion and filament
winding. For example in a VARTM process when
the CNT loaded resin is pushed through fiber
reinforcement the nano particulates are filtered out
because of the tight spaces in the reinforcement. To
over come the traditional processing difficulties
and improve the interfacial bonding new CNTepoxy linear polymer [6-8] derivatives referred to
as ZySER (Zyvex Solid Epoxy Resin) and ZyLER
(Zyvex Liquid Epoxy Resins) were developed.
EXPERIMENTS
Functionalized CNTs (5% by weight) were milled
into a mixture of Epoxy resins and a monofunctional epoxy modifier in the ratio of 9:1 (by
weight). The mixture was heated to 40-80 oC and
the amine-curing agent was added drop wise over
approximately 2 hours. After the completion of the
curing agent addition, the mixture was stirred for
an additional 1-2 hours at 120 oC. Depending on
the epoxy resin and epoxy modifiers the linear
polymers thus formed may have a solid or liquid
state. As the name indicates the linear polymer in
the solid state is referred to as ZySER while the
one in liquid state is ZyLER.
5% ZySER and 5% ZyLER materials were let
down into the epoxy resin and then carbon and
glass fiber composites were fabricated through
VARTM, prepreg and hand lay up processes. The
FRP composites were vacuum bagged and cured at
250 F for 2 hours followed by a post cure of 350 F
for 1 hour.
RESULTS
Carbon and glass fiber laminates were tested for
flexural and fracture toughness using ASTM
methods.
Tables 1, 2 and 3 provide the
summarized data and corresponding improvements
in both flexural and fracture toughness.

Table 1: Flexural property data of Carbon fiber
epoxy laminates fabricated by VARTM process

Figure 2: SEM fractography analysis of carbon
fiber composites showing uniform distribution of
CNTs
References:

Table 2: Flexural property data of Glass fiber
epoxy laminates fabricated by hand lay up process

Table 3: Fracture toughness data of Glass fiber
epoxy laminates fabricated by hand lay up process
Fracture toughness improvements can be attributed
to the bending, pinning and bridging of the crack
by the CNTs. On the other hand, improvements in
flexural properties may be due to the creation of
efficient interfaces between CNTs, carbon fiber
and the epoxy matrix.
Scanning Electron
Microscope (SEM) Fractography analysis showed
uniform dispersion and distribution of CNTs
between different plies of the composite. (Figure 2)
The mechanical property improvements and SEM
analysis suggest that ZySER and ZyLER function
as a novel method for delivery of CNTs. The
process presented in this paper can be used as a
‘drop in nanotechnology’ not only for VARTM,
prepregs, and hand lay-up applications but for also
for filament winding and pultrusion processes.
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We present a general approach for the selective
imaging of cancer cells using protein activated nearinfrared emitting nanoparticles. Poly(propargyl
acrylate) (PA) particles with a diameter of 50 nm
were surface modified through the copper-catalyzed
azide/alkyne cycloaddition of an azide-terminated
squaraine dye derivative (az1SQ), a near-infrared
emitter, and poly(ethylene glycol) (azPEG) chains. In
a solvent that inhibits chromophore aggregation on
the surface of the particles, such as methanol, the
particles exhibit a peak photoluminescence emission
at a wavelength of 694 nm with a 630 nm excitation.
Transferring the particles to an aqueous solution,
such a phosphate buffered saline (PBS), resulted in a
complete quenching of the emitters. The quantum

efficiency of the particles in PBS could be
significantly enhanced and modulated through control
of the intra-particle chromophore aggregation.
Specific tuning parameters include: (1) grafting
density on the particles; (2) complexation of a
chromophore within a hydrophobic pocket of a
protein; (3) thermally-based enhancement of
chromophore/protein
complex
population
(annealing); and (4) non-specific steric frustration of
chromophore aggregation. In addition, confocal
microscopy studies indicated that these non-toxic,
functionalized particles undergo endocytosis by head
and neck tumor cells (UMSCC22) and are
preferentially localized in the lysosome of the cells.

Nanofiber-based Electrodes for Energy Storage
Chau Tran, Vibha Kalra
Department of Chemical and Biological Engineering, Drexel University,
3141 Chestnut St., Philadelphia, PA 19104, USA
vk99@drexel.edu

INTRODUCTION
Porous carbon has been subjected to intensive studies for
electric double layer capacitor applications because of its
chemical and thermal stability, high conductivity, and
relatively low cost. A wide range of porous carbons, such
as activated carbon (1-3), carbide-derived carbon (4),
carbon onions (5), carbon nanotubes (6), carbon aerogels
(7,8), and templated carbons (9-12), have been
synthesized for use as supercapcitor electrodes. These
porous carbons provide large specific surface areas (5003000 m2/g) necessary to develop high-capacity electric
double layer capacitors (or supercapacitors) that rely on
adsorption
and
desorption
of
ions
at
the
electrode/electrolyte interface for energy storage.
However, most of these materials exhibit micro pore sizes
with diameters typically less than 1 nm. These pore sizes
effectively enhance surface area and hence the energy
density (and capacitance), however, owing to the
comparable size of the pores to that of the electrolyte
ions, the ion transport is limited resulting in limited
power/rate capability in the resultant devices. In addition,
most of these porous carbon materials are first
synthesized in powder form followed by complicated
mixing (with polymeric binding agents), coating and
application processes for formation of the complete
electrode. Moreover, these binding agents add to dead
mass and reduce material conductivity.
APPROACH AND RESULTS
We report a facile method for obtaining extremely high
surface area and hierarchically- porous free-standing
carbon nanofiber electrodes for supercapacitor
application. First, blends of polyacrylonitrile (PAN) and
sacrificial Nafion at different compositions in dimethyl
formamide (DMF) have been electrospun into non-woven
nanofiber mats with diameters in the range of 200-300
nm. Electrospun nanofiber mats are then subjected to
stabilization and carbonization processes to obtain porous
carbon nanofibers (CNFs) as PAN converts to carbon and

a)

b)

the sacrificial Nafion
decomposes out to create
intra-fiber pores. Scanning
and transmission electron
microscopy (SEM/TEM)
images (figures 1, 2) of
both longitudinal and
cross sections of fibers
show
a
remarkable
interconnected
pore
Figure 2. TEM image of
network. Figure 1 shows
microtomed
porous
carbon
the SEM images of three
nanofiber
section
showing
continous pores (light region)
different porous carbon
inside the nanofiber.
nanofibers fabricated via
this process exhibiting hierarchical pore-structure;
internal pores due to Nafion decomposition and external
pores due to inter-fiber spacing. Please refer to the figure
caption for detailed information about the material
composition used. These images demonstrate the
tunability of the pore sizes within CNFs by varying the
amount of Nafion and the total solid concentration in the
initial solution. In particular, we find that the pore size
increases as the fraction of Nafion in Nafion/PAN blend
increases, as expected. In addition, we found that for the
same Nafion:PAN composition, the pore size increased on
decreasing the solution concentration in DMF (compare
figures 1b and 1c). This is possibly because the lower
solution concentration decreases the relaxation time of the
polymers, resulting in faster phase separation and larger
domain size of Nafion within the electrospun nanofibers.
This eventually leads to larger pore size after Nafion
decomposition.
The non-woven fiber mats of porous CNFs were tested as
electrode materials for supercapacitors without the
addition of polymeric binding agents using both aqeuous
and organic electrolytes. Figure 3 provides the cyclic
voltammetry (CV) curves of CNF-4.7 nm sample at
various scan rates. These electrodes exhibit near-ideal

c)

Figure 1: SEM images of mesoporous carbon nanofibers fabricated via high temperature calcination of the nanofibers electrospun using the following w/w
compositions of PAN:Nafion, solid percent in DMF in initial solution a) 40:60, 15% b) 20:80, 25% c) 20:80, 20%. Scale bars = 500 nm. All samples
exhibit >1500 m2/g specific surface area as measured using nitrogen physisorption (not shown).

rectangular CV curve even at a high scan rate of 2V/s.
This is attributed to the relatively larger pore size in these
materials compared to most activated carbons, which
allows faster ion transport and charge/discharge. Note that
activated carbons often deviate from ideal behavior even
at a scan rate of 100 mV/s scan rate (13).
Figure 4 provides the capacitance of these materials vs.
scan rate. These materials exhibit a specific capacitance
of up to 220 F/g. 60% capacitance is retained even at a
high scan rate of 2 V/s. In figure 5, we show the specific
capacitance (measured via charge/discharge) vs. current
density data of ‘CNF-4.7 nm‘ sample in direct
comparison with activated carbon (14). 80% of
capacitance is retained at 20 A/g for the nanofiber sample,
while only 40% is retained for activated carbon. These
results indicate that the porous carbon nanofibers exhibit
large power handling capability; this is attributed to the
hierarchical pore-structure consisting of meso (internal)
and macro-pores (external) optimizing both surface area
and ion transport.

Figure 3. Cyclic voltammetry
curve
of
porous
carbon
nanofibers (CNF-4.7 nm) at
various scan rates in 1M H2SO4

Figure
5.
Capacitance
(C)
normalized using C at 20 mV/s as a
function of current density for
porous carbon nanofiber sample
and activated carbon in 1M H2SO4.

Figure 4. Specific capacitance vs. scan
rate for two samples of porous carbon
nanofibers with different average pore
diameters in 1M H2SO4.

Figure 6. Cyclic voltammetry of
porous carbon nanofiber and
activated carbon at 100 mV/s in 1M
TEABF4/acetonitrile.

Finally, these porous carbon nanofibers were tested as
electrodes in organic electrolyte (1M TEABF4 in
Acetonitrile). Figure 6 shows representative CV curves
for our ‘CNF-1.3 nm’ sample and activated carbon
(purchased commercially) at 100mV/s scan rate. As seen
in the figure, the porous carbon nanofibers exhibit nearideal CV behavior; however, the activated carbon shows a
huge deviation from an ideal behavior, further
corroborating that the hierarchical pore structure in our

materials allow faster ion transport. In addition, the
porous CNFs allow us to expand the voltage window to
3.2 V possibly due to absence of functional groups on the
carbon surface.
CONCLUSION
In this work, we have reported the performance of freestanding porous carbon nanofibers based electrodes in
electric double layer capacitors using both aqueous and
organic electrolytes. The porous nanofibers based
electrodes exhibit hierarchical pore structure; internal
meso/micro pores within nanofibers and external
macropores due to inter-fiber spacing. Combination of
pores at two different length scales allows us to optimize
both surface area and ion transport resulting in high
capacitance (210 F/g in aqueous electrolyte) as well as
high power, which is seen by 80% capacity retention even
at a high current density of 20 A/g.
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SUMMARY
Optical fibers have been used for remote and/or
distributed sensing of chemicals in a variety of
configurations. In particular, luminescent-based sensing
for hazardous materials has been proposed but several
limitations have thus far impaired their performance.
Here, we propose an alternative approach that relies on
multimaterial optoelectronic fibers to sense low
concentrations of liquid peroxide-based explosives (PBE).
We demonstrate our detection scheme and show
sensitivity below 10 ppb, on par with current state-of-theart systems. We also discuss how to realize efficient
distributed sensing with our approach.
BACKGROUND AND MOTIVATION
The remote and distributed detection of hazardous
materials that are toxic or dangerous to the public is today
becoming increasingly important. In particular, explosives
such as liquid PBE have recently been involved in several
bombing incidents, highlighting the need for innovative
approaches to improve detection schemes. One important
and yet little explored challenge is to develop strategies to
realize remote and distributed sensing of these hazardous
materials. Optical fibers used as distributed sensors
capable of functionalizing long lengths and large areas
have recently emerged as good candidates for such
chemical sensing needs1-3.
Conventional optical fibers approach
To detect specific types of chemical, one strategy is to
exploit luminescent and chemiluminescent (CL) materials
that change their optical emission upon exposure to the
targeted substance4. To realize detection and monitoring
over long distances, optical fibers can be used as both a
substrate for such fluorescing material and as a waveguide
to collect the generated CL signals. In the approaches
presented so far, a fluorescent material is used to coat
either the outer wall of a conventional optical fiber, or
within the pores of a microstructured fiber1-3. When the
fiber is exposed to the target chemicals, the fluorescent
signal is modulated and this change of optical intensity is
measured by the detector placed at the distal fiber end,
signaling the presence of the unwanted substance.
Inherent to this approach, however, are several limitations
that have impeded their deployment as truly distributed
sensors. First, the fluorescent signal is poorly collected
and only a small fraction of it is guided back to the
external detector. Moreover, optical losses can be
significant, limiting the length over which the CL signal

Figure 1: (a) Schematic of the preform assembly. (1)
polyethersulfone PSU sheet with Se97S3 evaporated layer. (2)
Sn63Pb37 electrodes and (3) CPC pads are incorporated in
between (4) PSU plates, which are machined to encapsulate the
components. The assembly is then thermally consolidated to
form a macroscopic preform. (b) Schematics of the thermal
drawing process showing the preform fed through the hot zone
of a furnace (red ring). (c) Cross sectional SEM of the resulting
fiber.

can be efficiently guided and detection achieved. More
complex designs using microstructured optical fibres have
been proposed for distributed sensing but still only for
rather short distances and with low spatial resolution.
Multi-material optoelectronic fiber scheme
In this contribution we propose an alternative approach to
address the aforementioned limitations. It relies on a
novel class of fiber devices that integrate optic but also
optoelectronic capabilities5. Instead of relying on the
coupling of an optical signal to guided modes and
subsequent transport to a distal photodetecor, we propose
a scheme in which a semiconducting thin-film-based
photodetector is embedded in the fiber itself, as shown in
Figure 1.
This configuration alleviates the optical losses
experienced by the CL signal in purely optical systems.
Indeed, most of the emitted photons are directly absorbed
and converted into an electrical signal by the surrounding
semiconducting layer at the spot where the hazardous
chemical triggered the emission. The sensitivity of this
fiber sensor is hence no longer dictated by a signal
collection deficiency, but is governed by the performance
of the distributed photodetector. In this contribution, we
demonstrate that this scheme enables the detection of PBE
present at the tip of a hollow-core photodetecting fiber,
and that a sensitivity on par with state-of-the-art systems
can be achieved.

FABRICATION APPROACH
Photodetecting
fibers
typically
comprise
a
semiconducting layer contacted by electrodes, all
enclosed in a polymer cladding6-8. In Figure 1a, we show
in a schematic how such structures can be machined and
assembled at the macroscopic level into a solid preform.
This preform is subsequently thermally drawn into a long,
thin fiber that maintains the same cross-sectional features
along its entire length, as shown in the Scanning Electron
Micrograph of Figure 1c.
In our configuration a square shape fiber with two Se97S3
layers was used as the photodetecting material. This
semiconductor has a very good optical absorption at the
fluorescent peak emission of the chemiluminescent layer
(532 nm), and its thickness was engineered to optimize
the signal to noise ratio. The electrical contact was made
with high viscosity conducting polymer that enable to
insure rigid boundaries during the drawing process, and
prevent dewetting of the Se-based layer. The PSU
polymer cladding is transparent and thin enough to absorb
a very small fraction of the CL signal before reaching the
Se-based layer.
RESULTS AND DISCUSION
First configuration: AC voltage scheme
In a first demonstration of the ability to detect PBE with
optoelectronic multimaterial fiber system, we use an AC
driving voltage and measure a change of impedance as the
fiber core is exposed to the targeted substance5. The
detector was initially tested under LED light at 532 nm, to
find the optimum driving frequency (2.3 kHz) and the
responsivity to be expected (0.246 nA/nW for a typical
dark current of 0.273 μA). The fiber was then prepared
for peroxide measurement by coating the inner surface
with the sensing material and hermetically sealing one
end to tubing that is attached to a syringe pump. A
standard measurement protocol highlighted in Figure 2a
consists of first (I) recording the current in the fiberembedded photodetector for 20 s to obtain the baseline.
Second (II), the syringe pump is turned on and the fiber is
purged for 30 s with air. Third (III), the free fiber end is
exposed to an aqueous peroxide solution of known
peroxide concentration. During this phase vapors of
peroxide flow through the fiber core and interact with the
sensing material, which results in CL. This light is
captured by the fiber embedded photodetecting structure,
and a lock-in amplifier registers the resulting
photocurrent. Fourth (IV), the vial is removed and (V),
the pump is turned off. A clear detection signal is
observed and we demonstrated, given the measured noise
level and signal, a detection level of 3.0 +/- 0.1 ppm5.
Second configuration: heated fiber scheme
To increase further this sensitivity, we integrated the allin-fiber chemical sensor into a system that provides heat
to the peroxide sensing material (80°C) in order to obtain
optimal CL efficiency, and used a peristaltic pump at a

Figure 2: photo-current response versus time upon exposure to
PBE in the two testing configurations: a) AC voltage scheme
and b) heated fiber configuration.

continuous flow rate of 60 cc/min for analyte vapor
delivery. Even though the electronics for this setup were
limited to operation at a DC voltage, we could measure a
sensitivity orders of magnitude better. Figure 2b shows
the typical response versus time for various exposures.
Thanks to the higher CL efficiency when the CL material
is at elevated temperature, and to the specific
configuration of our system that collects most of the
generated signal, we reached below 10 ppb level of
sensitivity that is on par with the best available detectors5.
CONCLUSIONS AND FUTURE WORK
In conclusion, we demonstrated a novel all-in-fiber
chemical sensor capable of detecting sub 10 ppb
concentration of PBE. The photodetecting sensors
embedded in the fiber showed excellent sensitivity prior
to any electronic noise optimization through electronic
filtering, or shielding from external illumination, which
highlight the improvement potential of these devices.
While our approach was demonstrated for detection at the
fiber tip, and hence could work for remote sensing, this
scheme is also amenable to distributed sensing. Indeed,
we will propose in our presentation fiber configurations
where the core can be exposed to the environment
enabling chemicals to be in contact with the CL layer
along the entire fiber length. Finally, recent work has
shown that photodetecting fibers could also reconstruct
the localization of an illumination event along the fiber
axis9. We will conclude on a scheme where this ability
could pave the way towards the detection and localization
of hazardous materials over long distances and large area
surfaces, using multimaterial photodetecting fibers.
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ABSTRACT
Co-polyimide nanofibers based on BPDA (3, 3', 4, 4'Biphenyltetracarboxylic dianhydride)/PDA (p-Phenylenediamine)/ODA (4, 4'-Oxydianiline) are fabricated through
electrospinning and imidization from its precursor
polyamic acid (PAA). The resulting nanofiber bundles
show high Young’s moduli and tensile strengths of
38±0.3 GPa and 1630±15 MPa, respectively.
INTRODUCTION
In 1932, Staudinger [1] put forward a view of producing
high strength and high modulus synthetic fibers. The
structural model for this kind of fibers is based on densely
packed and perfectly aligned long linear polymer chains.
The model proposes that fully extended and oriented
polymer chains in combination with minimum chain ends
leads to extreme fiber strength and modulus which makes
it the ideal fiber microstructural model. Aspired by that,
polymer scientists and processing engineers have
attempted to improve the mechanical properties of
plastics by pursuing highly oriented and fully extended
polymer chains. Two extreme routes are currently applied
to create Staudinger’s ideal fiber model which are linked
to the intrinsic chain flexibility of the polymer chains, viz.
rigid chains versus flexible chains [2]. Para-aramid fibers
based on rigid poly(p-phenylene terephthalamide)
(PPTA) polymer chains and ultra-high molecular weight
polyethylene (UHMW-PE) fibers based on flexible chains
are two noted samples. These high performance fibers
exhibit typical tensile strengths of 3 GPa and moduli of
around 120 GPa, which are significantly higher than those
of traditional textile fibers with tenacities and moduli
limited to values well below 1 GPa and 10 GPa.
Over the last two decades, electrospinning has been
rediscovered due to its great potential for producing
nanofibers. Compared to corresponding textile fibers
made from the same polymers, the mechanical properties
of these nanofibers were often found to be significantly
lower. Electrospun nanofibers typically display tensile
strengths below 40 MPa [3], which can be ascribed to the
low degree of orientation and extension of the polymer
chains along the fiber-axis and non-optimized alignment
of electrospun nanofibers. Traditional melt- or solution
spun fibers based on flexible chain polymers obtain their
improved mechanical properties through a post-drawing
or stretching process of the as-spun fiber in the solid state,
a methodology which is typically not feasible in the
manufacture of nanofibers.
To obtain high strength and high modulus electrospun
nanofibers, the most promising routes therefore seem to

be based on liquid crystalline rigid- or semi-rigid rod
polymers, as here the electrospinning process can directly
introduce flow induced molecular orientation, without the
need of a post-drawing process. Reneker and co-workers
[4] attempted to electrospin PPTA and nanofibers with
diameters ranging from 40 nm to hundreds of nanometers
were obtained. However, a continuous electrospinning
process leading to non-woven nanofiber mats was not
reported. More importantly, concentrations of spinnable
solutions used in this work were outside the regime
typically needed for high performance PPTA fibers.
Alternative polymers of less rigid molecular structure of
interest for the production of high performance nanofibers
are polyimides. Hou et al. [3] electrospun well–aligned
poly(p-phenylenebiphenyl tetracarboxamide (BP-PAA)
nanofibers then imidized them into poly(p-phenylene
biphenyltetracarboximide) (BPDA/PDA) nanofibers. The
Young’s modulus and tensile strength of their
BPDA/PDA nanofiber mat was 15 GPa and 650 MPa,
respectively. Moreover, single nanofiber properties
reported were a Young’s modulus of 76 GPa and a tensile
strength of 1.7 GPa.
In our research, a high strength and high modulus copolyimide BPDA/PDA/ODA polyamic acid was
synthesized and electrospun into aligned nanofiber mats
and converted into polyimide nanofiber mats.
Subsequently, the mechanical properties of both these
nanofiber mats and nanofiber bundles were evaluated.
EXPERIMENTAL
4.0386 g (0.0137 mol) BPDA, 0.8900 g (0.0082 mol)
PDA and 1.1000 g (0.0055 mol) ODA were mixed
together in 54 g of DMF within a three-neck flask
circulated with dry nitrogen. Intense stirring was applied
in the polycondensation process at low temperature (0 °C)
for 20 hrs. Viscose, 10 wt.% of faint yellow like
BPDA/PDA/ODA polyamic acid product was obtained
eventually.
A homogenous solution was well diluted to 5.5 wt.% by
adding DMF to the resultant solution for electrospinning.
A flow rate of 0.4 ml/hr, distance of 20 cm and voltage of
25 kV were applied in the electrospinning process. A high
rotating drum with a speed of 2000 rpm was used to
collect
the
aligned
nanofibers.
To
obtain
BPDA/PDA/ODA polyimide nanofibers from its
precursor, the imidization process was taken place in
nitrogen atmosphere by the following procedures: heating
up to 240 °C at a rate of 10°C/min and annealing for 2

hours, heating up to 380 °C at a rate of 1.5 °C/min and
annealing for 1 hour, cooling down to room temperature.

Tensile tests of single nanofibers using AFM is difficult
and time-consuming. A relatively convenient and reliable
alternative method is to test nanofiber bundles.

RESULTS AND DISCUSSION
The electrospun nanofibers produced from the PAA
solution are well-aligned, uniform and smooth. They
possess diameters ranging from 150 nm to 300 nm with a
main diameter distribution about 250 nm, as shown in
Figure 1(a). Next, this solvent-free PAA nanofiber mat
was imidized at elevated temperatures as described above.
Figure 1(b) shows that there is no obvious distinction
between PAA nanofibers and nanofibers after imidization.
a

b

a

Figure 3. Stress-strain curves of
nanofiber mats before and after
imidization.

b
Figure 1. SEM micrographs of (a) Polyamic acid nanofibers
before imidization; (b) Polyimide nanofibers after imidization.

In the FTIR spectrum (Figure 2), the absorption in the
range of 2900 to 3600 cm-1 which is attributed to
stretching vibration of carboxyl group and amide group
disappears completely. This implies that the
BPDA/PDA/ODA PAA nanofibers have been thoroughly
transferred to BPDA/PDA/ODA polyimide nanofibers.

Figure 4. (a) SEM micrographs of polyimide nanofiber bundles
with 29 fibers (b) Strain-strength curves of polyimide nanofiber
mat and bundle.

Figure 4(a) shows a well aligned nanofiber bundle
exhibiting 29 nanofibers. The Young’s modulus and
tensile strength of the bundle are 38±0.3 GPa and
1630±15 MPa, respectively, which are approximately
threefold of the nanofiber mats.
CONCLUSION

Figure 2. FTIR spectrum of nanofibers before and after
imidization.

It is also clearly seen from Figure 3 that the mechanical
properties of nanofibers after imidization improved
dramatically compared to its precursor fibers. The
Young’s modulus increased from 2.5 GPa to 10 GPa
whilst the tensile strength boosted from 132 MPa to 980
MPa. It should be noted that the mechanical properties of
nanofiber mats do not represent the real mechanical
properties of single nanofibers since numerous fiber ends
and misalignment exist in the mats.

In this paper, BPDA/PDA/ODA PAA was successfully
synthesized and electrospun into well-aligned nanofibers
and then imidized to co-polyimide nanofibers. High
mechanical properties for both electrospun nanofiber mats
(strength: 980 MPa, modulus: 10 GPa) as well as
nanofiber bundles (strength: 1630 MPa, modulus: 38 GPa)
were obtained, making these polyimide nanofibers among
the strongest and stiffest nanofibers reported so far.
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OVERVIEW
This paper presents an experimental study of the
influence that relative humidity and evaporation rate
have on the electrospinning process for PEO/ water
solutions and PVP / alcohol solutions. Correlations
are developed that relate measurable process
parameters (jet diameter, charge density), relative
humidity, and evaporation rate to fiber diameter.
These correlations are used to select an optimized
operating regime in terms of desired fiber diameter,
maximum production rate, and minimal variation.
BACKGROUND
It is well known that ambient RH has a significant
influence on the ES process. Both Polyethylene oxide
(PEO) aqueous and Poly(vinylpyrrolidone) (PVP)
non-aqueous solutions were found to have a decrease
in fiber diameter as humidity increases [1,2]. For
PEO, since the evaporation rate decrease for higher
ambient RH, and the jet has more stretching time. De
Vrieze et, al. found that for PVP non-aqueous
solutions, increasing humidity also leads to a
decrease in the fiber diameter [1]. However for PVP,
the alcohol solvent evaporation rate is not dependent
on ambient RH.

RESULTS AND DISCUSSION
It was found that 3 different PVP solutions for a
constant relative humidity (45%) had 3 distinct
correlations in terms of relating to fiber diameters.
Since the 3 solvents differ in terms of evaporation
rate, a scaling law was sought that could relate the
measured jet diameter and evaporation rate to the
fiber diameter.
Fig. 2 shows that taking the
evaporation rate to the 0.3 power yields a good
correlation for the entire data set. This is possibly due
to the length of time the fiber stretches for before the
fiber is dry.
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APPROACH
PVP (1,300k MW) was used with 3 alcohol solvents:
ethanol, methanol, and 1-butanol. The evaporation
rates of ethanol and methanol are ~10 times that of
the evaporation rate of water, while the 1-butanol has
a similar evaporation rate to water [5]. Experiments
were conducted in an apparatus (Fig 1) with real-time
measurements of the taylor cone volume, upper jet
diameter, current, for controlled conditions of
voltage, flow rate, and humidity [4,5].
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In terms of measurements, Wang et.al. developed
scaling laws that relate upper jet diameter (Fig 1) to
fiber diameter for Polystyrene [3]. This is significant
since the fiber diameters are not measurable in real
time, and this measurement provides a basis to
develop a control system to ensure the desired fiber
diameter is achieved.
Yan investigated the
relationship between process conditions, including
relative humidity, process measurements (upper jet
diameter and charge density), and the fiber diameter
for PEO [4].
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(djet)
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evaporation
• Jet
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Z~350m
Fig. 1: Process schematic showing
measurements

PVP/methanol

Fig. 2: Relation of upper jet diameter to
fiber diameter (PVP alcohol solutions).

To examine the separate effect of relative humidity,
fibers were spun for humidity levels between 41%
and 57%. Fig 3 shows that relative humidity has
different significant affect on the process physics.
However, Fig 4 shows that the upper jet diameter can
be correlated to the fiber diameter using a second
order dependence of relative humidity along with the
solvent evaporation rate.

determine the condition that maximizes production
rate with minimal variation.
Observing the large impact of RH on fiber diameter
suggested that plotting the process relationships
explicitly in terms of RH would enable determining
the conditions that enable maximizing productivity,
while minimizing variability. Fig 6 shows this
visualization of the process relationships, where the
results for achieving 300 nm PEO fibers. In this
example, one could operate from points A to E, but
point D* is the optimized choice since it corresponds
to the greatest flow rate, and maximum voltage.
I

Low RH region

Fig. 3: Relation of jet and fiber diameters
for different RH (41%, 47%, 57%)
To examine the possible impact that RH has on the
process, the dependence of current, (taylor cone
volume, upper jet diameter) and the resulting fiber
diameter are considered as a function of RH (fig 5).
Interestingly. As RH increases, both the current and
fiber diameter decreases which is unusual since a
decrease in current should reduce the electric
stretching force. One possibility is that since alcohol
is hydrophilic, water is being absorbed by the jet in
the bending region, and thus the time for stretching is
increased with higher RH. However, figure 5 reveals
there are two regimes for changes in current (and
taylor cone volume) in terms of RH, whereas the
fiber diameter has one overall slope. This suggests
that RH could be having several different effects on
the process, with a different impact on the upper jet
physics then in the bending region.

High RH region

Current (nA)

dfiber

12wt% PVP/ethanol

Fig. 5: Relation of fiber diameter and current
as a function of RH for PVP/ethanol
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Fig. 6: Visualization of operating regime to
achieve desired fiber diameter in terms of flow
rate and voltage.

PVP/methanol

PVP/1‐butanol

PVP/ethanol

Fig. 4: Scaling relationship of jet diameter,
evaporation, and RH to fiber diameter
For those applications where it is desirable to obtain a
specific fiber diameter, it is useful to develop a
procedure where the process conditions (specification
of flow rate, voltage, and RH) can be determined that
achieve the desired fiber diameter.
From a
manufacturing point of view, one also seeks to
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INTRODUCTION
Nanofibers have broad range of applications in
filtration, barrier materials, functional textiles, tissue
engineering, sensors and biopolymer materials1, 2.
Despite numerous applications, the wide commercial
use of nanofibers face the limitations associated with
existing production techniques3. Recently Xanofi Inc.
developed a novel XanoShearTM process to
manufacture polymeric nanofibers by the “liquid
shear” method invented in Professor Orlin Velev’s
lab at North Carolina State University. This novel
patented and patent-pending method is based on
original liquid-liquid dispersion technique to
fabricate polymeric rods4.

Figure 1. The liquid-liquid dispersion method to
prepare polymeric rods and fibers
In this method, the polymer solution is subjected to
simultaneous shear and anti-solvent induced
precipitation in viscous liquid media. The typical lab
scale process involves creation of laminar shear in
viscous media using a shear impeller and injection of
polymer solution droplets into it (Figure 1). During
the process, polymer droplets are subjected to infinite
stretching into proto fibers by the shear media, while
they are simultaneously precipitated by the antisolvent component in the viscous media. This results
in the formation of solid fibers of very thin diameter
in the range 100-500 nanometers. This novel process
is capable of fabricating nanofibers from most of the
polymers that are soluble in organic solvents. The
method is also capable of fabricating a variety of
functional nanofibers. Xanofi Inc. adopted this
method and designed a prototype commercial scale
XanoShearTM machine which uses a continuous

process to produce polymer nanofibers in bulk
volume at unprecedented production rates of >3
kg/h. In this patent-pending pilot scale machine, the
viscous medium is pumped through a linear flow pipe
of certain dimension and the polymer solution is fed
at controlled rate. The injected polymer solution is
sheared into nanofibers, and the outgoing slurry is
filtered to collect the fibers, which are subsequently
washed with water to remove shear medium and
residual solvent. Alternately, the liquid-borne fibers
can be chopped mechanically to desired short lengths
before being washed and finally collected in a filter.
RESULTS AND DISCUSSION
SEM image of typical nanofibers fabricated by
XanoShearTM process and 2’ x 2’ sq. feet wide and 1inch thick, 500-gram weight mat of pure nanofibers is
shown in Figure 2.

Figure 2. Magnified SEM image of nanofibers and
XanoShearTM nanofiber mat
Nanofibers from a variety of polymers including
cellulose acetate, polylactic acid, poly methyl
methacrylate, polystyrene etc. have been fabricated
by this process for a number of different commercial
applications including among others air/liquid
filtration, tissue engineering, protein purification,
smart textiles and functional materials like carbon
fiber precursors. Functional nanofibers fabricated by
incorporation of nanoparticles in the polymer
solution prior to the process or post-process have
been produced and in some cases subjected of
additional chemical modification. We have
characterized these novel products and we will report
on their properties, structure, morphology,
functionality and potential applications.
CONCLUSIONS

The XanoShearTM fabrication of nanofibers from
variety of polymers has been successfully
demonstrated. A continuous flow liquid shear process
for scalable production has been developed to
fabricate nanofibers at unprecedented production
rates. The proto commercial process allows facile
fiber fabrication, chopping, washing, and collection.
Functional
nanofibers
with
incorporated
nanoparticles for specific applications could be
manufactured in bulk volumes through this process.
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INTRODUCTION
Electrospinning is a technique using electric force to
attenuate polymer jet and therefore produce nanofibers. In
electrospinning process, a high voltage is applied to create
the electric field, which is important to influence the
spinning process and the resultant fiber morphology1-3.
Nowadays, lots of methods have been developed to
enhance the electrospinning production rate and to make
this technique reach the industrial stage. These methods
are generally classified as multineedle and needleless
electrospinning. Although more configurations of
needleless setups have been reported than those of
multineedle setups, multineedle electrospinning has been
being under active investigation. The multineedle system
tends to produce better fiber morphology due to the
confined feeding of the system.

the polymer jet with a larger and more uniform electric
force which could help whipping at high speed and
consequently produce smaller fiber diameters.

Figure 1 Schematic of three-needle system with an
auxiliary plate

In this study, we aim at producing finer and uniform
nanofibers at a high production by manipulating the
electric field. For the geometry of the spinneret greatly
influences the electric field, by designing the spinneret
configuration, the electric field of the system can be
controlled.
APPROACH
Material preparation
Polylene oxide was used in all the electrospinning
experiments.
Experimental setup
The multijet electrospinning systems with designed
spinnerets were used in this study.
Characterization
The electrospun fibers were observed with a scanning
electron microscope (SEM). The ImageJ software was
used to determine the fiber diameters.
Simulation
The 3D electric fields were analyzed by Ansoft Maxwell.
RESULTS AND DISCUSSION
Multineedle spinneret with an auxiliary plate
To produce thinner and more uniform nanofibers at a high
production, an auxiliary plate electrode has been used to
be connected to a three-needle electrospinning to obtain a
more uniform electric field. Figure 1 shows the threeneedle system with an auxiliary plate. The simulation
results (Figure 2) show that, more uniform electric field
can be created by inserting the needles through a metal
plate. The uniform electric field has smaller electric field
strength at the tip but larger average electric field strength
in the working distance between needle tip and collector.
The smaller gradient of the electric field strength provides

Figure 2 Electric field of (a) three-needle system and (b)
three-needle system with auxiliary plate
Multihole spinneret with uniform electric field
In Figure 1, more uniform electric field can be created by
reducing the needle lengths protruding from the plate.
Finally, the needles can be removed and be replaced by
the holes to create a “hole configuration” with a quite
uniform electric field. Starting from this knowledge, a
spinneret comprised of a plastic plate with drilled holes
and a metal cylindrical electrode is used to replace the
spinneret with needles, as shown in Figure 3.

results in some processing problem. In order to improve
the non-uniform distribution of the electric field in the
multihole system, a novel multistep spinneret is
developed to intensify the electric field strength at the
central position, and obtain uniform electric field
distribution. In the multistep spinneret, a protuberant step
at the central position of the electrode is used to replace
the flat electrode. The simulation results indicate that the
electric field distribution become more uniform with the
new designed spinneret configuration, and therefore fiber
and more uniform fibers are produced.

Figure 3 Schematic of the multihole system
The design of the multihole system is to create a uniform
electric field to produce finer fibers with narrower fiber
distribution and more uniform fiber mat at a higher
production rate. The simulation results show that the
multihole spinneret creates not only a more uniform
electric field, but also a stronger electric field except for
the area very close to the spinneret. Consequently, finer
fibers are obtained from the multihole system due to
larger electric force applied on the fiber in the whipping
area.
The electrospinning processes of seven-hole and sevenneedle systems were photographed with a long exposure
time. It can be seen that the seven-hole electrospinning
system obtains lower jets divergence degree. To explain
the concentration effect of the multihole system, a
parameter f is used to describe the deviation of the electric
field. The lower value of f for the multihole system
indicates higher convergence of the electric field to the
spinning line. Consequently, the designed mulithole
system produces a more concentrated fiber mat.
Multistep spinneret with uniform electric field
The simulation results show the weakening of the electric
field at the central area of the multihole spinneret, which

CONCLUSION
Electric field plays a key role in producing required
nanofibers in electrospinning. The electric fields can be
improved by designing spinneret configurations. The
study shows that more uniform electric field will produce
better fiber morphology. To obtain more uniform electric
field, multineedle spinneret with auxiliary plate, multihole
spinneret, and multistep spinneret are developed in this
study. Simulation and experimental results show that by
designing the electric field created by the spinneret, the
required nanofibers can be obtained.
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Multijet electrospinning, electric field, simulation
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Futuristic textiles are emerging rapidly and contain
fabrics woven from nanotubes and nanowires for
targeted applications such as customized body armors
for military, intelligent robots and ultra-light weight
materials for aerospace and automobile industries.
Accordingly, precise characterization of the
mechanical properties of individual fibers is crucial
for enabling such applications. Due to the
miniaturized size of these structural building blocks,
mechanical testing of individual fibers and strands
has posed a challenge. In this talk, we introduce the
“fiber-puller” and “twister”, devices that were
specially designed for micro- and nano-mechanical
testing on single fibers. The fiber-puller measures the

tensile properties of a single fiber by applying a
controlled stress and measuring the resulting strain
using sensitive capacitive methods. The accurate
measure of the stress-strain relation makes it possible
to describe the relation in terms of higher order
elastic constants. In addition to the tensile properties,
we are also capable of probing the shear elastic
constants by placing a fiber in the “twister” which
twists one end of the fiber a known amount and
determines the torque at the other end which allows
the shear modulus to be calculated. Results for IM7
carbon fibers and single strands of aramid fiber,
Kevlar, will be presented.

Facile Fabrication of Double-stage Morphology Bacterial Cellulose
with Local Orientation Using Potato Starch
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ABSTRACT
Great efforts have been made to fabricate threedimentional scaffold with biomimetic structure using
different kinds of biocompatible and bioabsorbable
materials. The reported methods to construct biomimetic
involved
electrospinning,
templating
and
physical/chemical casting are considered not only
complex during operating but also limited due to low
efficiency.1,2 The chemical reagents used in some system
are not environmental-friendly as well. It is necessary to
develop facile technique to prepare three-dimensional
scaffold with desired structure.
Bacterial cellulose (BC) biosynthesized by Gram
negative bacteria known as Gluconacetobacter has
successfully attracted the attention of researchers due to
its proper mechanical stability in wet state, high porosity
and biomimetic three-dimentional structure of collagen.
The dense cellulose matrix has determined the
outstanding physical and chemical properties of BC on
one hand and limited the migration of cells as well as the
diffusion of nutrients on the other hand. In this paper, a
facile method was used to construct a biomimetic doublestage morphology with obvious dense upper part and
porous lower part without reducing its mechanical
propertis.
In situ modification method used influenced the
aggregation of cellulose microfibrils using gelatinized
potato starch matrix with different ( from 0.5 to 4 wt% )
content.
The structures and properties of BC/potato starch
(BC/PS) composites were characterized by rotational
rheometer, X-ray diffractometry (XRD), scanning
electron microscopy (SEM), and universal testing
machine.
The gelatinization process in the rheological moduli
may reflect the inner structural developments and
molecular interactions during network formation.3 Storage
modulus related to the elastic response is attributed to
bonding or junction zone strength.4 The rheological
moduli and |η*| of gelatinized starch culture medium
exhibited similar tendencies during frequency sweeps
(Figure 1). The addition of gelatinized potato starch
caused the increase of moduli and η* of culture medium
which indicates more H-bonds formed during the
gelatinization process. The starch enriched medium in the
presense of 4 wt% potato starch exhibited the highest
moduli and η*, but the lowest tanδ.
Figure 2 shows the XRD spectra of BC/PS
composites. The BC/PS nanocomposites diffractograms
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Figure 1. Rheological properties of starch enriched culture
medium with different starch content (a: 0.5 wt%, b: 1.0 wt%, c:
1.5 wt%, d: 2.0 wt%, e: 4.0 wt%).

are similar to those of unmodified BC, with peaks at 2θ =
22.6 ° and 14.5 ° peaks represent, respectively. The
presence of gelatinized starch during cellulose
biosynthesis influenced the aggregation of cellulose
microfibrils probably because of the increased viscosity
of culture medium. As a result, the crytallinity of BC/PS
composites decreased as starch content went up.
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Figure 2. Digital camera photos of BC/PS composites with
different starch content (a: 0.5 wt%, b: 1.0 wt%, c: 1.5 wt%, d:
2.0 wt%, e: 4.0 wt%).

The starch enriched culture medium showed poor
fluidity due to the incorporation of gelatinized starch and
stuck to the walls of plastic container because of the high
viscosity which significantly amplified the wall effect
during the cellulose biosynthesis process. Consequently,
obvious double-stage morphology was observed in the

BC/PS composites shown in Figure 3. Table 1 shows the
crystallinity and wet state mechanical properties of BC/PS
composites. Typical stress-strain curves of BC/PS
composites were illustrated in Figure 5.
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Table 1. Crystallinity index and wet state mechanical properties
of BC/PS composites.

CrI

Max. stress

Max. elongation

(%)

(MPa)

(%)

0

82.4

97.37±4.87

11.36±0.57

0.5

81.2

170.45±8.52

18.17±0.91

1.0

78.8

132.27±6.61

16.46±0.82

1.5

72.2

128.61±6.43

14.11±0.71
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92.82±4.64

13.67±0.68

4.0

60.6

80.62±4.03

11.23±0.56
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Figure 4 The SEM images of BC/PS composites: Surface with
magnification of 2000 times and 10000 times (inset): (a)
Unmodified BC, (b) BC/PS 1.5 wt%, ; Cross section with
magnification of 100 times and 2000 times (inset): (c)
Unmodified BC, (d) BC/PS 1.5 wt%.
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5

Figure 5. Typical stress-strain curves of BC/PS composites with
different starch content (a: 0.5 wt%, b: 1.0 wt%, c: 1.5 wt%, d:
2.0 wt%, e: 4.0 wt%).

Figure 3. The XRD spectra of BC/PS composites with different
starch content (a: 0.5 wt%, b: 1.0 wt%, c: 1.5 wt%, d: 2.0 wt%, e:
4.0 wt%).
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An oriented surface morphology can be observed
through SEM not only as a direct proof of the hindered
movement of bacterium under the presence of gelatinized
starch but also as a fascinating biomimetic topography on
which certain cell has been proved to be well attached,
dispersed and proliferated.5 The cross section of BC/PS
composites showed gradient structure as the multilayered
cellulose matrix became looser. The double-stage
structure of BC/PS with dense upper layer and porous
lower layer is similar to human’s skin consist of compact
epidermis and soft dermis and may have great potential in
damaged skin regeneration.
We have successfully developed a facile technique to
prepare BC-based composite with desired biomimetic
topography and without sacrificing its well-known
mechanical stability. Furthermore, such a multifunctional
structure can be easily adjusted by changing the content
of gelatinized starch. With proper utilization of different
characteristics of natural polymers, we believe that we
can integrate more biomimetic structures in one material
and prepare a series of highly biocompatible scaffolds in
the future.
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ABSTRACT REQUIREMENTS
The last decade, since CNT fibres were first produced
[1], has seen a large improvement in the properties of
CNTs fibres as a consequence of improved synthesis of
the CNT building blocks and their assembly with
preferential orientation of the graphitic layers parallel to
each other and to the fibre axis, an arrangement which
exploits the in-plane properties of the building blocks
and which follows basic principles of polymer fibre
manufacturing proposed around eighty years ago [2,3]
and used successfully to produce high-performance
polymer fibres. The original schematic proposed by
Staudinger and some examples of synthetic fibres, as
well as an estimated date of their initial synthesis are
presented in Figure 8.
For most fibres, axial properties improve when
increasing the length of the aligned building blocks;
longer CNTs result in higher tensile strength and
modulus [4,5]. Similarly, there is a clear tendency
towards CNTs with fewer layers since this type of
CNTs maximise properties per unit mass and lead to
better packing of the CNTs through polygonisation [6]
or radial collapse [7].

Figure 1. The basic structure of high-performance polymer fibres (Staudinger´s model [3]) and some examples
of polymers and of a CNT used as building block for
synthetic fibres.

The initial development of CNT-based fibres has been
largely focused on obtaining mechanical properties that
can rival those of current high-performance fibres. Yet, it
is clear that the complex hierarchical structure of CNT
fibres and the possibility of engineering them across
multiple length scales open new possibilities beyond
mechanical performance. Doping the CNTs at the point of
growth by chemical vapour deposition (CVD), for
example, represents an attractive technique to modify the
optoelectronic properties of the building blocks of the
fibre and consequently, its macroscopic properties, such
as electrical and thermal conductivity and mechanical
properties.
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Since their discovery 20 years ago, carbon
nanotubes (CNTs) have held great, yet
unfulfilled,
promise
for
lightweight
multifunctional materials. A long held tenet is
that useful mechanical strength and electrical
conductivity can be attained only with very long
CNTs (millimeter or longer). Such requirement
limits severely potential applications, because of
poor scalability of growth and processing of long
CNTs. Here we report high-performance fibers
of short, bulk-grown CNTs (approximately 10
micrometers) produced by industrially scalable
wet spinning. The spinning process is similar of
that of PPTA, i.e., Kevlar and Twaron. The
CNTs are dissolved in a strong acid to form a
liquid crystalline dope; the liquid crystalline

dope is spun into a coagulant bath to form a solid
fiber, which is wound on a rotating drum. These
fibers combine the specific strength and stiffness
of carbon fibers to the specific electrical
conductivity of metals. The specific thermal
conductivity of these CNT fibers exceeds that of
metals and rivals the specific thermal
conductivity of the best pitch-based carbon
fibers. These scalable CNT fibers are positioned
for high-value applications, such as aerospace
electronics and field emission, and can evolve
into engineered materials with broad long-term
impact, from consumer electronics to long-range
power transmission. This work is a collaboration
between Rice University, Teijin Aramids,
Technion, and AFRL.
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INTRODUCTION
Ordered mesoporous silica materials have a great
interest that continues to grow as applications
emerge. Drug delivery system1, catalysis2, sensors3,
filtration4, are some fields that benefit from the
properties of these materials. Using them as fillers for
polymers may impart some properties taking
advantage of their high surface area, pore volume and
aspect ratio.
Electrospinning has been widely used to produce
high surface area fibers of polymer and polymer
blends 5,6 as well as attempting to produce fibers of
inorganic metal oxides 7. However, producing
inorganic nanofibers by using electrospinning is
difficult. In this study, we produce nanocomposite of
polyacrylonitrile (PAN) nanofibers filled with SBA15 type ordered mesoporous silica by using
electrospinning process. In our previous studies, the
influence of insertion of SBA-15 particles has been
investigated concerning the textural properties of
PAN nanofibers filled with these particles. It appears
that the porosity has been improved dramatically,
currently the question is to know the influence of
these embedded material on the mechanical
properties of the composite.
APPROACH
Materials
Polyacrylonitrile (PAN) with molecular weight
Mw = 150000 g.mol-1 supplied by Sigma-Aldrich
(France) and pure N,N-dimethylformamide (DMF)
purchased from Fisher Scientific (France), SBA-15
type ordered mesoporous silica particles with specific
surface area ( SBET) of about 800 m2.g-1 and pore
diameter around 7 nm, synthesized according to the
procedure of Zhao et al. 8 were used.
Methods
Three suspensions of SBA-15 particles in DMF with
a loading percentage of 2, 3 and 5 wt. %,
respectively, were prepared by using a high shear
homogenizer from IKA (France) at 18000 rpm during
30 min, then, the finite suspensions were
ultrasonicated for 30 min at 50 ˚C.
To prepare the charged dispersions to be electrospun,
a proper quantity of PAN equivalent to the
concentration of 12 wt. % was added to each
suspension of SBA-15 in DMF. Samples were stirred
for 24 h at 70 ˚C to insure the homogeneity of the
final spinning charged solutions.

The solutions containing both PAN and SBA-15 and
the solution of pristine PAN were then electrospun in
a home-made electrospinning set-up. All specimens
were electrospun under the same conditions by
holding the distance between the tip of the needle and
collector and the feed-rate constant, 20 cm and 0.212
ml.h-1, respectively, and varying the applied voltage
(11.5 , 13 and 14.5 kV).
Characterization
Scanning electron microscopy (Philips XL30 FEG)
was used to characterize the morphology of SBA-15
particles and electrospun fibers. Dimensions of both
SBA-15 particles and charged PAN webs were
evaluated using ImageJ 1.45S program. On charged
PAN micrographs, 30 different fibers of each
specimen were measured in diameters.
Tensile test was performed on MTS 20/M tensile
testing machine equipped with a pair of pneumatic
gripes. To prepare specimens for mechanical
characterization, the procedure that has been
developed by Hekmati et al. 9 has been followed.
Electrospun nanowebs were cut in 5 × 15 mm2 from
different area of nanoweb collection surface (Fig. 1a), then, samples were sandwiched between two
cardboard layers which functioned as the templates.
The specimen was placed between the grips of tensile
testing machine and before test the template was cut
from cutting lines (Fig. 1-b).

a

b

Fig. 1 (a) Cutting electrospun nanowebs and (b) final prepared
specimen before (to the left) and after (to the right) tensile strength
test.

Tests were conducted using 10 N load-cell with the
following parameters: extension rate of 50 mm.min-1,
distance between gripes of 5 mm and without pretension. All tests were performed under textile
standard conditions of 20 ± 2 ˚C and 65 ± 2 %. RH.
RESULTS AND DISCUSSION
Morphology Effect
thermogravimetric measurements revealed that
loading percentage of SBA-15 particles in the dry
sub-micron fibers produced are 12, 14 and 27 wt. %,

a)

2 µm

c)

2 µm

b)

2 µm

d)

2 µm

Figure 2 SEM micrographs of PAN nanofibers (a) and of PAN
submicron fibers filled with 12 wt. % (b), 14 wt. % (c) and 27 wt.
% (d) of SBA-15 and electrospun at 14.5 kV.

Fiber diameter [nm]

Figure 3 reveals that increasing the applied tension will
increase basically the fiber diameter. Moreover, charged
fibers diameters increase with the increase of loading
percent of SBA-15.
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Figure 3 Fibers diameters in relation to applied voltage.

Characterization of mechanical properties
In the limit of this study, it is difficult to measure the
thickness of electrospun nanoweb without deforming
it. Thus stress-strain curve could not be used as
indicator between different specimens. Instead,
another curve, force to specimen weight ratio versus
deformation, is used. Figure 4 gives the result
obtained for both PAN nanofibers and PAN charged
by 12 wt. % SBA-15 submicron fibers.
The morphological structure of tested nanowebs is
composed of non-aligned nanofibers. When loading
the nanoweb between the grips, certain number of
nanofibers is aligned in the direction of applied
tension (called as active portion of nanofibers), while
the others are either clamped by one grip or totally
not clamped (non-active portion). The curve related
to PAN begins with a reorganization region (up to 6
% of deformation) followed by the linear viscoelastic
region till 17 % of deformation. Active portion of
nanofibers is responsible for such behavior owing to
their viscoelastic properties. Finally, the region of
nonlinear viscoelasticity begins where the
deformation increases rapidly with a slight increase
in the tensile strength until reaching the maximum
strength of the active portion after which begins the

successive failure of the active portion without
remarkable rupture (nanofibers slip over).
Force/Weight ratio (N/g)

respectively, (results not shown). SBA-15 particles
have a rod-like morphology with a mean length in the
range of 0.9 to 1.0 µm and a thickness of about 0.18
µm (micrograph not shown).
When charging PAN solutions by SBA-15 particles,
sub-micron diameter fibers are yielded, as shown in
Fig. 2.
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Figure 4 Force to weight ratio in relation to deformation curves for
PAN and PAN charged by 12 wt. % SBA15.

Concerning the curve of charged PAN submicron
fibers, it has the same two first regions;
reorganization and viscoelastic regions, but with
different plastic behavior. It is clear that when ending
the linear viscoelastic portion, the failure starts up
directly suggesting that the active portion of charged
submicron fibers has lost its nonlinear viscoelasticity
rendering the composite more fragile.
CONCLUSION
Webs of PAN fibers filled with SBA-15 ordered
mesoporous silica particles were produced via
electrospinning. We found that due to the aggregates
of the SBA-15, the diameters of fibers obtained have
a sub micrometer size and the more the loading
percent of SBA-15, the coarser the produced fibers
are. Moreover, the addition of SBA-15 particles has a
significant impact on the mechanical properties of
produced nanofibers where they have the same
rigidity as pristine PAN nanofibers but they become
more fragile.
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INTRODUCTION
Carbon fibers are light-weight with high stiffness and
strength. The cost of conventional carbon fibers limits
their application to few areas such as aerospace and highend sporting goods. Reduction in their cost will therefore
open new markets for utilization; such as in automotive
applications that seek a light-weight structural material to
replace steel in vehicles to increase fuel economy. The
precursor cost of petroleum-based polyacrylonitrile
(PAN) and mesophase pitch (MPP) carbon fibers is
typically 51% of the total manufacturing cost (Baker and
Rials 2013), and therefore most potential for cost
reduction is in the use of a differing precursor material.
Lignin is the second most abundant natural polymer
on the planet. Its potential low cost, chemical properties,
renewability and availability make it an attractive choice
as a precursor for carbon fiber (Uraki et al. 1995; Kadla et
al. 2002; Baker et al. 2012). Historically, lignin is used as
a by-product of the pulping industry to provide power for
pulp mills, with an assigned nominal value of 4₵/lb. The
kraft pulping process is the main source of lignins, but
they contain high levels of impurities (ash and
carbohydrates) and therefore require extensive
purification prior to the melt spinning of fibers. However,
recent global attention towards the production of biofuels
provides the potential to obtain new, high purity lignins
that require minimal refining to be used for carbon fibers.
One process by which carbohydrates for biofuels can
be obtained is via organosolv fractionation. This process
was initially introduced to recover high-grade pulp
cellulose for paper manufacture; once again the lignin was
a by-product. However, some organosolv lignins have
been found to be melt-spinnable and could be converted
to carbon fiber (Uraki et al. 1995; Kadla et al. 2002),
albeit with far less than desirable thermal, processing, and
purity properties. The CRC/NREL developed organosolv
process (OST) (Black et al. 1998), differs from traditional
processes in that it uses a ternary solvent system of
Insolubles

methyl isobutyl ketone (MIBK), ethanol and water, with a
small amount of sulfuric acid as catalyst (Bozell et al.
2011). This particular process offers a high selectivity for
fractionation of the primary components of biomass:
hemicellulose, cellulose and lignin (Figure 1). In addition
to this, the process uses relatively mild conditions and
therefore affords the ability to recover high purity lignins
with adjustable thermal properties towards particular
utilization in differing products.
The objective of this work was therefore to
investigate the possibility of recovering high quality
lignins that are directly suitable for manufacturing lowcost carbon fiber from both switchgrass and poplar.
MATERIALS AND METHODS
Alamo Switchgrass and Yellow Poplar were used for
OST. In brief, the biomass sample was placed in a flowthrough reactor. An acidified ternary solvent was passed
through the biomass using differing pHs, temperatures
and times. The liquor stream was recovered and separated
to give a hemicellulose rich aqueous phase and a lignin
rich organic phase; cellulose was recovered from the
reactor. Each product was recovered and purified in a
similar way as described previously (Bozell et al. 2011).
The Tg of the OST lignins were measured by
differential scanning calorimetry (DSC; PE Pyris
Diamond), while thermal decomposition was studied by
thermogravimetric analysis (TGA; PE Pyris 1). The
softening and melt behaviors of the samples were
characterized optically using a Fisher-Johns melting point
apparatus. CHN contents were monitored by combustion
elemental analysis (CHNS/O; PerkinElmer Inc.). The ash
content and purity of the lignins were determined
according to NREL protocols and structure/functional
group properties were measured by FTIR in conjunction
with principal component analysis.
Melt spinning studies of the lignins were performed
using a Haake MiniLab twin screw extruder (Thermo
Wash

Aqueous

Solubles

Figure 1: The CRC organosolv fractionation process for
recovering lignins with optimal properties
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Electron Corp.), modified to have 2 heating zones and a
spinneret assembly. The temperature of the two heating
zones was optimized for each lignin sample and a rotating
cylinder was used to collect monofilament fiber.
Oxidative thermostabilization of the lignin fibers,
were performed by heating the sample to 250°C at
selected rates using a forced air programmable convection
furnace. The oxidatively thermostabilized fibers were
then carbonized by heating to 1000°C under inert
conditions, and by use of differing thermal profiles.
The morphology of the fibers from the differing
lignins was studied by scanning electron microscopy
(SEM), while their tensile properties were measured
according to the ASTM standard (ASTM D3379-75)
using an Instron single filament testing machine.
RESULTS AND DISCUSSION
The purity of the recovered lignin samples was found
to be 90-95%, with impurities being assigned to bound
carbohydrates, ash, and residual carbohydrates. Their ash
contents were very low in comparison to lignins obtained
using other methods of biomass fractionation (0.5 to
18%). The purity of the lignins recovered from poplar was
higher than those from switchgrass (Tables 1 and 2).
The thermal properties of the lignins exhibited only
small changes due to differing fractionation conditions.
All samples showed a clear glass transition, a complete
melt and flow. The TGA onset in switchgrass lignin was
lower than for poplar lignins which also can indicate
slightly higher residual carbohydrate contents. While
poplar lignins were directly used for melt spinning,
switchgrass lignins were refined using different solvents
to improve melt spinning properties.
Table 1. Thermal properties of some yellow poplar lignins.
Tg (°C)
Delta Cp (J/g.°C)
TGA onset (°C)
Td (°C)
DTG peak (°C)
DTG Peak value
(%/min)
Tm (°C)
Tf (°C)
Char (%)
Ash content (%)

Condition 1

Condition 2

Condition 3

Condition 4

117.6
0.380
291
260
371
‐5.01

122.7
0.403
311
264
380
‐5.06

118.2
0.387
308
256
375
‐4.86

131.7
0.403
317
278
377
‐4.45

144
148
33.1
0.07

150
154
35.3
0.13

150
153
37.4
0.19

169
177
40.9
0.21

Tg: Glass transition temp.; Td: thermal decomposition temperature (5%
weight loss temperature); Tm: melting temperature; Tf: flow temperature.

Table 2. Thermal properties of some switchgrass lignins.
Tg (°C)
Delta Cp (J/g.°C)
TGA onset (°C)
Td (°C)
DTG peak (°C)
DTG Peak value
(%/min)
Tm (°C)
Tf (°C)
Char (%)
Ash content (%)

Condition
1
129.6
0.346
280
248
375
‐3.72

Condition
2
132.9
0.361
295
262
379
‐3.68

Condition 1
(fraction 1)
107.5
0.388
262
242
379
‐3.87

Condition 1
(fraction 2)
Ca. 161
ND
285
262
369
‐3.60

160
163
34.4
0.10

168
172
38.5
0.20

132
135
29.7
0.05

195
205
36.3
0.05

Tg: Glass transition temp.; Td: thermal decomposition temperature (5%
weight loss temperature); Tm: melting temperature; Tf: flow temperature.

A refined switchgrass lignin (fraction 1; Table 2) had
a lower glass transition (107°C) compared to the original
lignin and fraction 2 (129.6°C and 161°C, respectively).
Fraction 1 was prepared with an overall yield of 41.5%
from the original lignin; and fraction 2 (53.5% yield) was
extracted from the residue left over from the fraction 1
extraction of the parent lignin. The remainder (5%) was
found to be insoluble and infusible. Fraction 1 was used
for melt spinning.
Fibers with different diameters were melt spun from
the poplar lignins and the refined switchgrass lignins,
using different spinnerets. The diameter of the carbonized
fibers were in range 10-40 µ, depending on the type of
spinneret used (Figure 2). Oxidative thermostabilization
and carbonization of the spun fibers progressed well. The
morphology and properties of the carbon fibers produced
will be presented within the conference seminar.
(a)

(b)

(c)

(d)

Figure 2: SEM images of carbon fibers from switchgrass (a and
b), and poplar (c and d).

CONCLUSIONS
Poplar and switchgrass are two main feedstocks under
consideration to provide carbohydrates for bioenergy
production. The use of our clean fractionation technology,
in contrast to prevailing pretreatment techniques, resulted
in the provision of high purity lignins which can be used
as a renewable and inexpensive precursor for the
manufacture of carbon fiber. The use of these lignins in
high value products could subsidize the cost of bioenergy.
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Carbon because of its chemical stability and electrical
conductivity is an ideal material for electrochemical
applications. Its use can be optimized when the carbon is
assembled into porous and micron-sized electrodes.
Indeed porosity enhances electrochemical responses, and
micro-dimensions allow high spatial and temporal
resolutions. We present in this work carbon fiber
microelectrodes which are made of assembled carbon
nanotubes (CNTs). The present fibers exhibit promising
performances as electrodes for bio-fuel cells (BFCs) or
electromechanical actuators. Efficient BFC electrodes are
usually achieved via complex processes that involve the
delicate combination of biocatalysts, red-ox mediators
and electrode materials [1]. Complicated designs are
serious barriers for the scale-up, reproducibility and
robustness of current technologies. The new
microelectrodes reported in this work are comprised of
CNT assemblies in which bilirubin oxidase (BOD) is
directly included in a one step wet fiber spinning process
without any mediator or binder. A multicopper oxidase,
such as BOD, allows the reduction of molecular oxygen at
red-ox potentials suitable for uses in physiological
conditions. Moreover, because of their small dimensions
and large capacitance, CNT fiber microelectrodes
overcome poor electron transfer and slow mass transport
of substrates. These phenomena are generally the most
significant rate-limiting steps in electrochemical
applications. The microelectrodes developed in this work
enable a direct electron transfer process between the T1
copper center of bilirubin oxidase and carbon nanotubes
at a potential of 0.30V vs Ag/AgCl with a maximum
current density of 0.6mA/cm2. In addition to applications
in electrochemical BFCs, we also explore the properties
of the present CNT fibers as electromechanical actuators.
CNT assemblies have been already shown to deform in

response to a voltage in a given electrolyte. The
deformation results from charge injection and electrostatic
phenomena. Interestingly, CNT microfibers have been
shown to perform better than random assemblies of CNTs
such as bucky papers [2]. Nevertheless, as observed in
other CNT actuators, raw CNT fibers suffer from a major
weakness for actuator applications. Indeed, the fibers
exhibit creep due to the sliding of neighboring CNTs
along each other in response to a small applied
mechanical load. As a consequence the fibers cannot
generate a large stress nor sustain a large preload as
required in actual applications. In order to overcome this
limitation, we have developed a modified fiber spinning
process in which a small amount of polymer binder is
included within the fibers during the spinning process.
The binder is subsequently chemically cross-linked. The
presence of the cross-linked binder results in improved
mechanical properties and in a significant reduction of
creep. The actuation mechanisms and improvements of
properties will be discussed.
From a general point of view, the present results open
routes towards the development of technologies for
energy production and conversion in which CNTs are
used under the form of fiber microelectrodes.
REFERENCES
[1] Gao, F., L. Viry, M. Maugey, P. Poulin, N. Mano.
“Engineering Hybrid Nanotube Wires for High Power
Biofuel Cells” Nature Communications 1, 2, 2010, DOI:
10.1038.
[2] L. Viry, C. Mercader, P. Miaudet, C. Zakri, A. Derré,
A. Kuhn , M. Maugey, P. Poulin. “Nanotube fibers for
electromechanical and shape memory actuators.” J. Mat.
Chem.20,
2010,
3487-3495.

Low-density Carbon Fibers from Polyacrylonitrile-based
Precursor Fibers with Honeycomb Structure
Prabhakar Gulgunje, Bradley Newcomb, Kishor Gupta, Han Gi Chae, Satish Kumar
School of Materials Science and Engineering, Georgia Institute of Technology
801 Ferst Drive NW, MRDC-1
Atlanta, GA 30332-0295
prabhakar.gulgunje@mse.gatech.edu
ABSTRACT
It will be of great benefit to reduce carbon fiber
density from its current value of ~1.8 g/cm3 so that
light weight and high-performance structures can be
made from them. The density of current PAN-based
carbon fiber/epoxy (60 vol%/40 vol%) composites is
about 1.54 g/cm3. A composite consisting of 60 vol%
carbon fibers (with a density of 0.8 g/cm3) and 40
vol% epoxy matrix (with a density of 1.2 g/cm3) will
have overall density of 0.96 g/cm3. With the goal to
produce high-strength and high-modulus carbon
fibers of densities in the range of 0.8-1.4 g/cm3,
polyacrylonitrile (PAN) based precursor fibers were
produced with a honeycomb structure using bicomponent spinning technology with islands-in-a-sea
geometry. Honeycomb precursor fibers consisted of
PAN as the sea component and poly(methyl
methacrylate) (PMMA) as the islands component,
containing 7 islands. These fibers were produced
using the dry-jet wet spinning method. Fibers were
successfully manufactured from both, control PAN as
sea component and PAN/carbon nanotube (CNT)
composite as sea component. During carbonization,
PMMA islands component was removed by thermal
degradation, resulting into honeycomb like hollow
structure. Thus, hollow PAN and PAN/CNT based
carbon fibers have been manufactured with an
estimated density of 1.1 g/cm3. Results of these
studies will be presented and discussed.
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Cross-section of hollow carbon fiber
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ABSTRACT
Graphene oxide (GO) and graphene are two dimensional
materials that have atracted great attention due to their
outstanding mechanical properties and potential
applications [1]. Graphene oxide can be synthesized in
large quantities using a relatively simple method and
converted to graphene by chemical or thermal reduction.
Free-standing GO films have been prepared mainly by
filtration, whereas GO macroscopic fibers have been
prepared mainly by wet-spinning [2,3]. In this work, we
show a new method based on convection drying for the
large scale preparation of free-standing GO films with
dimensions larger than 600 cm2 as well as GO fibers. The
method can be scaled up for the continuous production of
GO films and macroscopic fibers, and also adapted for the
preparation of hybrid fibers. We studied some parameters
affecting the properties and preparation of graphene oxide

fibers, such as: fiber diameter, relative humidity, chemical
impurities, and drying conditions. We found that
laboratory relative humidity and sulfuric acid traces
affected considerably the preparation of GO fibers. These
fibers showed outstanding knottability, elastic behavior,
low self-abrasion, low weight, and high-toughness.
Failure mechanism of GO fibers ranged from brittle to
ductile. Thermal or chemical reduction of GO fibers
results in lightweight and highly conductive macroscopic
graphene fibers. This new method shows potential
application for the preparation of functional graphene and
graphene oxide fibers.
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OBJECTIVE
The objective of this research is to develop inexpensive,
high-performance, carbon nanotube (CNT) coated
engineering materials, e.g., glass fibers, carbon fibers,
Kevlar fiber etc. A novel concept and technology is
applied to directly grow CNT on the surfaces of
engineering materials, which will provide potential
solutions for the challenges of low dispersibility, high
cost for the application of CNT.
ABSTRACT
Nanomaterials, such as carbon nanotubes (CNT), metal
oxides, and polymers, possess superior mechanical,
thermal and electrical properties, lead to broad
applications in composite materials, smart structures,
chemical sensors, energy storage and nano-electronic
devices. However, the high cost and difficulty in getting
large scale, high quality nanomaterials remain challenges.
We demonstrate for the first time an affordable and
scalable microwave approach for the direct growth of
CNT, nanostructured metal oxides on a wide range of
substrates, including carbon fibers, glass fibers, Kevlar,
and Basalt fibers (Figure 1). The microwave initiated
nanomaterial growth will take only 20-30 seconds under
the microwave irradiation at room temperature in the air,
no need of any inert gas protection, and additional feed
stock gases, usually required in CVD approach.

Demonstrated by the preliminary testing through
Scanning Electron Microscope (SEM) and Transmission
Electron Microscope (TEM), the as-produced CNTs
possess hollow centers, with the diameter ranging from
10-100 nanometers, and the length varies from several to
tens of micrometers. Although the type of the CNT is not
yet determined, it’s reasonable to predict the majority of
the product should be multiwalled nanotubes (MWNT),
based on the diameter range. The image below shows
CNT growth on glass fibers. [1,2]

Figure 2: CNT on glass fibers
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Figure 1: Microwave-initiated carbonization
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INTRODUCTIONS
Proteins are abundant biodegradable and renewable
biomacromolecules highly attractive in manufacturing
environmentally friendly and biocompatible materials and
products. Soybean is one of the most important cultivated
plants in the world, and soy protein is an essential protein
source with a potential source of verity health effects. In
2010, the USA produced almost 35% of soybean yield in
the world1. Soybean mostly used to produce soy oil, while
residue soy proteins are a by-product of oil factories.
Unlike fiber forming polymers in linear structures, soy
proteins are globular molecules. The globular structures
of soy proteins such as glycinin and β-conglycinin are
lack of enough physical interactions between the chains in
comparison with linear ones such as cellulose. Chain
entanglements between polymeric chains parallel to the
fiber axis are one of many parameters that can
significantly influence fiber formation during fiber
spinning. While the importance of chain entanglements
has been acknowledged, there is no clear understanding of
how many entanglements are required to affect and
stabilize fiber formation. Chain entanglements in a melt
are essentially physical interlocking of polymer chains,
which is a direct consequence of chain overlap. Chain
overlap and the number of entanglements increase with
polymer chain length or molecular weight. Overall, if the
conformational structures of the protein can be controlled
and denatured to become linear forms in solvent systems,
soy protein can be produced to fibers.
APPROACHES
Scientists have been working on production of soybean
protein fibers for decades but with limited successes so
far. Denaturing and controlling the structure of the
proteins by using the lowest possible amount of
denaturants (e.g. urea or guanidine chloride (GdnHCl)) is
the first step of this research. To decrease the required
amount of denaturants some approaches have been
proposed, including 1) increase electrostatic repulsion by
changing pH and 2) select different solvent systems
(water-organic solvent) to decrease the hydrophobic
interactions within the protein so as to decrease the
required amount of denaturing agents to an acceptable
level for soy protein fabrication processes.

RESULTS AND DISCUSSION
Electrostatic repulsion: The stability of proteins depends
on a detailed balance of repulsions and interactions. One
of the important factors influencing the interactions
among the protein molecules and then protein folding and
stability is the pH of its environment. A significant
component of the pH-dependent free energy differences
between native and denatured states is due to a small
number of amino acids whose pKa’s are shifted
anomalously in the native protein.2 These are electrostatic
interactions between cationic and anionic amino acids
side chains, and the energies between the ionizable amino
acid side chains can be justified and estimated by
Coulomb’s law (Eq. 1 & Fig. 1 )3,4.

Fig 1. Schematic of charge-charge interaction

Eq. 1
where r is the separation distance and Ke is the Coulomb
force constant and D is the dielectric constant. A positive
force implies it is repulsive, while a negative force
implies it is attractive. By changing the pH of the
environment, the net charge of the protein changes. And
based on the amounts and positions of the ionizable
amino acid side chains, electrostatic attraction or
repulsion of the protein will be determined5. By
increasing or decreasing pH to go far from the isoelectric
point (pI) of the proteins, the electrostatic repulsion will
be induced6. The electrostatic repulsion depends on the
protein structure and the amount of ionized side chains
possessing the same charge (in a better word, the density
of the charge) in the protein. Effects of pH on denaturing
of soybean proteins have been studied in this research by
measuring the elipticity of circular dichroism (CD). Table
I shows the values of elipticity at 220nm for 0.1% of
either glycinin or β-conglycinin at different pH values.
The greater negative values of CD shows the higher order
of secondary structures of protein presence in solutions. It
is obvious that basic solutions can denature soy proteins
better than the acidic ones. Soy proteins are insoluble in
water at pH values close to their isoelectric points.
Urea and guanidine hydrochloride solutions can dissolve
soy proteins, but the dissolution mechanism is not known

Table I. elicpticity of glycini and β-conglycini in solutions with
different pH values.

pH
1
2
3
4
5
6
7
8
9
10
11
12
13

Glycinin
-20.19
-11.15
-6.07
-14.19
-16.32
--7.81
---9.78
-9.10
-15.95
-15.11
-5.84

β-conglycinin
-19.96
-19.67
----13.22
-12.42
-13.47
-13.03
-15.08
-11.25
-9.10
-5.27

Fig 3. Reological behavior of soy proteins in different solvent
systems.

clearly. Since proteins are composed of amino acids with
different side chain structures and varied polarities, the
common practice to dissolve the proteins is to prepare an
appropriate environment with various chemical properties
for them to favorably interact with solvent molecules so
as to break down intermolecular interactions of the
protein molecules. Thus, organic solvent systems with
different physiochemical properties were explored in
order to find some proper ones for soy proteins. As an
approach, we tried to employ three dimensional solubility
parameters developd by Hansen as a tool in exploration of
potential solvent systems for soy proteins. Solubility
parameters of the urea solution that could dissolve the
protein were employed as an reference standard. An
integrated analysis of three solubility parameters of the
solvents in dissolving purified soy bean proteins was
conducted (Fig 2). Rheometric results of the protein
solutions showed shear-thinning behavior similar to
common linear polymers (Fig 3) which represent
denatured and coil chains interactions, and the
hydrodynamic radius of protein molecules in the solutions
illustrated different types of aggregation for the selected
proteins.
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CONCLUSIONS
Vegtebles protein can be denatured by using organic
solvent system to mimic the solubility properties of
denaturent agents such as urea solution. Among all pH
values basic solutions can accelerate the denaturation
phenomena by increasing electrostatic repulsuion between
same charges. Reological properties of soy protein
solutions were shown shear-thining behavior.
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INTRODUCTION
Microscale mass transport can be very slow when relying
solely upon molecular diffusion of particulates. In order
to overcome this limitation, a variety of biological
organisms utilize beating cilia to create flows in the
surrounding fluid which help them to transport, capture,
and absorb nutrients, as well as to expel foreign objects1, 2.
Inspired by the ability of nature to utilize cilia to regulate
microscale transport processes, researchers have designed
a variety of biomimetic synthetic cilia for use in
microfluidic devices. For example, Evans et al.3 built high
aspect ratio cantilevered synthetic cilia from a PDMSferrofluid composite material and demonstrated that they
could be actuated using an external magnetic field.
Recently, Khaderi et al.4 actuated magnetic artificial cilia
with a rotating permanent magnetic field so as to generate
metachronal waves to pump fluid through a microchannel.
Therefore, it is known that active synthetic cilia can be
used to influence fluid flow in microfluidic systems.

Fig. 1 Snapshot of an oscillating filament and the
instantaneous velocity of the surrounding fluid.
In our simulations, we use a fluid-structure interaction
method5, 6 that combines the lattice Boltzmann model
(LBM)7, 8 with a lattice spring model (LSM)9 to model the
dynamic interactions between the viscous fluid and the
elastic filaments. We also couple this hybrid model with a
Brownian dynamics (BD) model to simulate nanoparticles
within the system10.
As is customary in fluid dynamics, we characterize our
system using dimensionless parameters. The sperm

We investigate the ability of oscillating synthetic cilia to
enhance deposition of nanoparticles onto ciliated
microchannel walls. We use three-dimensional numerical
simulations to consider the deposition of nanoparticles
dispersed in a viscous fluid in a microchannel with walls
covered with periodic arrays of oscillating synthetic cilia.
We investigate the effect of the filament oscillation
frequency and particle diffusivity on nanoparticle
deposition at a low Reynolds number, so as to determine
the conditions at which oscillating filaments are most
effective in enhancing nanoparticle deposition.

number, Sp  L EI 0.25 , gives the ratio of viscous to
elastic forces on the oscillating filaments, and defines
their bending pattern. The Schmidt number, Sc   D ,
shows the relative importance of convection to molecular
diffusion in mass transport in the system. We vary Sp
and Sc to determine how the filament oscillation
frequency and particle diffusivity affect the ability of
beating filaments to enhance deposition of nanoparticles
onto the walls of a microchannel.

APPROACH
We simulate a microchannel filled with a viscous fluid
and carpeted on the top and bottom walls with arrays of
elastic filaments. The filaments are driven by a sinusoidal
force applied horizontally at their free ends, causing them
to oscillate as shown in Fig. 1. We simulate the deposition
of nanoparticles that are initially distributed evenly
throughout the channels on the walls of the microchannel.

RESULTS AND DISCUSSION
In order to quantify nanoparticle deposition enhancement,
we use a deposition enhancement factor E P  t D t C ,
where t D is the time required to reach the desired
deposition P in a bare microchannel, and t C is the time
required to reach the same P with oscillating filaments.
We investigate the effect of Sp on the ability of the
oscillating filaments to enhance nanoparticle deposition in
the microfluidic channel. As seen in Fig. 2, optimal
deposition enhancement is achieved at Sp  3 , where
90% of particles at Sc  4000 deposit almost twice as
fast with oscillating filaments than they do in
microchannels without filaments.

Fig. 2 Dependence of E at 90% deposition on Sp .
The non-monotonic relationship between E and Sp is
caused by the flow patterns which filaments oscillating at
different Sp generate within the fluid. Oscillating at
Sp  3 , filaments create large circulating flow patterns
capable of advecting particles from the center of the
channel toward the wall so that they can deposit.
Additionally, the period-averaged velocities of the flow
created by filaments oscillating at Sp  3 are an order of
magnitude higher than those for other Sp .
We also find that deposition enhancement increases as the
Sc of the system increases. Thus, larger, less diffusive
particles experience a greater amount of deposition
enhancement than smaller, more diffusive ones.
CONCLUSIONS
Using three-dimensional computer simulations, we find
that oscillating cilia-like filaments can enhance deposition
of nanoparticles onto microchannel walls. Further, we
find that this deposition enhancement is optimized for
filaments oscillating at Sp  3 . The effect of filaments on
nanoparticle deposition is greatest for large particles with
low diffusivity.
Our results can be used to guide the optimized design of
microfluidic devices that utilize biomimetic elastic
filaments actuated by an external force to enhance
microscale transport processes.
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STATEMENT OF PURPOSE
The aim of this study was to manufacture the electrically
conducting multi-functional textiles from cellulose and
chitin nanocomposite fibers using ionic liquids as
environmentally benign solvents for dissolution of
cellulose and chitin, improve the cellulose and chitin
nanocomposite fiber’s conductivity by adding different
types of conducting nanoparticles and characterize the
fibers’ properties as well as the corresponding
nanoparticle’s dispersion and distribution in fibers.
INTRODUCTION
Cellulose possesses numbers of excellent performances
such as good molecule order, outstanding strength[1],
great thermostability and excellent environmentally
harmonious
assets
including
renewability,
biodegradability and biocompatibility, which make it the
main expected chemical resources of the future. Chitin is
the second most abundant natural polymer in the world
after cellulose,[2] which is particularly useful for its
antibacterial activities applicable in medical applications
in addition to its excellent green and ecological properties
like cellulose. However, both of cellulose and chitin leave
large environmental footprints due to the hazardous
solvents used to break the intra- and inter-molecular
multiple hydroxyl groups during fiber spinning.[3]
Nanoparticles are recently considered to be highly
potential as filler materials to improve the mechanical and
electrical properties of polymers in the fields of natural
science and engineering, whose specific surface areas can
be up to more than 1000 m2/g.[4] Their excellent
mechanical properties including the high aspect ratio,
young’s modulus and tensile strength as well as the
electrical and thermal conductivity make them the new
perspective nano-fillers in polymers for multi-functional
materials.[4]
Electrically conductive polymer textile fiber is desirable
in number of applications such as electronic textiles
(smart shirt)[5] which can measure body temperature and
heart rate, as well as textiles which can be used as
electrically conducting implantable electrodes for brain
stimulations[6]. However, cellulose and chitin dissolving
using benign solvents and uniform dispersion of
nanoparticles in cellulose and chitin solution dopes still

remain as the main challenges to achieve highly
conducting cellulose and chitin nanocomosite fibers.
APPROACH
1-Ethyl-3-Methylimidazolium Acetate (EMIMAc) was
used as an environmentally benign solvent for dissolution
of cellulose and chitin as well as for dispersion of
nanoparticles in the solution dopes. Cellulose and Chitin
nanocomposite fibers were spun out from the solutions by
wet-dry spinning to systematically understand the effects
of fiber spinning conditions on the conductivity of
cellulose and chitin nanocomposite fibers. The cellulose
and
chitin
nanocomposite fiber’s properties
were
characterized through multiple methods such as
microscopy, Fourier
transform
infrared
spectroscopy (FTIR),
tensile
testing,
electrical
conductivity
measurement, Scanning
Electron
Microscopy (SEM) and wide angle X-ray diffraction
(WAXD).
RESULTS AND DISCUSSION
We added 0.5 wt%, 1 wt%, 3 wt%, 7 wt% and 10 wt%
multiwall carbon nanotubes (MWNTs) into the
cellulose/EMIMAc
solutions,
spanned
cellulose
nanocomposite fibers and characterized their properties.
We found that only when the MWNTs weight percent
was higher than 7 wt%, the cellulose nanocomposite
fibers were conductive. When the MWNTs weight
percent was higher than 10 wt%, the solution’s viscosity
was too high to be spanned.
The conductivity of the cellulose nanocomposite fiber had
been improved greatly with the addition of 10 wt%
MWNTs. The effect of fiber extrusion speed and fiber
winding speed on the degree of alignment of MWNTs and
the resulting electrical properties of the cellulose/MWNTs
composite fibers had also been studied. The increasing
extrusion and winding speeds caused significant decreases
in the electrical conductivity of the cellulose/MWNTs
fiber due to the alignment of MWNTs which resulted in
fewer contacts between MWNTs in cellulose fiber matrix.
To study the way of the spinning rate effecting on fiber’s
conductivity, we use the Scanning Electron Microscope
(SEM) and Wide angle X-ray Diffraction (WXAD) to
analyze the cellulose nanocomposite fibers. The SEM
image of cellulose/MWNTs fiber’s broken cross sections

showed that, when the extrusion and winding speeds
increased, the MWNTs were aligned along fiber axis.
(Fig.1)

1.

2.

Fig. 1. SEM Image of high spinning speed cellulose/3.
MWNTs nanocomposite fiber’s cross section.
4.
CONCLUSIONS
We developed a method to dissolve cellulose, chitin and
MWNTs using EMIMAc as environmentally benign and
recyclable solvent. After addition of 10 wt% MWNTs, we
achieved high electrical conductivity which was found to5.
be strongly dependent on both extrusion and winding
speeds of fiber during wet spinning. We got regenerated
cellulose/MWNTs composite fibers without EMIMAc
leaving inside. The cellulose/MWNTs composite fiber6.
could only be conductive when the MWNTs
concentration was higher than 10 wt% (with respect to
cellulose). To improve cellulose/MWNTs composite
fiber’s conductivity, both extrusion speed and winding
speeds could be decreased.

FUTURE WORK
In the future, we will find a way to spin
cellulose/MWNTs fiber with concentration more than 10
wt% and analyze the property of cellulose/MWNTs
composite fibers. To improve the fibers’ electrical
conductivities, we will also add different nanoparticle
fillers into the cellulose/EMIMAc solution, spin fibers
from it and analyze the fibers’ property.
Chitin/MWNTs fibers will also be spun using the same
method with cellulose.
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INTRODUCTION
Detrimental effects to the environment and human health
can be prevented by removing nitrates during wastewater
treatment. Nitrates do not readily bind to the soil and thus,
they are highly susceptible to leaching1. Due to their high
water solubility, nitrates are among the most widespread
groundwater contaminant in the world. Both natural and
anthropogenic origins including, fertilizers, human
excreta, sewage disposal, cattle seepage, and industrial
effluents, have been linked to the elevated concentrations
of NO3− present in potable water. When introduced into
natural aquatic systems, nitrates lead to eutrophication of
rivers and deterioration of water sources. Additionally,
stomach cancer2 and blue baby syndrome3 have been
linked to nitrates. In response to these implications, the
U.S. Environmental Protection Agency has established a
maximum contaminant level of 10 mg L-1 of NO3− in
public drinking water4. Thus, the removal of nitrate
contamination is a pressing concern.
Numerous technologies are currently employed to remove
nitrates — ion exchange, reverse osmosis, adsorption,
chemical methods and biological methods.1 Among these
biological denitrification is the most common method for
removing low quantities of nitrates from wastewaters.
Here, microbes convert nitrate to inert nitrogen gas.
Unfortunately, the conversion proceeds slowly because
the microorganisms responsible for the elimination
reactions grow slowly. To overcome this limitation, the
concentration of microbes can be increased via
immobilization on solid surfaces. Previously, particles
formulated from polymers, carbons, and industrial/
agricultural wastes from have been investigated as
supports for microbial immobilization.1 However, an
alternative support that could entrap more microbes is
needed.
In this study, we investigate the interface between
cellulose fiber mats and microbes. Electrospun fiber mats
offer an interconnected pore structure, high levels of
porosity, and gas permeation,5 which can support a highly
concentrated number of microbes. Nitrogen removal
using cellulose fiber mats will be investigated as a
function of time and nitrate concentration using synthetic
wastewater.
RESULTS AND DISCUSSION
Cellulose acetate fiber mats have been successfully
electrospun and regenerated into cellulose fiber mats.

Using scanning electron microscopy, the average fiber
diameter for the as-spun and regenerated mats was
determined to be 1.26 ± 0.4 µm and 1.08 ± 0.46 µm,
respectively. The fiber diameter and regeneration was
determined to be consistent with previous reports6 using
Fourier transform infrared spectroscopy and differential
scanning calorimetry. Incubation of Escherichia coli K12
on the cellulose acetate and regenerated cellulose fiber
mats confirmed that microbes remain viable for an
extended amount of time and that the mats are appropriate
for use in our future work.
CONCLUSION
Electrospun cellulose fiber mats hold potential as a
chemically durable and non-toxic support for the
immobilization of microbes. Potentially, nitrate removal
by biological denitrification could be enhanced by the
high surface-to-volume ratio that the mats have to offer.
FUTURE WORK
We are currently immobilizing Pseudomonas stutzeri, a
denitrifying bacterium onto the electrospun and
regenerated cellulose fiber mats. The biological
denitrification of wastewater will be investigated using a
fluidized bed bioreactor loaded with cellulose fiber mats.
We anticipate that the implementation of electrospun
cellulose fiber mats will result in a higher nitrate removal
then commercial cellulose fiber filters or particles.
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ABSTRACT
The United States dependence on fossil fuels has become
mandatory over the past few decades. Hence, the need to
identify alternative energy sources is imperative to energy
sustainability. Organisms such as the termite and fungi
are potential vessels that have a natural affinity towards
producing simple sugars needed for bioethanol
production. In the southeast United States, subterranean
termites are prevalent and present microbes in their gut
that degrade wood particles (containing cellulose) and
produce the C6 sugars that can be used to produce level
one biofuels, such as bioethanol. Upon seasonal change,
subterranean termites undergo less enzymatic activity and
wood-eating capability limiting the amount of sugars that
may be produced. This limited activity sparks an interest
to investigate this poorly understood phenomenon of how
temperature may affect the enzymatic activity in
subterranean termites’ guts. In this study, we report the
development thermo-responsive biomaterial nanofiber
mats containing cellulose to model and analyze cellulase
activity. Using electrospinning techniques, poly(Nvinylcaprolactam) cellulose fibers have been prepared via
alkaline hydrolysis and labeled with fluorescent
molecules that track cellulase activity. Subterranean
termites (reticulitermes species) were fed fiber mats for
10 consecutive days to assess enzyme mapping and
kinetics. Absorbance and fluorescence measurements
indicate that glucose amounts and cellulase activity
increase over time and with temperature. Fluorescent
microscopy images confirmed spatial and temporal
localization of cellulase activity throughout the termite
gut up to three days of digestion. Moreover, simple sugar
production was also determined using infrared
spectroscopy and liquid chromatography methods. These
novel high affinity smart fibers show promise towards
future bioethanol fermentation using glucose.
INTRODUCTION
In the southeastern United States, subterranean termites
highly populate the region. The gut of the subterranean
termite fosters a natural bioreactor that can be used to
digest cellulose from wood products followed by
production of simple sugars. Hence, using the termite gut
to understand cellulase-cellulose interactions for
producing simple sugars towards biofuel production is of
particular interest. Therefore by developing affinity fiber
membranes using electrospinning techniques, serves as a
scaffold to help detect cellulose-cellulase interactions.
Towards this end, we have fabricated a temperatureresponsive polymer fiber affinity membrane using
electrospun fibers. These fibers provided a smart substrate

that undergoes phase changes upon temperature change
which enable attachment and detachment of biological
entities. The preparation and characterization of
temperature-responsive poly(N vinylcaprolactam)[PVCL]
and cellulose fiber mats have previously been reported.2
Herein, we report the use of temperature-responsive
PVCL-cellulose fibers as affinity membranes to detect
cellulase activity in subterranean termites. We
hypothesize that Reticulitermes sp. termites will consume
PVCL3-CELL fibers due to the addition of carboxylic
acid functional groups. Cellulose-cellulase activity was
measured using fluorescence activity and detected using
fluorescent microscopy by imaging termites upon (5-(4,6dichlorotriazinyl)aminofluorescein [DTAF] digestion.
APPROACH
PVCL polymers were characterized using proton nuclear
magnetic resonance (NMR) [Bruker 400 mHz], ATRFTIR [Nicolet Magna-IR 550 Series II spectrometer], and
SEC [Malvern Triple Detector].2 Three types of
electrospun fiber were prepared from a solution of PVCL
homopolymers and a cellulose acetate.2 An 8% (w/v)
solution of PVCL-cellulose acetate solution was prepared
using dimethylformide (DMF) and PEO and allowed to
mix for 15 minutes at 100°C. Fiber mats were
characterized using a field emission scanning electron
microscope (FE-SEM) JSM-6335 to determine nanofiber
size distribution and morphology. PVCL-cellulose acetate
fiber mats were hydrolyzed using 0.1N NaOH at 100°C
for 2 hours to yield PVCL-cellulose (PVCL-CELL)
fibers. Next, fiber mats were tagged with fluorescent
molecule
(5-(4,6-dichlorotriazinyl)aminofluorescein),
DTAF by mixing 5uL in 0.1N NaOH for 24 hours. Simple
sugar identification was carried out using parahydrobenzoic acid hydrazine (PHBH) according to
previous methods.4 Subterranean termites (Reticulitermes
sp.) were collected from the campus termite trap and
allowed to starve for 48 hours. Termite sample
preference, consumption, and mortality rates were
determined by using 10 termites per petri dish in an
incubator at 27°C in 84% relative humidity. Termites
were incubated for 10 days and weighed every 24 hours.
Fluorescent microscopy images were taken in 6 hour
intervals at 25°C and 37°C to determine spatial and
temporal localization of DTAF throughout the termite.
RESULTS AND DISCUSSION
PVCL-Cellulose Fiber Characterization
Three PVCL-CELL fibers were prepared via
electrospinning and alkaline hydrolysis and characterized
using SEM, FTIR, and SEC. SEM images confirm the

uniform morphology of PVCL-CELL while the ATRFTIR image [data not shown] confirms the deacetylation
process of PVCL-cellulase acetate.2 The molecular
weights, solution concentration, and flow rate, etc. of each
PVCL sample affected the morphology of the electrospun
fiber mats.
Cellulase labeled kinetics fluorescence
It was noted, that PVCL-CELL fibers had higher cellulase
activity at higher temperatures. Over a 24 hour period,
DTAF activity has higher on PVCL-CELL fibers at 50°C
versus 26°C as depicted in Figure 1.

Termite Viability
Termite preference, consumption, and mortality rates
were determined after seven days. Although experiments
were conducted at >80% humidity, PVCL-CELL fibers
were not analyzed for the water retention. It was also
noted that Reticulitermes sp. preferred the sample
PVCL1-CELL in comparison to PVCL2-CELL and
PVCL3-CELL. Conversely, termites prefer PVCL1CELL over the control filter paper.
CONCLUSIONS
PVCL-cellulase acetate fibers have been prepared and
hydrolyzed to produce PVCL-CELL fibers. The
fluorescent molecule DTAF, was conjugated onto PVCLCELL fibers to identify cellulose degradation at 26°C and
50°C. This study confirms the dependence of temperature
on cellulose degradation in PVCL-CELL nanofibers for
sugar production to produce bioethanol.
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RATIONALE
Dragline spider silks have relatively high mass-based
mechanical properties (tensile strength, elongation to
break and rupture energy) and are environmentally
responsive, exhibiting supercontraction in the
presence of water. In order to produce new synthetic
fibers with analogous properties, many research
groups have focused on identifying the chemical
composition of these fibers and specifically the
structure of the fiber core. Since each fiber also has
an outermost layer of unique composition, we study
the silk surface: morphology and amino acid (AA)
composition; the response of the surface morphology
to environmental moisture, and to processing
variables; we also determine if the silk surface has a
definitive patterning of charged amino acids. This talk
will discuss the results of our study on the
identification and location of specific AAs present on
the surface of N. clavipes spider dragline silk using
force microscopy and functionalized nanoparticles.
INTRODUCTION
The fiber is a cylindrical thread about 3 to 5µm in
diameter. [1] The surface is generally smooth, but at a
fine scale some roughness is evident. Some results
have shown that the spider silk surface exhibits a
fibrillar structure oriented along the fiber axis. [2]
An individual silk filament is composed of 3 layers:
an outer layer rich in glycine, a skin layer and a core.
Sometimes there is a lipid/glycoprotein layer as a very
outermost layer that can be removed by ether
extraction. The core is composed of many thread-like
structures (fibrils) which are about 100 to 150nm in
size and that are lined up along the fiber axis. [3]
Inside these fibrils, several crystallite domains are
attached together via an amorphous domain. [4]
Spider silk is composed mainly of linear proteins,
commonly called Spidroins: major ampullate spidroin
1 (MaSp1), and major ampullate spidroin 2 (MaSp2).
These are polymer chains comprising amino acids
linked together by peptide bonds between carboxyl
(COOH) and amino (NH2) groups. The two proteins
found in dragline silk individually comprise several
motif repeats, with the specific composition
depending on which of the two spidroins are
considered. In each repeating motif, there is a
polyalanine block and a glycine-rich region. In that
the present paper is a continuation in part of a paper

presented at the Fiber Society meeting in St Gallen,
the reader will find additional detail in the abstract
for that talk. [5]
MATERIALS AND METHODS
Sample Preparation
The dragline silk from N. clavipes was collected
with the use of a motorized take-up reel on a spool,
in the manner described previously. [5] Each spider
silk sample was stored on the collection spool in a
closed plastic pill bottle, in a dark cabinet under
ambient room conditions. Individual silk filaments
were secured on a microscope slide using adhesive.
Multiple glue points were applied at intervals along
the silk to keep the fiber position stable in the AFM.
Atomic Force Microscope
The atomic force microscope (AFM) enables the
study of surfaces at a nanometer scale by measuring
forces between a sharp tip and the surface under
study. In our work, a Veeco Dimension 3000 was
used. The cantilevers were of non-conductive silicon
nitride with gold and chrome coating on the frontand back-side having spring constant of 0.12N/m
and a resonant frequency between 14 and 26 Hz.
The radius of the tip was about 50nm. The AFM was
used in contact mode in a fluid environment (0.01M
of Phosphate Buffer Saline) for every experiment.
Images are taken with 512 data points per line over
512 lines. The scan area was 1µm x 1µm or 2µm x
2µm.
Determination of Surface Charge Density and
Spatial Distribution of Charged Amino Acids
Force mapping and labeled nanoparticle methods
were used to identify the positively and negatively
charged amino acids. For charge density mapping, a
cantilever tip was functionalized with carboxyl or
amine groups. An array of force-distance curves
was taken and then was analyzed to generate a force
map using the linear Poisson-Boltzmann model
equation:
F = 4Rtip{(tipfiber)/W}e‐κD

(1)

where Rtip (25 nm) is the radius of the tip, σtip is the
charge density on the tip, σfiber is the charge density
on the fiber, εw is the permittivity of the fluid
(6.923*10-10 C2/Nm2), κ-1 is the Debye length and D
is the tip-sample separation distance.

To corroborate the data from force mapping method, a
second technique using nanoparticle markers was
used. Gold nanoparticles (Cytodiagnostics, 20 nm
diameter) were functionalized with carboxyl groups
(respectively
amine
groups)
using
11mercaptoundecanoic acid (respectively using 11Amino-1-undecanethiol) to allow the identification of
positively (respectively negative) charged amino
acids. To image the arrangement of the nanoparticles,
the Hitachi SU6600 scanning electron microscope in
the Clemson University Electron Microscope Facility
in the Advanced Materials Research Laboratory was
used in backscatter mode, utilizing the variable
pressure environment capabilities of the SU660 to
reduce charging effects.

vision of a possible match between surface charge
densities and features.

RESULTS AND DISCUSSION
Since the primary structure of the dragline silk
consists of regular alanine and glycine repeat units in
the core, we wished to determine if a pattern for the
electrically charged amino acids may be seen on the
surface in terms of spatial frequency. In order to locate
the charged amino acids and their spatial distribution,
a map of surface charge densities was obtained
through the use of AFM force-distance curves in a 500
nm box. The (representative) map of surface charge
densities (Figure 1) shows negative surface charge
densities as darker squares and positive (or neutral)
surface charge densities as white squares; that is,
darker squares represent regions having interactions
with more negatively charged amino acids than with
positively charged amino acids.

Figure 1. This image is a surface charge density map of
spider silk. The negative surface charge density areas
(darker squares) are more prevalent than are the positive
ones (white squares). The scale bar is in C/m2, and
positive values (in white) are omitted from the scale bar
for visual clarity; x- and y- axes are in nm.

The map in Figure 1 did not show a regular pattern in
the spatial distribution of surface charge densities,
thus charged amino acids appear to be randomly
distributed on the sub-micron scale. However, a much
smaller tip would be required to probe them
individually on the nanoscale. Furthermore, we did
not establish any correlation between the surface
charge densities shown in the roughness maps [5] and
other special features on the associated AFM height
image. However, it is important to note that a drift
has been identified when scanning the silk surface [6];
thus, the force map might have been taken with a
small shift relative to the AFM image and change our
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OBJECTIVE
The primary goal of this research was to determine
the motif source of tensile strength of Nephila
clavipes flagelliform spider silk protein fibers. Four
Flag-like proteins were spun into fibers to investigate
the differences in mechanical properties produced.
Structural studies were performed to determine
different motif contributions in the structure-function
relationship of the recombinant fibers.1
INTRODUCTION
Native flagelliform spider silk is the most extensible
silk fiber produced by orb weaver spiders.2
Flagelliform silk is also tough, though not as strong
as the major ampullate (MA) fiber known as dragline.
The tensile strength of dragline silk is clearly
attributed to the polyalanine (An) strength motif units
that form β-sheet nanocrystals parallel to the axis of
the fiber.3 The origin of flagelliform fiber strength is
not as clear. The fiber is lacking the An strength motif
unit that would indicate a source of strength and prior
research projects conflict as to the protein structure.4,5
N. clavipes flagelliform silk is composed of a single
very large repetitive protein, Flag. The Flag protein is
360 kDa with a glycine rich core that forms 90% of
the protein.6 Consensus sequence data of spider silk
proteins show shared motif units between MA and
flagelliform silks of GPGXX and GGX.7 Flag
additionally has a nonglycine-rich spacer motif, while
MA silk protein possesses the (GA)n/An strength unit.
The MA silk is the simplest fiber to obtain from the
spider. Confining the spider and pulling the fibers
from the spinnerets produces a good amount of
material to study. The flagelliform silk cannot be
obtained this way and must be obtained by collecting
fiber from a spun web. The fibers of the web are
coated with the aggregate protein which is a sticky
glue-like substance and may contain other
contaminants. As a result, fewer studies have been
done on flagelliform silk yet there is much more to be

learned from the flagelliform silk proteins. The
biocompatibility of spider silk makes it a great
candidate for biotech and biomedical studies. To
optimize these possibilities, better understanding of
the silk protein molecular structure-function
relationship is required.
APPROACH
Due to the difficulty in obtaining pure flagelliform
silk protein fibers, we chose to produce and study
various recombinant Flag-like proteins to help parse
out the structure and function of the less studied
spacer motif. To investigate the source of
flagelliform fiber strength, recombinant proteins were
produced by modifying the occurrence of the three
core motifs of the N. clavipes flagelliform Flag
protein (Tables I and II).
*
Motif Primary Amino Acid Sequence
GGX
GGAGGSGGAGGSGGVGGSGGT
G
GPGGX (GPGGSGPGGYGPGGSGPGGY)2
Y
Spacer TIIEDLDITIDGADGPITISEELTISGAGGSP F
Table I. Amino acid sequences for individual Flag motifs.
*Single letter designation of motif modules.
Name Recombinant Protein Sequence

Rate

32x
G (GGX)7
12x
GY (GGX)7 (GPGGX)8
GF (GGX)7 TIIEDLDITIDGADGPITISEELTISGAGGSP 12x
(GGX)7 TIIEDLDITIDGADGPITISEELTISGAGGSP

GFY (GPGGX)
8

8x

Table II. Motif content of each variant recombinant protein
constructed noting the rate of module occurrence.

The Flag-like proteins were designed to include a
His-tag and produced by fermentation in Escherichia
coli. Harvested proteins were purified on an AKTA
Avant 150 instrument (GE Healthcare, Piscataway,
NJ) using published methods.8,9 The purified proteins
were
then
solubilized
into
1,1,1,3,3,3-

hexafluoroisopropanol (HFIP) with 5% toluene to
produce spin dopes. The spin dopes were extruded
into an isopropanol bath and collected using a DACA
Instruments SpinLine system (Santa Barbara, CA)
and air dried. The synthetically spun fibers were
processed in 80% aqueous isopropanol using a
standardized process for all four fiber types. The
fibers were measured and subjected to mechanical
testing until failure on an MTS Synergie 100 system
(MTS Corporation, Eden Prairie, MN) using a
custom made 10 g load cell (Transducer Techniques,
Temecula, CA) at a constant strain rate of 2 mm/min.
Tensile strength and strain were plotted and used to
generate the stress/strain curves to determine
toughness and % Extension.

of the spacer motif increases in the protein (Figure 1).
This result suggests that the spacer motif either plays
a role in organizing nanosctructures or forms
structures independently. From our data we cannot
determine the structure that is generated at this time.
Beta-sheet and polyglycine II structures have been
reported previously.4,5 Further studies and the
development of new methods are needed to gain
insight into these structures.

Wide angle X-ray scattering (WAXS) data was
collected in sector 14µB-C/BioCARS of the
Advanced Photon Source (APS) at Argonne National
Laboratory (Argonne, IL, U.S.A). Bundled fiber
samples were placed perpendicular to the X-ray
beam. Five frames were collected with a 50 mm
beamstop to detector distance. The samples were
exposed for 60 s and background air scattering was
subtracted.

Figure 1. Wide angle X-ray scattering analysis of Flag-like
silk fibers. WAXS patterns of GY (A), GF (B), and GFY
(C). Black arrows indicate rings centered at 4.4 or 10 Å that
are visible in the various defraction patterns.

RESULTS
The four recombinant Flag-like silk fibers, designed
with variations in motif combination, produced fibers
with differing mechanical properties. The synthetic
fibers produced from proteins containing the Flag
spacer motif were clearly stronger and maintained
extensibility better than variant proteins lacking the
spacer motif. Fibers produced from only the GGX
motif produced the most extensible fibers. The GFY
fibers were the toughest fiber produced and notably
contained all three core motifs. Combinations of
motifs as in the GY or GF fibers produced fibers with
restricted extensibility and reduced strength.
Fiber Diameter %Extension
Strength Toughness
-3
µm
(strain x 100) MPa (stress) MJ.m

G
GY
GF
GFY

13.31
± 2.29
21.46
± 4.51
20.43
± 3.89
15.06
± 1.29

132.80
±76.28
45.38
± 43.47
36.61
± 12.45
84.50
± 37.82

55.73
± 16.05
47.07
± 25.11
136.42
± 60.27
150.58
± 31.32

61.55
± 47.96
17.77
± 23.24
35.68
± 14.71
89.05
± 23.93

Table III. Mean mechanical properties data for fibers. The
average value of the MTS mechanical testing data is
presented with the standard deviations for each fiber type.

The WAXS patterns of the fibers show the formation
of a structure indicated by the ring at 10 Å. The
intensity increases as the occurance or concentration

CONCLUSIONS
The results of the recombinant protein fiber studies
indicate that the Flag spacer motif is a contributor of
tensile strength in the flagelliform silk fibers.4 Further
work with techniques like small angle X-ray
scattering may determine the structures and which
motifs correspond to the structures.
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INTRODUCTION
Piperazine–phosphate or piperazine-phosphonate is
attracting attention as an excellent combination for
developing flame retardant compositions being added to
synthetic resins, polymeric blends or coats, and cotton
fibers.1-3 In a piperazine-phosphonate system, a direct
linkage of the phosphorus to the nitrogen forms a
phosphoramidate. This class of compounds has proved to
be better flame retardants (FRs) on cellulose than
phosphates.4

D2863-09 method6 on 13x 6 cm strip). At the end of the
Vertical Flammability test, the microstructure of different
burning regions was examined by Scanning Electron
Microscopy (SEM) technique. After that, the MCC and
TGA were utilized to obtain their fire hazard parameters
together with their onset temperature (the beginning of
weight loss) and char residue under nitrogen.
Scheme 1. Synthesis of DEPP and TEPP
H2N

The present investigation, based on our previous work3,
deals with the comparison between the flame retardancy
and thermal behavior of cotton fabrics treated with a
phosphoramidate Tetraethyl piperazine-1,4-diyldi phos
phonate (TEPP) and its derivative Diethyl 4-methyl
piperazin-1-ylphosphoramidate (DEPP). It also includes
the synthesis and characterization of TEPP.
KEYWORDS: FRs, Cotton fabric, TEPP, DEPP, Micro
Combustion Calorimetry (MCC), Thermal Gravimetric
Analysis (TGA).
APPROACH
General Procedure: The synthesis and characterization
of DEPP as well as the characterization of treated cotton
fabrics were reported previously.3 In this research, similar
works were done for TEPP. First, the preparation of
TEPP was carried out. This was done under nitrogen
atmosphere and all purchased chemicals for the reaction
come from Aldrich were used as received except the THF
(Scheme 1). This solvent was dried before use by a
Solvent Purification System. After being obtained, TEPP
was characterized by the NMR Varian 400 MHz
spectrometer using CDCl3 as a solvent. In the NMR data,
the 13C and 1H chemical shifts are relative to SiMe4 and
31
P chemical shift to external 85% H3PO4. Next, TEPP
was engrafted on the mercerized cotton twill samples by a
treatment method which helped obtain different
concentrations of TEPP on the fabrics. As the results of
this treatment, the following concentrations which are
called add-on levels were achieved 2, 7, 15, and 19 wt %.
Finally, the control and treated fabrics were studied for
their properties by different analytical methods. For the
flammability evaluation, the following tests were
performed on the strips of fabrics:
the Vertical
Flammability (ASTM D-6413-11 method5 on 30 x7.6 cm
strip) and the Limiting Oxygen Index (LOI) (ASTM
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RESULTS AND DISCUSSION
Synthesis: TEPP and DEPP3 can be easily prepared by
elimination reaction of chloro-phosphate (Scheme 1). In
this reaction, both were obtained not only in high purity,
but also in a very good to excellent yield. When the
reaction of TEPP was over, the solid was removed and the
filtered solution was evaporated to dryness. Because of
no purification needed, the obtained TEPP can be used
immediately as an active compound for flame retardant
testing. Besides the ability to dissolve in most organic
solvents like DEPP, TEPP also can dissolve readily in
water. In addition, at room temperature TEPP appears as
a white solid while DEPP a yellowish-oil.
Characterization: Overall, TEPP has fewer signals than
DEPP in both 1H and 13C NMR data. In 1H NMR data,
the proton signals of the CH2 and CH3 of TEPP shift
upfield as compared with DEPP. Surprisingly, the
phosphorous of TEPP resonates at a negative field from 0.44 to - 0.36 ppm while the phosphorous of DEPP has a
positive shift from 6.00 - 6.25 ppm.
Fabric treatment: The add-on value was obtained using
equation (1) where wa and wb are the weights of the fabric
after and before treatment:

Add-on (%) = [(wa - wb)/wb] x 100 (1)
Vertical flammability and LOI testing:
The
flammability test shows the effectiveness of TEPP and
DEPP as FRs on twill fabric starting at 7 and 13 wt %,

respectively (Fig. 1). There was no occurrence of
afterflame or afterglow burning upon the removal of the
flame. Overall, all TEPP samples have shorter char length
and they display slower average speed of fire. From
Table I, it is shown that all treated samples have higher
LOI than the control, and the LOI values of TEPP
samples are higher than those of DEPP ones. Based on
the standard evaluation for LOI7, the 2 wt % TEPP and 3
and 8 wt % DEPP are classified as slow burning while the
rest are considered self-extinguishing.
Fig. 1. Vertical flammability test results of control (C)
and treated fabrics TEPP (T-2, - 7, -15, and -19) and
DEPP (D-3, -8, -13, and -18).
C

T-2

-7

-15

-19

D-3

-8

-13

-18

Table I. Total heat release - THR (by MCC) and average
LOI of the control and treated fabrics.
Fabric
C
T-2
T-7
T-15
T-19
D-3
D-8
D-13
D-18

THR (kJ/g)
[std dev]
8.5 [0.2]
4.4 [0.2]
3.8 [0.1]
3.6 [0.1]
3.3 [0.2]
5.7 [0.1]
5.7 [0.3]
5.1 [0.3]
4.6 [0.1]

Average LOI (%)
[std dev] (trials)
18.4 [0.2] (4)
26.7 [1.4] (6)
29.8 [0.4] (5)
30.2 [0.8] (6)
33.1 [0.8] (8)
23.7 [0.8] (7)
27.0 [0.0] (5)
28.6 [1.2] (8)
31.0 [0.0] (5)

MCC: Table I summarizes the THR values for the
control and treated fabrics. These values are the average
of three observations on the same fabric samples. It is
clear that THR decreases with increasing add-on level.
Overall, TEPP fabrics have the lowest THR, and all treat
samples display lower THR as compared with the control.
TGA: From Table II, the control reaches its onset
temperature at 320°C. When adding TEPP and DEPP to
the control, this temperature is reduced significantly. At
lower add-on (2 - 8 wt %), the major mass loss takes
place from 249 - 266°C. When increasing the add-on, the
mass loss occurs twice, a minor from 140 - 168°C and a
major from 246 - 253°C. TEPP and DEPP lose their
masses twice when degraded at 166 and 454°C and 153
and 429°C, respectively. It is noticeable that whenever
the add-on reaches above 10 wt %, then the first
degradation temperatures of the treated fabrics are close
to the first degradation temperatures of the corresponding
compounds. From Table II, the char obtained are about
10 % for TEPP and only 4 % for DEPP. As the result,
TEPP fabrics provide higher char residue when compared

with DEPP ones. And as expected, the control loses most
of its original weight by thermal degradation.
Table II. Onset temperature and char residue at 600°C for
the fabrics, TEPP and DEPP.
Fabric
C
TEPP
T-2
T-7
T-15
T-19
DEPP
D-3
D-8
D-13
D-18

Onset
temperatures (°C)
320
166 ; 454
253
249
168 ; 246
165 ; 247
153 ; 429
266
259
148 ; 253
140 ; 252

Char residue (%)
(at 600°C)
3
10
21
30
31
34
4
19
21
22
22

SEM: Fig. 2 provides the microstructure of the burning
regions for C, T-19 and D-18. As seen in Fig 2, the
surface morphology of treated/edge T-e and D-e looks
quite similar with swollen fibers. When the treated
fabrics continue burning, the FRs decompose further to
release more non-flammable gases which give rise to the
small blisters and balloons on the surfaces of the fibers
(T-b and D-b). It is evident that during the burning the
FRs, that without them the cotton fibers (C) are burned
completely to ashes, form a layer protecting the fibers
against heat and flame.
Fig 2. SEM images
of C, T-e (a),
D-e (b), T-b (a1)
and D-b (b1)
C

a

a1

b

b1
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ABSTRACT
Nanoparticles that can disperse in organics provide
the opportunity to include materials that would
normally show little compatibility to the host
polymer. Due to their reduced size light scattering is
reduced thus improving the overall optical properties
of the polymer matrix. This work is current and
ongoing and thus I will provide significant details as
the papers from this work are still in preparation.
NANOPARTICLE SYNTHESIS
The advantages of inorganic nanoparticles with rare
earth (RE) or transition metal dopants are higher
thermal stability, lower toxicity, decreased selfabsorption due to a large Stokes’ shift, low sensitivity
to the host material, and ease of synthesis. The
fluorescence of REs occurs via energy transitions
from ground to excited states and back. To overcome
the energy barrier caused by shielding of the 4f shell,
antenna like organic ligands are placed near the RE
ions. By observing the emissions of the donor
(ligand) and absorption of the acceptor (rare earth) a
ligand of capable of generating the considerable
energy transfer required can be selected that also
maintains close intermolecular distance between
these two components. Once this is established, the
fluorescence can be tailored infinitely by careful
selection of the dopant ions
NANOCOMPOSITE SYNTHESIS
The most efficient optical materials tend to be brittle
and heavy. In contrast, polymers are highly flexible,
light and easily processed however they are optically
inferior. The high phonon energies of polymers
preclude their success as RE ion hosts. Photoactive
RE ions can be incorporated into an inorganic crystal
which is a superior optical host, allowing the ion to
fluoresce while remaining unaffected by the
environment. The nanoparticles can then be placed
into a polymeric matrix for processing into fibers.

EMISSIVE FIBERS
A novel approach to optical fiber production involves
producing doped polymers that can be melt extruded.
A well dispersed highly RE loaded nanocomposite is
produced by dissolving the nanoparticles in a
polymer solution which is then precipitated. Due to
the low particulate volume contribution of the
nanoparticles there is little or no effect on the
b
b)
polymer characteristics and so extrusion under
the
)
same conditions as the neat polymer is possible.
The
mechanical integrity of the host polymer is
unaffected by the fluorophore.
Nanoparticle doping with emissive rare earth ions,
specifically lanthanum fluoride nanoparticles doped
with terbium which were then incorporated into
polymeric composites fabricated via several
preparation methods. The morphology and
luminescence of the polymer composites were
studied after the addition of the NPs to determine the
effect of the matrix on the additive performance.
Fiber production was achieved by one of two
methods: (1) via a preform method (of PMMA
synthesized at CU), similar to glass optical fiber
drawing, and (2) by bi-component melt extrusion.
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ABSTRACT
The ability to produce reversible, large-strain, bistable
actuation has long been a missing puzzle in the pursuit of
smart materials and structures. Conducting polymers are
bistable, but the achievable strain is small. Large
deformations have been achieved in dielectrical
elastomers at the sacrifice of mechanical strength. The gel
or gel-like soft polymers generally have elastic moduli
less than 10 MPa. The deformed polymer relaxes to its
original shape once the applied electric field is removed.
We will present a bistable electroactive polymer (BSEP)
that is capable of electrically actuated strains as large as
580% (area expansion). The BSEP could be useful for
constructing rigid structures. The structures can support
high mechanical loads, and be actuated to large-strain
deformations. Applications of the BSEP for new
tranducers and systems including refreshable tactile
displays will be presented.
ACTUATION MECHANISM
The actuation of the BSEP is illustrated in Figure 1. At
room temperature, the polymer is a rigid plastic with an
elastic modulus on the order of 1 GPa. Above the Tg, it
behaves like a rubber and can be elongated by as much as
10 times its original length. When the external force is
removed, the elongated polymer behaves like a rubber
band and returns to its original shape. A voltage applied
across the heated polymer film (via a pair of compliant
electrodes coated on opposite surfaces of the film) can
also cause the rubbery polymer to expand in area and
shrink in thickness. The film returns to its original shape
when the voltage is removed. This electrical-tomechanical transduction is of Maxwell nature. The
actuation pressure is determined by:
p=

r

o

E2 =

2
o(V/z)

(1)

where E is the applied electric field, r is the dielectric
constant of the elastomer, o is the permittivity of free
space, V is the applied voltage, and z is the polymer film
thickness. For small strains, the strain in the thickness
direction is

S Z   0 r E 2 / Y

(2)

The actuated state (C), is made stable by cooling the
polymer below its Tg to lock in the deformation. The shape
D is maintained at ambient temperature without any
voltage applied. When heated to above its Tg, the deformed
polymer returns to its original shape A. The performance
of the BSEP actuator is determined by several key
parameters including this shape memory property, the

dielectric breakdown strength, and the mechanical fatigue
strength of the BSEP.

Figure 1. Schematic illustration of actuated deformation of
a BSEP. (A) A rigid polymer film is sandwiched between
two compliant electrodes. (B) The structure is heated to
above Tg of the polymer by an external heat source or Joule
heating via the electrodes. (C) A high voltage is applied to
induce Maxwell strain in the softened film. (D) The
structure is allowed to cool to below Tg. Shape (D) may be
returned to (A) by a heating/cooling procedure.
BSEP POLYMERS
Poly(tert-butyl acrylate) (PTBA) was initially investigated
as the prototype BSEP material with Maxwell strain as
large as 300%. The actuation, however, is rather unstable
at strains greater than 100%. Two factors were considered
responsible to the instability. One stems from the
thermoplastic nature of the polymer that exhibits a variable
modulus that decreases continuously with temperature
above Tg. Temperature fluctuation and non-uniformity will
cause localized over-actuation and dielectric breakdown.
Electromechanical instability (EMI) is another factor that
often causes the breakdown field of a dielectric to appear
substantially lower than its intrinsic dielectric strength,
especially in dielectric elastomers without prestrain.
BSEP polymers have been synthesized comprising
interpenetrating networks of chemically crosslinked PTBA.
The PTBA-IPN membranes exhibit a stable modulus above
Tg. EMI is effectively suppressed during actuation. Large
strain actuation is stable: no dielectric breakdown is
observed during continuous application of a constant
voltage at 150% strain for over 4 hours.
ACTUATION DEMONSTRATION
The electrically-induced actuation at the rubbery state is
controlled by the applied voltage or electric field (Figure
2). The maximum strain obtained so far is 580% in area
expansion and maximum actuation pressure is 3.2 MPa.
Actuators can be designed to exhibit large linear or out of
plane deformations.

0.594 mm and decreases to 0.577mm after removal of
actuation voltage. The corresponding strain fixity is 97%.
The raised dot height decreases to 0.005 mm when the
device is heated up again. The out-of-plain strain recovery
is 99%. Fig. 8d shows ten actuation cycles of actuation
after 1,000 cycles of actuation during a prolonged
continuous actuation cycle test at 0.1Hz frequency at 70
°C. During the actuation cycles, the raised dot height
increases from 0.594 mm to 0.669 mm in the first 150
cycles (Fig. 8e). This increase is believed to be due to a
break-in effect, a phenomenon commonly observed in
rubbery elastomers, e.g. a rubber balloon is difficult to
blow up for the first time and becomes much easier in
subsequent attempts. After the peak height was reached
the height is observed to decrease gradually, reaching
0.340 mm after 4,000 cycles of actuation.

Figure 2. (Upper) Strain-field response of a BSEP
membrane in a diaphragm configuration. (Lower) A linear
BSEP actuator at contracted state and expanded state with
a linear strain of 81% or -45%.
REFRESHABLE BRAILLE E-READERS
The actuation and bistability are exploited for refreshable
Braille display devices (Figure 3). When the actual
boundary of the active area is constrained to form a
diaphragm-like structure, the strain will be out-of-plane.
Each Braille cell consists of a 3x2 array of Braille dots
(diaphragms) with 1.5 mm dot diameter and 2.5 mm dot
center to center distance. Arrays of 4x10 Braille cells,
about the size of a smartphone screen have also been
fabricated. The diaphragms were individually controlled
via custom-built circuitry (not shown in the photograph).
Rigid-to-rigid actuated deformation of a typical
diaphragm is displayed in Fig. 8c during a bistable
actuation cycle. Starting with the PTBA-IPN membrane at
room temperature and OFF state, the diaphragm has a
rigid flat surface. It is heated up by the incorporated
heater for 10 s. Then the actuation voltage is turned on
and the heater is turned off. The device is allowed to cool
down for 10 s and then the actuation voltage is removed.
The out-of-plane displacement (raised Braille dot height)
with the actuation voltage ON reaches a peak height of

Figure 3. Photograph of a refreshable Braille display
panel. The blow-up of one cell with 3 left dots raised
displays the letter “L”. The right chart shows the transient
raised height of a Braille dot during 1001st-1010th cycles
during a actuation cycle test at 70°C.
KEYWORDS
Bistable electroactive polymer; electroactive polymer;
actuation
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ABSTRACT
Exploiting the molecular and nano-structure
engineering, electroactive polymers (EAPs) with
giant electromechanical responses have been
developed at Penn State. For the field actuated
EAPs, a class of defects modified polarfluoropolymers have been demonstrated to exhibit a
high electrostrictive strain, a high energy conversion
efficiency, and high elastic energy density (> 1
J/cm3). This talk will review briefly the molecular
mechanism responsible for the large electrostrictive
response and the advanced device applications. In
contrast to the field actuated EAPs, the ionic EAPs
such as ionic polymer metal composites whose
actuation mechanism is based on the excess ion
accumulation/depletion at the electrodes, suffer low
actuation speed and efficiency. The very low
operation voltage, often below 5 volts, of i-EAPs is
very attractive, compared with very high operation
voltage of the field actuated EAPs. In the past
several years, we have been investigating
approaches
to
significantly
enhance
the
electromechanical response of i-EAPs. For example,
the aligned ion channels and large elastic anisotropy
in the i-EAPs with the ultra-high volume fraction
vertically aligned carbon nanotube (A-CNTs) array
as the porous electrodes lead to marked
improvement in the actuation strain and speed. More

recently, we developed a class of nano-structure
engineered carbon nano-composites that exhibit a
high strain response (> 50% strain) with an
exceptionally high elastic energy density > 1.5
J/cm3, induced under low voltage (< 5 V) with a
high efficiency. These results point out the potential
of EAPs in achieving high performance by
exploiting nano-structure engineering and their
promise for advanced solid state actuator
applications.
KEYWORDS: Electroactive polymers,
nanotube and grahene nanocomposites

carbon
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Fig. 1. An example of enhancing the electromechanical response of EAP actuators by controlling and tailoring the nanostructure morphologies. In the ionic polymer conductive network composites, the straight ion channels, large elastic
anisotropy, and high electrode surface area, due to the nano-porous electrodes employing the ultra-high volume fraction
aligned carbon nanotube arrays, lead to faster actuation speed and higher actuator response.
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GENERAL INTRODUCTION
The concept of deploying strong carbon nanotube
yarns
as
actuators
has
produced
both
electrochemically and thermally powered yarn
muscles. The performance of electrochemically
powered yarn muscles [1, 2] is adversely affected for
most applications by the need for electrolyte, counter
electrode, and device packaging, which add much
more to actuator weight and volume than the
actuating electrode. The electrolyte also limits
operating temperature and voltage, as well as
actuation rate. Previous work has demonstrated use
of polymer-filled non-twisted carbon nanotube yarns
as thermally powered shape memory actuators, but
reversible actuation was not achieved [3]. Dispersed
carbon nanotubes and nanotube sheets have been
used for electrically heating thermally actuating
materials to provide cantilever deflections [4, 5, 6].
SUMMARY OF RESULTS
New electrolyte-free muscles that provide fast, highforce, large-stroke torsional and tensile actuation are
described which are based on guest-filled, twist-spun
carbon nanotube yarns [7]. Actuation of hybrid yarns
by electrically, chemically, and photonically powered
dimensional changes of yarn guest generates
torsional rotation and contraction of the helical yarn
host. Over a million reversible torsional and tensile
actuation cycles are demonstrated, wherein a muscle
spins a rotor at an average 11,500 revolutions/minute
or delivers 3% tensile contraction at 1,200
cycles/minute.

The 27.9 kW/kg power density during muscle
contraction is 85 times higher than for natural
skeletal muscle. Applying well-separated 25 ms
pulses yielded 0.104 kJ/kg of mechanical energy
during contraction at an average power output of 4.2
kW/kg (four times the power-to-weight ratio of
common internal combustion engines). Actuator
configurations and yarn types shown in Figure 1 are
used to optimize tensile and torsional actuation and
cycle life. Yarn over twist to provide yarn coiling is
especially important for realizing high actuation
stroke. Even without guest filling, coiling increases
the negative thermal expansion of a neat twist-spun
yarn by a factor of ~10. Since these coiled neat yarns
provide up to 7.3% hysteresis-free contraction when
lifting heavy loads using temperature changes up to
~2,500oC, these muscles can be deployed in inert
atmosphere to temperatures where no other high
work capacity actuator can survive. Demonstrations
include torsional motors, contractile muscles, and
sensors that capture the energy of the sensing process
to mechanically actuate. Improved control and large
rotational actuation, along with long cycle life and
tensile contractions up to 9%, suggest the use of these
yarn actuators in medical devices, robots, and
shutters, for which shape memory alloys are currently
employed, as well as extension to microvalves,
mixers, smart phone lenses, positioners and even toys
and
intelligent
textiles.

Fig. 1. Muscle configurations and yarn structures for tensile and torsional actuation. Tensile load and paddle positions for (A) a
two-end-tethered, fully-infiltrated homochiral yarn; (B) a two-end-tethered, bottom-half-infiltrated homochiral yarn; (C) a oneend-tethered, fully-infiltrated homochiral yarn; and (D) a two-end-tethered, fully-infiltrated heterochiral yarn. The depicted
yarns are coiled, non-coiled, four-ply, and two-ply, respectively. Arrows indicate the observed direction of paddle rotation
during thermal actuation. Red and green yarn-end attachments are tethers, meaning they prohibit end rotation – red attachments
also prohibit translational displacement. SEM micrographs of (E) a fully-infiltrated homochiral coiled yarn, (F) a neat two-ply
yarn, and (G) a neat four-ply yarn. Illustration of ideal cross-sections for (H) Fermat, (I) dual-Archimedean, and (J) infiltrated
four-ply Fermat yarn.
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INTRODUCTION
Shape memory refers to the ability of a structure to
assume at least one temporary deformed state and
subsequently recover its original form upon the
application of an external stimulus1. A shape-memory
cycle of any such material consists of two steps:
programming of a temporary shape and recovery of the
material to its original state1,2. In shape-memory polymers
(SMPs), this effect can be induced due to the presence of
two characteristics, namely, a cross-linked network and
switching segments1-4. The existence of a network via
physical or chemical net-points ensures a permanent
shape for the SMP, whereas the switching segments
change the SMP from mobile to rigid states on the basis
of their response to the applied stimulus4. The
performance of SMPs is dictated by the stability of the
net-points and the ability of the switching segments to fix
and release the temporary deformed state4,5. Various
manifestations of polymer shape memory are possible that
can be stimulated by stimuli such as heat, radiation and
pH6-8. Thermally responsive shape-memory polymers are
the most common SMPs applied in many technologies,
such as biocompatible implants, morphing skins and as
actuators in deployable devices8. The chemistry of a given
SMP can be tuned depending upon the range of operating
temperatures, environmental conditions, required strains
and response times in their target applications. Two types
of thermally activated SMPs are based on the transition
behavior resulting from melting of crystalline regions (at
the melting point, Tm) or glassy regions (at the glass
transition temperature, Tg)7. Thermally responsive SMPs
can be further classified according to their cross-linking
(net-points) as either physical or chemical. Examples of
chemically cross-linked SMPs include partially crosslinked shape-memory polyurethanes, polycaprolactone,
polyethylene, and polysiloxanes. Physically cross-linked
SMPs possess significant benefits over their chemically
cross-linked counterparts as the former can be processed
conveniently, and their stability is governed by
thermodynamic considerations rather than the stochastic
kinetics of a cross-linking reaction. Physically crosslinked systems are less prone to thermal aging and
chemical degradation. In addition to these advantages,
physically cross-linked SMPs are usually capable of less
hysteretic cyclability during repeated performance8.
Polynorborene and various randomly-coupled multiblock
copolymers, including segmented polyurethanes, are often
categorized as physically cross-linked SMPs8,9.

The commercial availability of SMPs remains somewhat
limited due to the complex chemistry, cost of manufacture
and need for elaborate shape programming required for
SMPs.
RESULTS AND DISCUSSION
We show here that thermally activated shape-memory
behavior is achieved in commercial polymers by a
scalable processing technique: bicomponent meltspinning (cf. Fig. 1)10. A poly[styrene-b-(ethylene-cobutylene)-b-styrene] (SEBS) triblock copolymer, a
common thermoplastic elastomer capable of molecular
network formation upon microphase separation, can be
co-meltspun into bicomponent fibers with various
thermoplastic homopolymers. If the Thermoplastic, such
as linear low-density polyethylene (LLDPE), is chemically similar to the SEBS midblock, strong interfacial
adhesion between the core and sheath of the fiber
prevents delamination upon straining to as high as 600%
strain.
Figure 1: Scanning electron micrographs of 50/50 w/w
LLDPE/SEBS filaments in original (top-left), deformed to 400%
strain (top-right) and relaxed (bottom) states.

At temperatures below the Tg of the styrenic endblocks
(cf. Fig. 2A), the copolymer is capable of retaining its
elasticity upon deformation, whereas the thermoplastic
undergoes plastic deformation. Increased chain
orientation in the thermoplastic locks-in the bicomponent
fibers in a stable, temporary elongated state. The black
curves in Fig. 2B reveal the isothermal mechanical
recovery of LLDPE/SEBS filaments with a temporary
elongation at about 100% strain. Heating the material to
70 ºC allows the thermoplastic sheath to flow and release

the temporary shape, thereby allowing the filaments to
rapidly recover to the original state. The successive
mechanical response after heating/cooling cycles (red
curves in Fig. 2B) indicates nearly full recovery of the
filaments. Although there is a loss in mechanical strength
and modulus, this is only observed for the first
heating/cooling cycle. From the mechanical tests
performed on bundles of filaments, between 25 and 33%
of the mechanical strain is locked-in as temporarily fixed
elongation in the bicomponent filaments at ambient
temperatures without requiring filament heating or
quenching. After heating to 70 ºC and cooling back to am-
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CONCLUSIONS
The thermally responsive shape memory in bicomponent
filaments
containing
commercially
available
homopolymers and a common thermoplastic elastomer
was investigated. Novel bicomponent filaments exhibit
strain fixity at ambient temperatures and possess excellent
spontaneous strain recovery capability. In this fashion,
scalable, cost-effective SMP filament technology
applicable to a wide range of uses was produced by comeltspinning.
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Figure 2: Top) The thermal characteristics of 30/70 w/w
LLDPE/SEBS filaments. Bottom) Shape-memory behavior of
30/70 LLDPE/SEBS filaments. Red lines depict the tensile
response after heating/cooling to 70 ºC.

bient temperature, the filaments exhibit excellent strain
recovery >98% of the macroscopic strain. Scanning
electron micrographs revealed shear banding in the
temporary state (Fig. 1B). Radial strain measurements
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STATEMENT OF OBJECTIVE
The discovery that textiles with heat storage and
thermo‐regulatory properties can be obtained through
the incorporation of phase change materials (PCM)
has made an impact on the development of intelligent
thermal‐protective wear. PCM transient latent heat
storage properties counterbalance temperature
fluctuations through the absorption and release excess
heat. This paper will discuss the mechanism with
which PCMs works with clothing and provide an
overview of the different manufacturing techniques
used to incorporate PCM within a textile fiber
structure.
INTRODUCTION
Thermal comfort is a key feature the wearer seeks in a
garment. It is defined as a pleasant state of
physiological, psychological, and physical harmony
between the human body and the environment. The
feeling of thermal comfort is attained at a neutral state
of temperature; 33.4˚C is the most comfortable skin
temperature, if body temperature deviates +/‐ 4.5˚C
the body will feel discomfort.1 Thermal comfort
becomes critical if the performance of the wearer is
negatively affected. Recently, an emerging interest in
developing smart textiles with thermal adaptable
characteristics introduces a new approach of
providing thermal comfort in fluctuating temperature
environments. This would be especially beneficial for a
wearer whom repeatedly goes back in forth between
cold and warm environment, as it is an inconvenience
to repeatedly change clothes. Thus, a fabric that senses
a change in surrounding temperatures and adapts
accordingly is something to be desired.
A Phase Change Material (PCM) is a substance that
alternates between a solid and liquid phase. While
transitioning between phases, PCMs demonstrate transient
latent heat storage properties at a specific temperature
with little volume change (<10%).3 Interest in utilizing
PCM properties for applications was originated by the
NASA research program in the late 1970s. NASA sought
to develop new materials that could protect sensitive
instruments and astronauts from the extreme temperature
fluctuations encountered in space. Lithium chloride PCM
was used on the Lunar vehicle and the Skylab project for
the Apollo 15 mission in the 1980s.1,3 However, Lithium
chloride is not suited for textile application, as it operates
at higher temperatures. In 1994, Triangle Research and
Development Corporation was the first to demonstrate the
feasibility of incorporating PCMs within textile fibers. 4
It was found that compared to a conventional fiber, the
heat storage capacity of a fiber with PCM is higher,

indicating that the incorporation of PCM with textiles
enhances the thermal insulating properties.
ENHANCING THERMAL PROPERTIES OF
TEXTILES WITH PHASE CHANGE MATERIALS
Incorporating PCM within textile fibers is an innovative
technique in the manufacture of a smart heat storage and
thermo-regulating texile. PCM can be incorporated as an
integrated part of a garment or as a component of a
garment. When PCM is applied to a fabric structure the
following thermal effects can be achieved: (1) cooling or
heating effect, i.e., heat absorption or emission, (2)
thermo-regulating effect (i.e., PCMs help to keep the
temperature of a surrounding substrate nearly constant)
and (3) active thermal barrier effect (i.e. adapts to thermal
surroundings to regulate heat flux through a substrate).3
There are several classes of phase change materials,
however not all PCMs are appropriate for textile
applications. For thermal-regulating textiles, the PCM
should have a melting point of about 33˚C. The two most
important PCMs in the manufacture of thermal adaptable
textiles is linear chain hydrocarbon (Paraffin) and
Polyethylene glycol (PEG). Paraffin exhibits exceptional
latent heat storage properties; absorbs approximately 200
kJ/kg of heat upon transitioning from a solid to liquid.3
However, with the liquid phase there is a high chance of
leaking, thus it is difficult to directly integrate paraffin
with a textile substrate. For this reason, paraffin PCM
microcapsules (mPCM) are used. The microcapsule shell
prevents the paraffin from leaking and also protects the
PCM from the harsh conditions of textile-manufacturing
processes.3 PEG is just as effective as paraffin in
imparting thermal storage and release characteristics.
PEG’s melting point is proportional to its molecular
weight, particularly 400-2000 g/mol would exhibit
melting points around 33˚C.1 Paraffin melting temperature
depends on the number of carbon, typically 16 to 20
carbons would have transition temperatures between 1835˚C.5 PCM mixtures or PCMs in the form of
microcapsules can be embedded within fiber structure
(e.g., nylon, polyester, acrylic, and polypropylene), coated
on the surface of a textile substrate, or integrated within a
film to build a laminate or foam.2
PCM FIBER SYNTHESIS
This paper focuses on manufacturing techniques for
integrating PCM with textile fibers. PCM may be
incorporated within the fiber structure via fiber
impregnation, or conventional fiber spinning techniques.
Fiber Impregnation
Hollow Fibers: Hydrated inorganic salt is a type of PCM
can be incorporated into, or topically applied to fibers.
Vigo and Frost reported a PCM hollow fiber system in

which polypropylene and rayon fibers were filled with
inorganic phase change salts. Typically, hollow fibers are
filled with gases or liquids to improve their thermal
insulation properties.6 The intent with using phase change
salts was to dramatically increase the heat storage
capacity of the fiber. However, the results show that this
system would not be useful for producing thermoregulating effects in fibers because they exhibit
incongruent melting behavior and diminishing
endothermic peaks on repeated thermal cycling.6
A year later, Vigo and Frost introduced the same PCM
hollow fiber system, but instead incorporated
Polyethylene glycol (PEG) as the PCM component. The
PEG incorporated hollow polypropylene and rayon fibers
produced by Vigo and Frost exhibited reproducible
thermal behavior even after 150 cycles. The PEG-treated
hollow fibers exhibited heat absorption and emission an
order of magnitude higher than untreated hollow fibers.
Thus, confirming that PCM contributed to thermal
regulation. Therefore, contrary to the PCM hollow fibers
treated with phase change salts, the PEG treated hollow
fiber system would make excellent thermal adaptable
fibers.7,8
Sheath/Core Fiber: PCM fibers are also manufactured
using a sheath/core fiber system. Generally, this system is
used for incorporating PCM microcapsules.9 mPCM is
embedded within the fiber structure by adding to the
liquid polymer, polymer solution and then spun according
to the spinning method (melt, wet, dry and electrospun) or
extruded as the core component of the sheath/core fiber
system.
Melt Spinning
Bryant and Colvin were the first to patent a technique to
embed mPCM into fibers by spinning. Melt-spun
polypropylene fibers that contained 3wt.% mPCM were
successfully made. This fiber showed to enhance thermal
properties and provide thermal regulation.4 Zhang was
able to manufacture a PCM fiber with 20wt.% mPCM.
Polyethylene chips comprised of 10-60wt.% mPCM were
used as the core and polypropylene was used as the
sheath. Zhang indicated that when the polyethylene core
mixture exceeded 40wt.% mPCM content, spinnability
decreased.10 Both of the extruded sheath/core
polypropylene fibers were able to store/release heat
according to surroundings and the fibers have high latent
heat, but lost its properties in use. Both Zhang and Bryant
reported some of the PCM microcapsules were damaged
during the high temp extruding and pumping process and
or removed by the filter in the spin system.
Wet-spinning process
Temperatures in the wet-spin process are generally lower
than melt spun processes. Therefore, wet-spinning is more
preferable for keeping mPCM intact during the fiber
spinning process. Polyacrylonitrile-vinyldiene chloride
(PAN-VDC) fibers with 4-40wt.% mPCM were
developed using the wet-spinning process. These fibers
showed good thermo-regulating and flame retardant

properties due to the added vinyldiene chloride
copolymer. The spinnability of the PAN-VDC PCM
fibers varied depending on the content of PCM. Spin
solutions containing less than 30% mPCM could be
readily spun smoothly.11
Electro-spinning
A secondary alternative to melt-spinning is Electrospinning. An ultra-fine fiber composite consisting of PEG
and cellulose diacetate was prepared via electro-spinning.
The PEG is distributed throughout the core of the fiber
and on the surface. It was found that the efficiency of
enthalpy of the electro-spun fibers was higher than regular
thermo-regulating fibers. The ultra fine diameter was a
contributing factor to better thermal permeability.12
CONCLUSION
The textile fibers produced by these processes have
shown there are some defects in wash-resistance,
durability and handle.1,8 It has been noticed that for all
spun PCM fibers, the microcapsule PCM size, size
distribution, content, and distribution of microcapsules
within the fibers affect the spinnability and the
mechanical properties of the fiber product.9,10 Of the three
fiber spinning methods, Wet-spinning is the most
preferable because the processing temperature is generally
lower than those of melt-spun processes. Results indicate
high temperature extruding and pumping processes
associated
with
melt-spinning
damaged
PCM
microcapsules and/or removed mPCM by the filter in the
spinning method.10, 13
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Figure 1. Schematic structure of all-fiber electric power
nanogenerator.

For an all-fiber generator with an eﬀective dimension of
2.5x2.5x0.2 cm3, the peak values of the open-circuit
voltage and current were found to be 3.4 V and 4.4 µA.
Figs. 2a also show the open-circuit voltage and current of
the device subjected to repeated compressive loading
cycles at 1, 3 and 5 Hz. Interestingly, the peak voltage is
insensitive to frequency variation within the experimental
range, which is unlike most reported work when the
higher frequency was applied, the higher power was
generated. Remarkably, the all-fiber nanogenerator
maintains its output voltage and current at the end of the
cyclic compression test at frequency of 1 Hz and an
operation time of 140 hours, in other word, it survives at
least 1,000,000 cycles without failure (Fig. 2b), which is
twice as much as the longest reported life of this kind of
sandwiched nanogenerators.6
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In order to explore durable and efficient piezoelectric
nanogenerators that are based on flexible and soft
materials that work in the low-frequency range of human
motions with a large number of repeated deformation
cycles. We present a novel all-fiber piezoelectric
nanogenerator, which comprises a PVDF/ NaNbO3
nanofiber nonwoven fabric and elastic conducting fabric
electrodes, and converts low-frequency (≤ 5 Hz)
compression energy into electricity. More importantly, the

RESULTS AND DISCUSSION
In a schematic presentation, the all-fiber electric power
generator comprises a piezoelectric nonwoven fabric
made from NaNbO3 nanowires and PVDF composite
nanofibers, sandwiched by two conducting knitted fabric
electrodes (Fig. 1). The thickness of the free standing
nanofiber nonwoven fabric is 162 µm and those of the
two fabric electrodes are ~1000 µm, respectively.

Voltage [V]

INTRODUCTION
Future generations of wearable electronic systems and
mobile communication place a great demand for
harvesting energy from ambient environments or human
movements rather than relying on rechargeable battery
power supply.1, 2 Fiber-based electric power generators
are highly desirable as they are light and comfortable to
wearers. The flexible and soft fiber-based devices can be
designed in such a manner that low levels of strain thus
high fatigue resistance can be achieved under a large
number of deformation cycles. Moreover, piezoelectric
nanomaterials demonstrating excellent piezoelectric
properties offer great opportunities to be integrated in
polymer composites and composite fibers. Hence, it is
highly attractive and feasible to explore such soft electric
power generators that are capable of converting a
sufficient part of kinetic energy from human motions.3-5

all-fiber nanogenerator retained its excellent performance
even after 1,000,000 compression-recovery cycles.

Voltage [V]

ABSTRACT
Soft fiber-based electric power generators are attractive in
meeting the requirements of wearable devices because of
sufficient energy conversion performance, high durability
and comfort. In this paper, we present a novel type of
robust and durable all-fiber electric power nanogenerators
for wearable applications. The nanogenerator, comprising
a PVDF/NaNbO3 nanofiber nonwoven fabric sandwiched
between two
electrically conducting knitted fabric
electrodes, consistently produces a peak open-circuit
voltage of 3.4 V and a peak current of 4.4 µA in cyclic
compression test at 1Hz and maximum pressure of
0.2MPa, comparable to those of normal human walking
motion. More importantly, the all-fiber nanogenerator
retains its performance after 1,000,000 compression
cycles, which is the highest number for this kind of
generators. The robust soft fiber-based electric power
generator is attractive because of its sufficient energy
conversion performance, high durability and comfort to
wearers. The new type of all-fiber nanogenerators
demonstrates a great promise as a wearable energy
harvester that converts mechanical energy of human
movement into electricity.
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Figure 2. Power generation of nanogenerators under a series of
loading cycles. (a) Open circuit voltage output of the all-fiber
generator. (b) Long-term stability of the all-fiber generator
(pressure: 0.2 MPa, frequency: 1 Hz).

The excellent performance and robustness of the novel
nanogenerator are primarily attributed to its all-fiber
structure, that is, the enhanced collection of charges by
the plain knitted fabric electrodes thus improved energy
conversion efficiency of the generator device. The knitted
fabric electrode has different surface structures on its
front (Fig. 3a) and back (Fig. 3b) sides. The loop density
of conducting yarns on each side is 1210 and 590
loops/cm2, respectively. The selected front side can
maximize the contact area of the fabric electrode as well
as imposing more flexoelectric effects due to the induced
localized strain gradients. Further, the uniquely coupled
properties of the NaNbO3 nanowires affect the
piezoelectricity of the hybrid piezoelectric structure.
During the electrospinning process of the PVDF/NaNbO3
nanofiber, PVDF and NaNbO3 nanowires can be poled
along the fiber length direction, or the direction of the
electric field applied. Furthermore, the NaNbO3
nanowires have a positive piezoelectric coefficient value
and embedded them into the PVDF nanofiber which can
enhance the contact surface area of two different
piezoelectric materials, and also affect the electricalpower output and stability of a PVDF-polymer layer on
the substrate.
(b)
(a)

Figure 3. ( a) Front-side of the knitted fabric electrode. (b) Backside of the knitted fabric electrode.

In
the
all-fiber
generator,
the
piezoelectric
nanofiber nonwoven fabric is physically sandwiched by
two fabric electrodes. The interfacial stresses include
pressure and friction without the presence of physical or
chemical bonding.
When subject to a uniform
compressive pressure of 0.2 MPa on the top of the device,
a complex non-uniform deformation filed is present, as
shown in the cross-sectional SEM micrographs Fig.7a and
7b. Subject to compression on the top of the device, both
the piezoelectric nonwoven fabric and electrode fabrics,
which are flat and straight initially, are distorted to a large
extent, bent, stretched or compressed locally, which is
contradictory to the earlier belief of uniform compression
of the sandwich structure where all layers remain straight
and deform only in the direction of thickness. This nonuniform deformation can be explained by the fabric
structures. First, since the fabric electrode has a looped
surface, the pressure distribution on the surface of
PVDF/NaNbO3 nanofiber nonwoven fabric is not uniform
any more. Secondly, the twisted composite yarns in the
knitted loops are subject to lateral compression by
adjacent yarns and the nonwoven fabric. Many other
modes of deformation occur, including axial
extension/compression, torsion and bending of the yarn.
It is evident that the cross-sections of the polyurethane
core yarn are much distorted (Fig. 4a and 4b). Their crosssectional areas become larger in some, and in others

flatten or reduced. Hence three working modes of the
PVDF/NaNbO3 nanofiber nonwoven fabric may take
place simultaneously during the compression of the
generator device, which lead to charge generation mainly
due to the combination of out-of-plane compression strain
(d33 mode), in-plane tensile or compression strain (d31
mode) in the PVDF/NaNbO3 nanofiber nonwoven fabric,
as well as the flexoelectric effects as results of large strain
gradient in the piezoelectric fibers.
(a)

(b)

Figure 4. (a) SEM micrographs of the cross-section of the
nanogenerator under a uniform compressive pressure of 0.2MPa.
(b) is an enlarged image of (a).

CONCLUSIONS
In summary, we have designed, fabricated and
characterized a novel all-fiber piezoelectric nanogenerator
consisted of a NaNbO3/PVDF nanofiber nonwoven fabric
sandwiched between two conducting fabric electrodes and
developed an easy fabrication method. The resultant
generator exhibits a high durability and good electric
power generating performance in a cyclic compression
test simulating human walking conditions. Further, the
synthesized PVDF/NaNbO3 nanofiber nonwoven fabric
layer, fabric electrodes and the fully packaged generator
device are very soft, flexible and light weight thus
ensuring maximum wearing comfort. Finally, this
wearable nanogenerator demonstrates great promises as
an energy harvester that coverts low-frequency
mechanical energy of human activity into electricity.
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INTRODUCTION
Confidence in knowledge of cellulose structure has
increased with the reports from “big science”
determinations of the crystal structures of the various
polymorphs of cellulose. Both synchrotron and neutron
diffraction studies have provided precise coordinates of
the atoms for cellulose I, I, II as well as IIII and IIIII
(Nishiyama et al., 2002 & 2003; Langan et al., 2001;
Wada et al., 2004; Wada et al., 2009). Although the
conclusion of a parallel structure for native Iand I with
a concomitant antiparallel structure for mercerized
cellulose II has not been universally accepted, the
proposed structures provide testable hypotheses.
One such test is to calculate other things that depend on a
correct structure. For example, models of the crystals of
the various cellulose polymorphs can be constructed by
symmetry operations on the unit cell coordinates from
these papers. Given three-dimensional models, the
modulus can be predicted for the best case (Wohlert et al.,
2012). Similarly, the vibrational and Nuclear Magnetic
Resonance spectra can be calculated for comparisons with
experimentally determined results (Kubicki et al., 2013).
While these computational experiments are easily
justified in view of the continuing controversies about the
structures, it may be less obvious to use models derived
from the crystal structure to calculate the diffraction
patterns. After all, similar calculations of the intensities
are a key part of the refinement of the experimental
structure. However, important questions can be addressed
by such calculations, especially regarding crystal size,
shape, and deviations from perfect order.
APPROACH
The focus of crystal structure determination and
refinement is the creation of the coordinates of the atoms
in the asymmetric unit of the structure. These coordinates
are expressed in fractions of the a, b, and c dimensions of
the unit cell. To make a model, the fractional coordinates
are manipulated by applying symmetry operators, such as
–x, –y and z+1/2 for space group P21, to the coordinates
of the asymmetric unit to complete the contents of the unit
cell. This unit cell is then translated by multiples of the
unit cell dimensions to create a crystal model. These
operations generate a perfect crystal of a finite size,
whereas the unit cell is based on the idea that the crystal is
infinite, at least relative to the size of the unit cell. On the
other hand, actual diffraction patterns for practical
cellulosic materials such as cotton provide evidence of not
only crystalline material but also amorphous regions.

Diffraction patterns for the various crystalline forms can
be calculated in several ways. The simplest and fastest
method is to furnish the atomic coordinates of the
asymmetric unit to a program such as Mercury (Macrae et
al., 2008) that takes advantage of the crystal symmetry to
generate a pattern for a model that has infinite order.
These patterns represent crystals of finite size through the
use of wider peaks that are indicated by the Scherrer
formula.
To study deviations from periodic order or crystals of
different sizes and shapes, approaches are needed that
explicitly involve all of the atoms. For example, the
Debyer program uses the Debye equation to create a
scattering pattern for any set of atoms (Wodjyr, 2011).
Special software has been written to simulate oriented
fiber diffraction patterns (Nishiyama et al., 2012). The
fiber pattern method can take more than a day of
computer time.
Coordinates for the five polymorphs were taken from
published work (see first paragraph). Coordinates for I
and I are also in the Cambridge Crystal Structure
Database with Refcodes of JINROO01 and PADTUL,
respectively. The coordinates were input to the Mercury
program in the Crystal Information File (.cif) format. The
.cif format files were prepared by hand for the cellulose
forms, and the I coordinates were interchanged so that c
is the fiber axis. A common convention was used for the
monoclinic structures, in which the a axis is shortest and
the b axis is longer, and the monoclinic () angle is
obtuse. This convention, along with the unique c axis
which is parallel to the molecular axis, is in line with the
convention used in diffraction studies of other polymers.
Historically, other conventions have been used, which
resulted in different Miller indices for the peaks. This has
resulted in substantial confusion in the literature,
especially when authors (and reviewers) have a limited
understanding of crystallography.
The Mercury and Debyer programs can be freely
downloaded and are simple to use. In Mercury, after
reading the coordinates, the option to calculate the
powder diffraction pattern was used. Patterns were
calculated for both 0.1° peak width at half the maximum
height (pwhm), corresponding to a crystal of nearly 90 nm
in cross section and 1.5°, corresponding to a size of about
6 nm.

RESULTS AND DISCUSSION
Mercury patterns for the five polymorphs were drawn
with both the sharp 0.1° peaks and the broader, 1.5° peaks
that resemble the peaks on experimental patterns (French,
2013?). That paper argues for standardization of the
Miller indices to promote understanding of routine
powder patterns in terms of the detailed crystal structures.
The purpose of showing the sharp peaks is to indicate
exactly which peaks are contributing to the composite
peaks that result from overlap when the peaks are wider.
In some regions, a finer increment than the 0.02° default
value of 2 (e.g. 0.002°) and a pwhm of 0.01° were
needed to obtain a full separation of adjacent peaks.
The 1.5° calculated pattern for cellulose I shows peak
overlap in the region near 18° 2 that is usually attributed
to amorphous material. This attribution is encoded in the
Segal (1959) Crystallinity Index (CrI), which states that
the percent of crystalline material is
CrI=100*(Imaximum-Iamorphous)/Imaximum
When the simulated peaks have a pwhm of 1.5, the CrI is
90% (i.e., 10% “amorphous”), even though there is no
contribution from amorphous material in the calculation
(French, 2013). Therefore, bringing a background line to
the height of the intensity in the 18° region ignores the
correct shape for the diffraction profile. Another issue is
that the level of intensity at about 16° 2 that is similarly
attributed to amorphous material for cellulose II, is much
less, even though the pwhm values are the same.
Therefore, CrI values for cellulose I and II cannot be
compared (French and Santiago Cintrón, 2013).
Work by Hadden et al. (2013?) shows that the twisting
that can result from modeling crystals does not affect the
powder patterns. Calculated fiber patterns show that the
surface layers of cellulose chains on crystals contribute to
the crystalline diffraction despite being thought to be
amorphous (Nishiyama et al. 2012).
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OBJECTIVE
This work aims to track the variation on the properties of
the major ampullate (MA) dragline silk during evolution
in order to identify and date the biological origin of the
main features of this high-performance material. Hence,
we have analyzed the macroscopic mechanical behavior
of different MA silks and correlated them with their
constituent proteins. To this end, we have used an
accurate approach based on supercontraction in order to
mechanically test MA silk in a reproducible manner,
which allows comparison between different spider
species. This broad phylogenetic and tensile study
provides useful information to understand the
evolutionary need-driven changes on dragline silk, which
could aid design of biomimetic fibers.
INTRODUCTION
One single spider can produce different silks for a number
of functions, depending on the gland they are spun from.
Silk from the major ampullate (MA) gland, utilized by
orbicularian spiders in the construction of their iconic orb
webs, is the toughest biological material known.1
However, MA silk was ancestrally used by spiders
primarily in terrestrial webs to capture pedestrian insects
or acted as lifelines, thus MA silk is also known as
“dragline silk.”
During evolution, spiders have span the
mechanical properties of their MA silk to adapt it to new
and high-demanding uses by changing their constituent
proteins through mutation of the genetic information. This
natural adaptation would have been aided by the high
species richness and the wide range of ecological niches
they occupy. Besides, the silk gland system is relatively
isolated in physiological terms from the rest of the
organism and should thus mutate quickly.2
APPROACH
An accurate phylogenetic comparison of the mechanical
performance of MA silk requires designing an
experimental technique which reduces natural variability.
We have made use of the intrinsic property of spider silks
named ‘supercontraction’, which occurs spontaneously in
contact with water, to overcome that limitation.
Supercontraction of MA silk to their “ground state” erases
any previous loading history by breaking some of the
‘fixative’ hydrogen networks. The fiber length in the
maximum supercontraction (MS) state is termed ‘LMS’
and is assumed to correspond to the minimum alignment

of the protein chains with respect to the macroscopic axis
of the fiber. In this study two different experimental
approaches are applied:
(1) MA silk fibers were let supercontract in water (to
LMS), dried and then mechanically tested from the soattained maximum-supercontracted state (MS). This
approach has been used to compare silks from different
lineages and taxa;
(2) MA silk fibers were let supercontract in water (to LMS)
and then wet-stretched to a defined length (L). Fibers with
the same alignment parameter  [defined as  = (L/LMS) –
1] were compared. Mechanical tests were performed on
dried fibers. This approach has been used to fully
compare silks from closely related genera.
RESULTS AND DISCUSSION
Broad phylogenetic study
Phylogenetic variation of the mechanical performance of
major ampullate (MA) silk was tested through the
experimental approach (1) (see above).
The poor mechanical behavior of the acciniform
silk spun by ancestral Mygalomorphae (tarantulas and
their relatives) is associated with low frequencies in two
amino acid repetitive sequences (or motifs): glycinealanine (GA) and poly-alanine (poly-A) motifs. Both
these repetitive sequences tend to form -sheets that stack
together into nanocrystals, which confer strength to the
macroscopic fiber.
MA silk performance improved rapidly among
basal lineages of araneomorph spiders that diverged from
one another 376 million of years ago. Although the
extensibility of haplogyne silk is still low, a clear
enhancement in tensile strength is observed, which can be
correlated with a more homogeneous distribution of polyA and GA motifs. Besides, the sequence GGX (where X
is a small subset of amino acids) is first observed in
Haplogynae cDNAs, which is thought to be involved in
the supercontraction event, together with the amino acid
proline. However, these MA silks still contain relatively
few glycine residues, and almost no proline, so they show
only modest supercontraction (about 10%).
The next innovation in MA silk genes occurred
prior to the divergence of orb spiders and RTA clade.
Maximun tensile strength was achieved by an increase in
recurrence of poly-A and GA repetitive sequences. In the
RTA clade, the GGX motif also becomes more frequent
compared to Haplogynae, so a higher degree of
extensibility is observed for their MA silks.

Although RTA clade and Orbicularie share a maximum
strength, the unrivaled toughness of orb spider MA silk
occurs with a major increase in extensibility at the base of
Entelgynae, at least 230 million of years ago. This new
mechanical feature of MA silk coincides with the
appearance of a novel MaSp2 protein, which incorporates
the amino acid proline through the novel glycine-prolineglycine-glycine-X motif (where X is a small subset of
amino acids; GPGGX). Proline generally destabilizes
secondary structures in proteins, introducing extensible spirals3 and favoring amorphous protein networks.4
Another differential feature between RTA clade and
Orbicularie is the degree of MS, which reaches 40-60%
in the more recent spider lineage.
Remarkably, although all orbicularian spiders
share an impressive tensile strength, a broad range of
extensibilities could be achieved within this same taxon
by different combinations in the expression level of
MaSp1 and MaSp2. This genetic mechanism allows even
a single recent genus, as Argiope, to tailor the functional
properties of MA silk (Figure 1).

N. inaurata and A. lobata. Interestingly, compliance of
MS curves is linked to the extent to which silk fibers
supercontract. That is, silks of Pattern A shrink to 60% of
their original length, whereas only 40% of reduction is
observed for fibers of Pattern B.
When  = 0.45 and  = 0.91 are considered,
consistent results are obtained within Pattern A. In
contrast, the species of Pattern B require significantly
lower alignment values to exhibit the same mechanical
strength as silks from Pattern A.
Finally, although the maximum  value that can
be attained differs between species, the stress-strain
curves of silk in its stiffest condition are very similar and
independent from the species.

Orbiculariae – 230MYA

Argiope – 30MYA

Figure 2

Figure 1
Analysis of related orb web spider species
We have also characterized and compare the tensile
properties of MA silk of six orbicularian species focusing
on the Argiope genus. We let fibers attain the MS state
and we further wet-stretched them to obtain a predefined
alignment parameter,  (experimental approach (2); see
above). Values of  = 0, which corresponds to the MS
state, and  = 0.45, value observed in the most compliant
fiber naturally spun by A. trifasciata spiders, could be
achieved in all silks tested. Value  = 0.91 was
attainable in some cases and corresponds approximately
to the stiffest fibers that can be naturally spun by A.
trifasciata.
Silks at MS state ( = 0; Fig. 2) follow two
different patterns. Pattern A is exhibited by A. trifasciata,
A. argentata, A. bruennichi, and Araneus diadematus, and
their stress-strain curves are considerably more compliant
than those of Pattern B, which comprises the silk spun by

CONCLUSIONS
The evolution and improvement on mechanical
performance of MA silks has run parallel with the new
biological requirements imposed at each evolutionary
stage, but some of the main traits of silk were locked in
very early. In addition, not only can spiders control the
properties of their MA silks through variation in protein
composition (predefined by changes in the genetic
information), but they can also tune their final features by
applying shear force as silk emerges from their spinnerets.
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STATEMENT OF PURPOSE
The purpose of these studies was to identify novel
proteins that are expressed in silk-producing glands
of spiders that are connected with the expression of
dragline silk components.
INTRODUCTION
Spider silk is a lightweight, high performance fiber
that has exceptional tensile strength and extensibility.
Microdissection of the abdomen of spiders has
revealed seven distinct silk and/or glue-silk
producing glands, which include the major and minor
ampullate, tubuliform, aciniform, flagelliform,
pyriform and aggregate. These silk producing glands
have been postulated to manufacture fibroins spun
into different silk types with diverse mechanical
properties (1). These fibroins share common protein
architectures, including the presence of non-repetitive
conserved N- and C-termini and internal block
repeats (2). To date, 6 of the 7 silk-producing glands
have been shown to extrude fibers with the exception
of the aggregate gland. Because of the morphology of
the aggregate gland spigots, it is unclear whether this
gland synthesizes structural proteins that selfassemble into fibers or whether it exclusively secretes
adhesive substances that are non-fibrous in nature.
APPROACH
We coupled DNA microarray analysis, mass
spectrometry, and other biochemical approaches to
investigate the presence of new proteins that have
expression patterns linked to dragline silk
constituents. For this, dragline silk was collected by
allowing the spiders to free fall and changes in gene
expression profiles in the silk-producing glands were
monitored. Using this strategy, we attempted to
identify novel silk proteins and constituents involved
in the silk assembly pathway.
RESULTS AND DISCUSSION
To identify novel genes that have expression levels
linked to MaSp1 and MaSp2 synthesis, we generated
spider DNA chips for microarray analysis. Using a
cDNA library prepared from the silk-producing
glands of the black widow spider, we amplified and
printed over 3,300 cDNAs onto glass slides for

hybridization studies with nucleic acids. Two distinct
groups were used for this analysis, which included
one group of spiders referred to as the ‘free fall
dragline silked group’ and the other group
represented the non-silked group. Because the major
ampullate gland is known to synthesize MaSp1 and
MaSp2, we hypothesized that dragline silking would
influence the expression pattern of fibroins and other
silk components in different silk-producing glands
due to inter-gland communication. After dragline
silking the spiders, 44 of the printed genes were
observed to be down-regulated by as much as 5-fold
following the silking procedure (Table 1). These
cDNAs were selected for sequencing and their
identities determined using the computer algorithm
BLASTn to search the sequences against the NCBInr
database (Table 1). Several fibroins that have been
demonstrated by MS/MS analyses to be constituents
of silks, which include the tubuliform fibroins TuSp1,
ECP-1 and ECP-2, as well as gene products
previously implicated in the silk production pathway
or spiral glue droplets, such as a peroxidase and
aggregate spider glue factor, respectively, were
identified during our DNA microarray analysis. Four
of the cDNAs, showed no significant similarities to
sequences deposited in the nrNCBI protein database;
these cDNAs were initially listed as “unknown”
(Table 1).
Characterization of unknown cDNAs
Two of these cDNAs were recently characterized by
our lab and their products were demonstrated to
localize to the connection joints of cob weaver webs
(3). Both of these products were shown by western
blot analyses and mass spectrometry to be expressed
in the aggregate gland and extruded into connection
joint structures. One of these cDNAs, named
Aggregate Gland Silk Factor 1 (AgSF1) contained a
long opening reading frame that encoded a protein
containing 1213 amino acids with a predicted
molecular mass of ~112-kDa and pI = 6.89.
Inspection of the spider protein C-terminus revealed
the presence of a glycine- and histidine-rich region
(Fig. 1). Two different internal block repeats were
present within the translated cDNA. These blocks
consisted of 36 or 64 amino acid segments (Fig. 1).

Manual inspection of each 36 amino acid block
repeat revealed 5 tandem copies of X1PGX2G (X1 =
Q, E or R; X2 = S or N), coupled to single copies of
the QPGYY and RPGGKG submotifs. A striking
feature was the regular spacing profile on the proline
residues, which showed a conserved spacing pattern
of one in every 5 residues (Fig. 1). The X1PGX2G
tandem repeats resemble pentameric modules
reported in elastin. The amino acids found in the
highest amount included glycine, serine, proline and
glutamine at 38.5%, 11.8%, 11.5% and 7.2%,
respectively. The second block repeat, which
comprised 64 residues, was iterated 3 times with a
fourth segment being truncated on the N-terminus;
this reflects the partial nature of the cDNA on the 5’
end of the clone. This block repeat did not have
sequence similarities to other repeats or submotifs in
other spider silk family members. Analysis of the 64
amino acid residues revealed 32.4% glycine, 11.8%
serine and 7.4% asparagine (Fig. 1). Because the
primary sequence of AgSF1 contains internal block
repeats that resemble elastin, we investigated whether
synthetic fibers could be spun from purified
recombinant AgSF1G+XPGXG (gly-rich + spacer +
XPGXG). Using a wet-spinning methodology,
recombinant AgSF1G+XPGXG proteins were capable of
self-assembly into fibers (Fig. 2). Circular dichroism
studies of the purified recombinant protein also
revealed a secondary structure that was alpha helical
in nature (data not shown).

Figure 1: Schematic of AgSF1 protein sequence.

Table I: Subset of genes that decrease after dragline
silking spiders for 5 days.
Description
Aggregate spider glue 2
TuSp1
ECP-1
ECP-2
Unknown #1
Unknown #2
Unknown #3
Unknown #4

Putative Function
Spiral glue droplets
Tubuliform silk
Tubuliform silk
Tubuliform silk
Glue protein (AgSF1)
Glue protein (AgSF2)
Tubuliform silk
Dragline silk

Figure 2: Black widow spider connection joints.
Left) SEM of a synthetic fiber spun from purified
recombinant AgSF1G+XPGXG protein. Right) SEM of
a web connecting joint from a naturally spun web.

Using quantitative real-time PCR analysis, we
demonstrate that unknown clone #3 is exclusively
expressed in the tubuliform gland. The presence of
this protein in the fibers was confirmed by MS/MS
analysis using dissolved egg case silks that were
digested with trypsin. Several peptides that matched
the theoretical sequence from the translated cDNA
were identified (data not shown).
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CONCLUSIONS
In this study, we describe the identification and
characterization of two gene products Aggregate
Gland Silk Factor 1 and 2 (AgSF1 and AgSF2) as
well as a novel component of tubuliform silks.
AgSF1 and AgSF2 are expressed in high quantities in
the aggregate gland and extruded as adhesive
materials that function to interconnect scaffolding
fibers in the three-dimensional architecture of the
web as well as wrapping silk for prey immobilization.
We also provide evidence that recombinant AgSF1
protein chains can self-assemble into synthetic fibers.
Additionally, we show that unknown cDNA clone #3
codes for a novel protein found in tubuliform silks.
Unknown clone #4 is currently being characterized
and awaits further biochemical analyses.
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ABSTRACT REQUIREMENTS
Spider dragline silks consist primarily of the major
ampullate spidroin proteins 1 and 2 (MaSp1 and MaSp2).
These high molecular weight fibrous proteins contain a
large, repetitive central domain (approximately 100
copies of shorter 30 to 40 amino acid repeat units) that
comprise ~90% of the protein molecule and dominate the
primary structure [1]. The repetitive domains interact
with each other and form extensive ß-structure in the
protein fiber [2]. This large central domain is flanked on
either side by short (150 amino acid) non-repetitive Nand C-terminal domains (NTD and CTD) that exist as
compact helical bundles [3]. Our current model for
assembly of the constituent proteins into a fiber involves
homodimerization of both NTDs and CTDs [4]. This is
hypothesized to result in the generation of long
multimeric strands of spidroins in a head-to-head (NTD
homodimers) and tail-to-tail (CTD homodimers)
arrangement. Interestingly, the NTD behaves as a pH
sensor and undergoes a dramatic conformational change
in response to acidification.
We have previously
characterized the interaction of NTDs and shown that the
pH-induced conformational change is correlated with the
strength of the homodimer association. Not surprisingly,
ionic strength affects both the conformational change and
homodimerization.
Structural characterizations of the NTD suggest a number
of potential salt bridges may be important in mediating
the pH-induced conformational change and/or homodimer
stability [3]. We have systematically introduced single
and double amino acid residue alterations into

recombinant NTDs to further explore the potential role of
specific amino acids in these two phenomena.
Conformational changes have been monitored by
tryptophan fluorescence and protein association kinetics
have been evaluated by bio-layer interferometry.
We are also expressing recombinant mini-spidroins in
several heterogogous systems to further study the selfassembly process. Mini-spidroins consist of native NTD
and CTD domains flanking an abbreviated numbers of
repeat modules. The recombinant mini-spidroins have
been purified and used for the production of pulled fibers.
Results from these ongoing studies will be presented.
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Cellulose has a rigid linear syndiotatic β-(1→4)glycosidic linked D-anhydroglucopyranose chemical
structure and is highly crystalline in its native form. The
steric effect in the β-1,4-linked glucopyranose chain
structure preventing free rotation along the chains and
the extensive inter-molecular and intra-molecular
hydrogen bonds from equatorial primary C6 and
secondary C2 and C3 hydroxyls contribute to it’s unique
properties. To take full advantage of these unique
attributes, direct utilization of crystalline cellulose is a
superior approach to fulfill their greatest potential as the
most significant renewable resources for high value and
high performance materials beyond fiber, paper and
biofuel.
Upon removing the less crystalline chains, highly
crystalline nanocellulose, either as cellulose nanocrystals
(CNCs) or nanofibers (CNFs), can be isolated from a
broad range of natural sources including tunicate, algae,
bacteria and wood.1 The bending strength and modulus
of these nanocellulose have been estimated to be ~10
GPa and ~150 GPa,2 respectively. This impressive
bending strength is about one-seventh of 63 GPa for
carbon nanotubes and much higher than high strength
fibers such as polyaramids.
This paper presents approaches by which to isolate pure
cellulose from biomass, to generate crystalline
nanocellulose and to create crystalline super-fine fibers
and amphiphilic super-absorbent aerogels.
We have developed streamlined processes to isolate
cellulose from various under-utilized agricultural and
processing byproducts, such as cotton linter,3 grape
pomace4 and rice straw.5,6 Crystalline nanocellulose can
be derived by various chemical and physical methods.
Acid hydrolysis (64 wt% H2SO4 10 mL/g cellulose,
45°C) of cotton produced CNCs that are <10 nm wide
and 200-400 nm long.3 Pure cellulose have also been
isolated from rice straw at 36% yield and hydrolyzed into
CNCs whose dimensions could be tuned by length of
hydrolysis time, i.e., CNC45 (11.2 nm wide, 5.06 nm
thick and 117 nm long) and CNC30 (30.7 nm wide, 5.95
nm thick and 270 nm long).4
Defibrillation by sulfuric acid hydrolysis, mechanical
blending
and
2,2,6,6-tetramethylpyperidine-1-oxyl
(TEMPO)-mediated oxidation of rice straw cellulose
yielded 16.9% CNCs, 12% CNFs and 19.7% CNFs,
respectively.7

Sulfuric acid hydrolysis produced highly crystalline (up
to 90.7% CrI) rod-like (3.96-6.74 nm wide, 116.6-166
nm long) CNCs with similarly negative surface charges
(-67 to -57 mV) and sulfate contents but decreasing
yields and dimensions with longer hydrolysis from 15 to
60 min (Figure 1).

Figure 1. TEMs of CNCs: (a) 15, (b) 45, (c) 60 m.
Mechanical defibrillated CNFs were 82.5% crystalline
and bimodally distributed in sizes (2.7 nm wide and 100200 nm long; 8.5 nm wide and micrometers long).
TEMPO mediated oxidation liberated the most uniform,
finest (1.7 nm) and micrometer long, but least crystalline
(64.4% CrI) CNFs.7

Figure 2. AFM height of CNF-B (a-c) and CNF-T (d-f):
(a,c) image, (b,e) profile, (c,g) distribution.
All CNCs and CNFs had highly crystalline cellulose Iβ
structure, greater than its source. The sulfate and
carboxyl groups introduced on the CNC and CNF
surfaces by the respective sulfuric acid hydrolysis and
TEMPO oxidation enable their swift and stable
dispersion in aqueous as well as organic media including
ethanol and DMF.
These nanocellulose self-assembled into submicron (153
to 440 nm wide) fibers of highly crystalline (up to 91 %
CrI) cellulose Iβ structure (Figure 3b) with larger
crystallites (7.36 nm and 8.33 nm, respectively) than the
original pure rice straw cellulose (61.8%, 4.42 nm).
Moreover, the nanocrystals exhibited significantly
improved thermal conductivity and stability, leaving
substantially more (30%) carbonaceous residue than the
original cellulose (Figure 3a).7

a

c

Figure 3. TGA and XRD of CNCs and CNFs.
These self-assembled fibers had essentially nonporous or
macroporous structures with the CNCs well aligned
along the fiber axis (Figure 4). Furthermore, the selfassembled ultra-fine fibers showed extraordinary
structural stability, withstanding vigorous shaking and
prolong stirring in water.

Figure 5. CNF aerogels: (a) 0.2CNF, (b) density and
porosity, (c) compressive SS curve, (d) on top of a
dandelion, (e) SEM of pore structure.
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Figure 4. Highly oriented alignment of CNC45 (0.06%)
in self-assembled fibers.
Under optimized TEMPO mediated oxidation coupled
with mechanical blending, highly uniform (2.09 nm
wide, 1.52 nm thick, up to 1 m long) cellulose
nanofibrils (CNFs) were efficiently derived at an
impressive 96.8% yield and contained 1.29 mmol or 0.21
COOH/anhydroglucose (AG), representing 70.9%
surface C6 OH-to-COOH conversion. Examples of
several self-assembled structures will be presented.
Ultra lightweight (1.7x10-3 g/cc) and 99.9% porous CNF
aerogels have been successfully fabricated from 1-2 nm
wide and micrometer long CNFs by a facile freezing and
freeze-drying processes. These CNF aerogel showed
superior compressibility and complete shape recovery in
water over 100 cycles. Their amphiphilic characteristics
are shown by super absorbency towards water (210 g/g),
saline (210 g/g) and non-polar chloroform (375 g/g).
Hydrophobic surface modified aerogels became even
more hydrophobic absorbing non-polar, aprotic organic
solvents and oils up to 356 times, far superior than those
derived from natural organic, inorganic or synthetic
polymers and approaching the best performing carbon
nanotube and grapheme aerogels.
This robust defibrillation-assembly approaches offer new
versatile natural nano-building blocks and scalable
alternatives to fabricate super-fine highly crystalline
cellulose I fibers as well as amphiphilic superabsorbents from the by-product of the largest cereal crop
in the world.
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INTRODUCTION
Traditional nanowire synthesis has relied predominantly
on bottom-up vapor-liquid-solid (VLS) growth from a
catalytic droplet [1] or solution-liquid-solid growth
processes [2]. Such nanowires find applications in nanoelectronics, photonic devices, and interfacing electronics
with cells. Initially, it appears that the top-down process
of thermal fiber drawing (TFD) from a macroscopic
preform [3] is unrelated to nanowire fabrication. While
these two techniques share the form factor of the resulting
structure: a large-aspect-ratio wire or fiber, nevertheless
there is a difference in scales involved: centimeter-scale
cylindrical preforms are heated and drawn into long
lengths of smaller-diameter fibers. There are significant
differences in size and materials used: nanowires typically
have smaller diameters (1 – 100 nm) while fibers have
much larger lengths (kilometers). Moreover, nanowires
are synthesized from semiconductors or metals, while
optical fibers are typically made of glassy insulators
(glass or polymer). This distinction in materials has
recently been breached: multi-material fibers make use of
materials typically not associated with TFD [4], resulting
in new applications in photonic band gap fibers that
contain nano-scale multilayer structures [5], metalsemiconductor-insulating fibers [6] that provide unique
in-fiber optoelectronic functionality, and TFD of
crystalline silicon, germanium, and III-V semiconductor
cores in a silica-glass cladding [7]. In light of these
developments, an important question arises: what is the
smallest diameter axially continuous nanowire that may
be reached by TFD?

macroscopic cylindrical preform (Fig. 1a) consisting of a
10-mm-diameter amorphous semiconductor chalcogenide
glass core As2Se3 surrounded by a thermoplastic polymer
cladding (polyethersulfone, PES).

APPROACH
We report on the results on an investigation of this
question using a model fiber comprising amorphous
semiconducting cores embedded in a polymer cladding.
We use multiple TFD steps to reduce the diameter of a
macroscopic semiconductor rod from 10 mm to axially
continuous sub-5 nm confirmed by direct imaging of the
nanowires after selective dissolution of the cladding. TFD
produces high-density arrays of globally ordered
nanowires at lengths characteristic of optical fibers. We
did not observe the expected axial breakup in the drawn
nanowires which possibly suggests a breakdown in the
continuum fluid at these nanoscales [8].
The fabrication of nanowires by TFD requires
multiple steps of preform preparation and fiber drawing.
First, we fabricate a 40-mm-diameter 10-cm-long

Figure 1. Producing in-fiber microwires and nanowires by TFD.
(a) A preform (the polymer is red, the glass is black), core
diameter 10 mm, is drawn into a fiber; SEM of (b) a cross
section (core diameter 650 μm) and (c) an exposed core
(diameter 200 μm). (d) In-fiber nanowire array produced by
TFD containing an array of eight cores. (e) SEM of a cross
section. Each core (500 nm diameter) is surrounded by a black
dashed circle to guide the eye. Inset shows an individual core.
(f) SEM of nanowire arrays with individual diameters 200 nm
and 50 nm.

RESULTS
Cascading two TFD steps, we produce a micro-wire
embedded in a fiber. The initial 10-mm-diameter As2Se3
rod is prepared by melt-quenching and the cladding is
formed by rolling a 75-m-thick PES film followed by
thermal consolidation and TFD. To examine the

continuity of the core we dissolve the cladding with
dimethylacetamide (DMAC) and release of the
semiconducting core (Fig. 1b-c). Further reduction in core
diameter via successive TFD steps is confirmed in Fig.
1d-f in the diameter range from 1 m to 50 nm.
The results highlight the advantageous features
of TFD as a top-down nanowire fabrication approach: the
process is scalable (that is, a large number of nanowires
may be produced simultaneously; e.g., a 1-mm diameter
fiber may include 107 100-nm-diameter nanowires); TFD
produces extremely long nanowires (limited by the drawn
fiber length); global orientation is imposed on the
nanowire array while the polymer matrix provides
mechanical support and electrical insulation between the
individual nanowires.

resolution TEM confirms that As2Se3 is present. We thus
confirmed the axial continuity of the sub-5-nm-diameter
nanowires produced by TFD.
This outcome is surprising in light of the breakup
mechanisms expected to limit the axially continuous
transverse feature size such as capillary fluid instabilities.
Since the cores are reduced in viscosity during TFD and
are surrounded by the viscous polymer matrix, we expect
that the Plateau-Rayleigh capillary instability will lead to
core breakup into droplets according to the classical
Tomotika model. We find however that the wires are
unexpectedly stable to sub-3-nm-diameter. This stability
is not yet fully understood. Potential hypotheses are the
breakdown of the continuum limit of fluid dynamic
models or the close proximity of the nanowires in the
polymer matrix that may result in coupling that
suppresses capillary instability growth in a departure from
Rayleigh and Tomotika models.
CONCLUSION
We have demonstrated that TFD may yield axially
continuous amorphous semiconducting nanowires to sub5-nm diameters. Extremely long lengths of high-density,
globally oriented and ordered arrays of these nanowires
are combined in a single fiber with potential applications
in nanosensing, nanoimaging, energy harvesting, and live
cell bioprobing.
KEYWORDS
Multimaterial fibers; nanowires; thermal fiber drawing

Figure 2. (a) TEM sample preparation: i, a thin slice is
microtomed from the fiber tip; ii, the slice is placed on a TEM
grid and the polymer, P, is dissolved; iii, well-separated bundles
of 5-nm-diameter nanowires, G, less than 200 nm long. (b) TEM
micrograph of a short bundle of 5-nm-diameter nanowires
corresponding to the white dashed box in (a, iii). (c) EDX of the
nanowires obtained using the TEM showing an elemental
composition compatible with the nanowire material As2Se3 and
remnants of the polymer PES.

To investigate the lower limit of this process, we
use another stack-and-draw step that reduces the nanowire
diameters to 20 nm, and subsequently use fiber tapering to
reach 5 and 2.5 nm. We stack 80 fibers each containing ~
4000 500-nm-diameter cores in a preform drawn into a
fiber. After dissolving the cladding, we are left with
continuous cores. By isolating single strands of the
exposed cores we confirm the continuity of the 20-nm
nanowires using both SEM and TEM imaging.
Further size reduction is achieved by fiber
tapering. The fiber is pulled symmetrically from both
ends after heating thus controllably reducing the diameter
to ~ 5-nm diameter. High-resolution SEM imaging
confirms the continuity of the core nanowires and the
global orientation of the exposed nanowire bundle.
Further tapering produces ~ 2.5-nm-diameter nanowires,
and the continuity of the cores is also confirmed after
dissolving the cladding. We measured the nanowire
diameter by TEM imaging (Fig. 5a,b). An EDX
measurement of the nanowires (Fig. 5c) using a high-
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The mechanics of a fascicle insertion into the skin by
a mosquito of the type aedes aegypti has been studied
experimentally using high speed video (HSV)
imaging, and analytically using a mathematical
model. The fascicle is a polymeric microneedle
composed of a ductile material, chitin. It has been
proposed that the mosquito applies a nonconservative follower force component in addition to
the Euler compressive load in order to prevent
buckling and penetrate the skin. In addition, the
protective sheath surrounding the fascicle (labium)
provides lateral support during insertion. Mechanics
model for the penetration process shows that the
lateral support provided by the labium and the
nonconservative follower force application are

essential to inserting the fascicle into the skin without
buckling. The mechanics model presented
approximates the fascicle as a slender column
supported on an elastic foundation (labium) subjected
to nonconservative Beck and conservative Euler
loads simultaneously at the end. Model shows that
the fascicle buckling load increases by as much as a
factor of six when the lateral support and Beck loads
are accounted for. Experimental results showing the
importance of labium has been cited to validate the
model predictions in addition to the video
observations presented in this work. This
understanding may be useful in designing painless
needle insertion systems as opposed to miniaturized
hypodermic needles.

Magnetic Fiber Actuators Inspired by the Butterfly Proboscis
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STATEMENT OF PURPOSE
Magnetic microfibers bend under the influence of a
magnetic field and can be used to mimic the
positioning ability of the butterfly proboscis. This
abstract presents recent results on the dynamic
modeling, sensing, and position control of magnetic
microfibers.
INTRODUCTION
The butterfly proboscis is a flexible feeding tube that
can be extended to reach a food source. The
proboscis combines positioning, fluid manipulation
and sensing in a single structure. Inspired by this
biological exemplar, magnetic microfibers are being
developed for use as microfluidic actuators. The
fibers are hollow cellulose fibers impregnated with
superparamagnetic nanoparticles.

  a  b  c( ) I 2

(2)

The shape c() of the magnetic torque curve (up to a
scale factor) can be estimated from magnetic
simulation as discussed in [1], and can be
subsequently improved using experimental data.
With the shape of the magnetic torque curve known,
the system in Eq. 2 is linear in parameters, so the
parameters can be fit using traditional techniques
given experimental time trajectories for current I and
angle . The time derivatives  and  are
estimated from position data using finite differences
and smoothing.
4

Torque (Nm)

In a magnetic field, a cantilevered magnetic
microfiber will bend toward regions of higher
magnetic field strength, as indicated in Figure 1. In
[1], a continuum model was used to predict the static
equilibrium shape of the fiber as a function of the
magnetic field. Also in [1], a simplified static model
treating the fiber as a rigid bar attached to a torsional
spring was found to give results similar to the
continuum model and provide further intuition about
fiber behavior. In the present work, the rigid bar
model is extended from the static to dynamic case.

depends on the shape of the electromagnet and the
position of the fiber relative to the electromagnet.
Figure 4 presents the typical shape of the spring
torque and magnetic torque curves. Note that
intersection of these curves indicate equilibrium
angles for the bar, and when the magnetic torque
curve (blue) is above the spring torque curve (red) to
the immediate left of an intersection, then the
equilibrium is stable. Changing the electromagnet
current scales the blue curve, altering the number,
location, and stability of the equilibrium angles. To
minimize the number of parameters to be fit in the
model, the parameters are lumped as follows

3

Fm()
ks

2
1

Figure 1: Approximation of the fiber as a rigid
paramagnetic bar

APPROACH
The dynamics of a rigid bar in a magnetic field are
modeled as

mL2 
  kd  ks  FM ( ) I 2
3

(1)

where kd is a damping coefficient, ks is the equivalent
spring constant for the fiber, mL2/3 is the moment of
inertia of the bar, FM() I 2 is the magnetic torque on
the bar for electromagnet coil current I. FM()
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Figure 2: Torque on fiber due to the magnetic field (Fm)
and torsional spring (ks) as a function of fiber angle 

The experimental setup is shown in Figure 3. A
custom designed optical sensor was used to gather
position data from the fiber. The sensor consists of
three optical fibers mounted in a row parallel to the
direction of motion of the magnetic fiber. The
optical fibers receive light from an LED mounted on
the opposite side of the magnetic fiber. As the
magnetic fiber moves, it casts shadows on the optical

fibers, varying the luminance received by
phototransistors attached to the optical fibers. In
order to make the sensor robust to changes in ambient
lighting, the LED is modulated at 50kHz and the
output of each channel is appropriately demodulated.
The sensor channel outputs for varying magnetic
fiber position are shown in Figure 4. These voltages
were collected using Matlab with the xPC Target
toolbox and a Quanser Q8 Hardware In Loop board.
The fiber angles in Figure 4 were computed using
image processing on a simultaneously captured video
sequence. Using data such as found in Figure 4, a
lookup table was created. The k-Nearest-Neighbor
algorithm with k=2 was used to convert sensor
readings into fiber angles.

Figure 5: Experimental Setup (left) and custom circuitry for
the optical sensor (right)

A model based controller was designed using these
parameters. Using position feedback from the optical
sensor, the controller manipulates current I to make
the fiber angle track a desired position d. Full
details on the controller design will appear in [2].
The performance of the controller on a series of steps
in the desired position is shown in Figure 6. Notice
that without control, the fiber would be unstable in
the range of 0.16-0.22 rad. The fiber is able maintain
position only because of active control based on the
model.
Figure 3: Experimental Setup (left) and custom circuitry for
the optical sensor (right)

Figure 2: Angle between fiber base and fiber tip vs desired
value
Figure 4: Magnetic fiber angle and optical sensor channel
voltages as a function of time

RESULTS AND DISCUSSION
After collecting and processing the current-position
data, the model parameters were fit using leastsquares. The resulting parameters were
a=0.5s-1, b=12s-2.
Holding a and b constant at these values, the
magnetic torque curve was re-estimated from the data
and shown in fig. A comparison of the curve from
simulation and the experimental fit is shown in
Figure 5.

CONCLUSIONS AND FUTURE WORK
Though the optical sensor provides sufficient data to
fit the model and control the fiber, it remains tedious
to calibrate. The sensor and model fitting software
will be further developed to streamline the process.
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ABSTRACT
Female orb weaving spiders such as Nephila clavipes and
Araneus diadematus are able to produce up to seven
different silk types for different applications, such as
catching and wrapping prey, for protecting their offspring
etc. Spider silks are mainly made of silk proteins
(spidroins) and they are named after the glands the
proteins are produced in. The best characterized silk is the
Major Ampullate (MA) silk (also known as dragline silk).
In comparison to most man-made fibers like Kevlar or
carbon fibers, dragline silk has superior mechanical
properties especially concerning its toughness (Heim et al.
2009; Gosline et al. 1999).
Unfortunately, due to their cannibalistic behavior it is not
possible to farm spiders. Further, collecting silk from
individual spiders is time consuming and not very
effective. Therefore, silk genes have been transferred
from spiders to other host organisms to produce
recombinant spider silk proteins.
In principle, several techniques can be applied to produce
fibers from solutions of recombinant spider silk proteins.
In order to establish an efficient biomimetic spinning
process, it is crucial to understand the individual
processes involved along the natural process. As of today
it is well established that in the natural spinning process a
highly concentrated (up to 50% w/v) spinning dope is
processed through a spinning duct, while ion exchange
and acidification induce a liquid-solid phase transition. In
addition to these chemical processes, shear and
extensional forces in the duct lead to further solidification
and fiber formation. Then, water removal, taking place in
the distal part of the duct, is assumed to result in a semi-

solid thread. The fiber formation is finalized through
mechanical drawing exerted e.g. by the spider’s hind legs
or by gravity and by evaporation of residual water in air.
It is important to note, that the natural spinning process in
contrast to most synthetic polymer fiber spinning
processes is a complex combination of extrusion and
drawing (i.e. pultrusion), and thus mimicking the natural
spinning process technically becomes a very challenging
task. Moreover, in contrast to common technical spinning
procedures, where physical transformation, spinning and
drawing usually appear in sequential order, the process in
a spider is rapid, concerted and simultaneous.
My group has been able to biomimetically spin spider silk
fibers based on recombinantly produced proteins yielding
toughness comparable to that of natural spider silk fibers.
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ABSTRACT
Performance enhancement of nanofibers in various
applications has been demonstrated by tailoring the
placement of functional nanoparticles in nanofibers. In the
first example, mesoscale simulation, electrospinning and
Raman scattering experiments have been carried out to
demonstrate that examination and control of nanorod
configuration in a polymer matrix under elongational flow
and confinement can lead to enhanced sensing. More
specifically, coaxial electrospinning of Au nanorod/PVAPVA (shell-core) was applied to selectively place Au
nanorods in the cylindrical sheath layer, and the
alignment of Au nanorods near the fiber surface was
confirmed by TEM analysis and CGMD simulation under
uniaxial elongation. The Au nanorod/PVA fibers were
tested for Surface-enhanced Raman spectroscopy for
sensing application. The coaxially electrospun fibers have
demonstrated much greater signal peak strength when
compared with monoaxially electrospun fibers with the
same Au nanorod loading. In the second example, a
similar approach of coaxial electrospinning has been
applied in the study of catalytic performance of ceramic
nanofibers for hydrogen production via alkaline
hydrothermal treatment. Control of catalyst geometry and
location is tuned by coaxial electrospinning detailing that
the increase of available catalytic surface area within
diffusion length scale of reactant increases the conversion
of biomass toward pure hydrogen gas. This
comprehensive study demonstrates how extensional flow
and multi-layered fluids can direct the orientation and
dispersion of functional nano-objects in nanofibers,
leading to enhanced performance in applications.
Tailoring Nanorod Alignment in a Polymer Matrix by
Elongational Flow under Confinement for Surface
Enhanced Raman Scattering Application
We have carried out a comprehensive study of
experiment,
simulation,
and
application
of
nanorod/polymer composite system. A systematic
simulation study of nanorod (NR)/polymer have shown
that longer nanorod and polymer chain along with
polymer-attractive nanorod can better align and disperse
them in a polymer matrix. Direct comparisons of shear
and elongational flow have shown that elongation can
improve orientation and dispersion than shear flow with
same deformation rate. The comparison with experiment
from electrospinning Au nanorod in PVA has shown good
quantitative and qualitative agreements, validating the
predictions by CGMD simulations. With coaxial
electrospinning, the nanorods which were selectively
loaded to shell layer stays in the shell layer, resulting in
radially biased placement of nanorods in the fiber. We

have confirmed this phenomenon by doing comparative
simulation and have concluded that within time scale of
electrospinning, the extensional flow can overcome the
radial diffusion of nanorods. Finally, when SERS
capabilities of monoaxially and coaxially electrospun
fibers were compared with each other, coaxially
electrospun fibers have shown greater signal strength.
This confirmed our hypothesis that the nanorods along the
surface attribute most of the SERS signal enhancement.
With our coaxial method, we can maximize the ratio of
SERS signal strength to Au nanorod loading, resulting in
much more economical and efficient SERS substrate. This
substrate showed excellent reproducibility, further
validating its practical sensory application. From our
comprehensive study, we provided the nanorod
orientation and dispersion mechanics in polymer, and
ultimately demonstrated the control over the
nanostructure for the desired application.

Fig. 1. Tailoring NR Alignment in nanofibers by coaxial
electrospinning: Simulation (top left), Experiments (top
right), and SERS Application (bottom) [1]

gas produced. Further these nanofibers also produced
greatest temperature range at which near pure hydrogen
was detected. This effectiveness and benefit of this
approach is therefore the control of the substrate through
electrospinning controls crystal size and available surface
area, while control of the catalytic morphology –
specifically allowed by this water based electrospinning
approach – can increase the number of available active
catalytic sites within the diffusion length scale of the
reactant resulting in higher conversions, higher
selectivity, a larger temperature range at which near pure
hydrogen is produced all with a much lower overall
loading of catalyst in the framework.
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Tuning the metal nanocatalyst placement in ceramic
nanofibers via highly loaded water-based coaxial
electrospinning
Although there are a variety of biomass treatments,
the alkaline hydrothermal treatment across inorganic
catalysts has garnered interest recently due to the
simplicity of reaction schemes and purity of products able
to be generated. Specifically, the ability to utilize
nanofiber catalysts produced from water based
electrospinning is particularly exciting due to the cost
effective and tunable nature of the catalyst. We present
presented a purely water based route to produce
nanofibers with a variety of morphologies through the
generation of covalent bonds between a metal/ceramic
precursor and a polymeric backbone. The subsequent
electrospinning of this solution followed by a controlled
thermal treatment removes the polymer and precursor
ligands, crystallizes the metal leaving a pure metal or
metal and ceramic nanofiber with no organic component.
By varying the electrospinning conditions and
arrangement, precursor inclusion and the thermal
treatment, morphologies ranging from pure metal to
ceramic with discrete metal domains to metal domains
tuned to the surface all the way to a ceramic core coated
with a metal layer are generated. It was found that
nanofibers produced in this method can generate catalytic
domains with an order of magnitude smaller diameter
than typical bulk, impregnated catalytic supports. These
nanofibers were then used in the alkaline hydrothermal
treatment of glucose. It was previously known that nickel
in silica produced high conversions with high selectivity,
but that during the thermal treatment the catalyst
deactivated and required long drying times to regenerate
into the functional, reduced form [2]. Here it is shown
that a change in substrate - made possible by the water
based electrospinning [3] - decreases the drying time
required from 24 hours down to 30 min while still
producing hydrogen conversions greater than 93% with
selectivity better than 3%.
Further, through the
generation of catalyst with such unique morphologies it
was found that by increasing the number of available
active catalyst sites within the nanofiber, the temperature
range at which nearly pure hydrogen was produced
increased up to 35˚C using monoaxial nanofibers. Pure
nickel and zirconia coated with nickel were used, which
increased the surface concentration of active sites beyond
that of monoaxial nanofibers and subsequently the
temperature range where near pure hydrogen seen was
increased a further 5˚C. Finally, coaxially produced
nanofibers with high concentrations of discrete nickel
domains in a ceramic shell surrounding a ceramic core
were fabricated and it was found that even beyond
increasing the concentration of catalyst used, the control
of the geometry of this catalyst at the surface of the
nanofiber plays a great role in the catalytic effectiveness.
The nanofibers with the greatest surface area of catalyst
available within the diffusion length scale of reactant
were the coaxial nanofibers with discrete catalyst domains
at the surface, which in turn produced the greatest
selectivity and the highest conversion based on hydrogen
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Fig. 2. Schematic of controlling the catalyst geometry and
location is tuned by coaxial electrospinning, and increased
catalyst surface and thus catalytic performance such as H2
selectivity [3]
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ABSTRACT
IR spectroscopic methods for the sensitive analysis of
nanostructures and functional surfaces are reviewed.
Focus is put on developments towards studying functional
interfaces and increasing the spatial resolution. [1-5]. In
order to perform accurate interpretations and to avoid
incorrect conclusions on band analysis and assignments of
measured data optical simulations are essential.

limited lateral resolution and can only study large areas.
Recent progresses in development of infrared
spectroscopic methods show the potential that also
smaller ensembles to single anisotropic nanowires and
fibers can be studied in near future.

INTRODUCTION
Many fundamental excitations like those of free-charge
carriers, polaritons, phonons and molecular vibrations can
be excited in the infrared spectral range. (see Figure 1)

Figure 2: Schematic for possible lateral resolutions with
IR spectroscopic methods.
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Figure 1: IR spectral range and fundamental excitations.
Interpretation of measured spectra and observed bands
can give information on thicknesses, free-charge carriers,
molecular structure and binding, molecular orientations
and composition as well. Using ellipsometry thin films
and functional surfaces as e.g. polymer brushes and
metamaterials can be analyzed [1-5].
CONCLUSION
Optical simulations and determination of anisotropic
properties are simplified when polarization dependent and
ellipsometric methods are used. Such methods have a
high potential for characterization of nanostructures and
fibers. However, standard lab methods often have a
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OBJECTIVE
This work discusses the fabrication of AN-based fibers
through an electrospinning technique. Fibers are
covalently bound with NO donor groups for release under
physiological conditions in wound healing applications.
INTRODUCTION
Nitric oxide (NO) is produced naturally in the body in
small concentrations, and is a crucial molecule in several
physiological processes. These include platelet
aggregation, smooth muscle relaxation, pulmonary
hypertension, and neurotransmission. [1] While nitric
oxide has been discovered as the endothelium derived
relaxing factor, research has also shown that it provides
wound healing effects. [2] This has opened the door to a
focus of incorporating nitric oxide into polymeric
materials to be used for medical and surgical devices. [3]
In this work, acrylonitrile-based (AN-based) polymers are
electrospun to produce fibers. Electrospun polymers offer
high surface area and porosity, and are advantageous for
drug delivery applications. Electrospun polymers are
created as sheets of non-woven fibers, and could be used
as a bandage for a wound. NO can be covalently bound to
the polymer by formation of a diazeniumdiolate (or
NONOate). NONOates will release two molar equivalents
of NO under physiological conditions or upon
introduction to a proton source. NONOate formation is
generally done with application of high pressure to a
secondary amine. However, the AN-based polymers
contain an electron withdrawing co-monomer, 1vinylimidazole (VIM), that allows this to be done to the
carbon backbone on the AN monomers. [4] The ANbased fibers are capable of releasing NO for enhanced
wound healing. NO release from three AN-based fibers is
discussed in this work: acrylonitrile-co-1-vinylimidazole
(AN/VIM),
acrylonitrile-co-1-vinylimidazole-co-butyl
acrylate
(AN/VIM/BA)
and
acrylonitrile-co-1vinylimidazole-co-isoprene (AN/VIM/IP).
APPROACH
Electrospinning AN-Based Polymers
20-30 w/w% solutions of AN-based polymers were made
in DMF. Fibers were spun at 10 kV and 10 cm distance.
NO Loading of AN-Based Fibers
Fiber sample was placed in the sample holder of a
reaction vessel. Sample was purged with nitrogen for 30
minutes. Sample was then exposed to a constant pressure

of 4 atm NO for 60 minutes, followed by an additional
nitrogen purge for 60 minutes.
NO Release and Quantification
NO release from the AN-based fibers was conducted at
85% RH and 37 oC. Humidifed air was carried by
nitrogen in to the sample vessel to react with the NO
loaded sample. As NO was released from the sample, it
was carried from the reaction chamber and bubbled into a
scintillation vial with DI water. Upon reaction of NO and
water, nitrite ions are formed. Samples were taken at
predetermined intervals and tested by Griess Reagent and
UV-Vis to determine the total amount of NO released
over the course of 7 days.
Animal Models for Enhanced Wound Healing
Excisional wounds were created on the back of 10 mice.
Silicon rings were sutured around the wound to prevent
healing by contraction. An NO-loaded AN-based dressing
was placed over the top of the wound and covered with
dressing and secured with tegaderm. All surgical
procedures were done according to IACUC protocol.
Wounds dressing were changed either weekly or daily.
Wound size was analyzed by wound measurement of
images by ImageJ weekly or daily. Wound assessment
was calculated by percent healing from day 0.
RESULTS AND DISCUSSION
Electrospun Fibers
Non-woven sheets of fibers are produced through
electrospinning. These closely resemble gauze or wound
dressing material. Fibers are uniform in diameter with
little beading. Average diameter varies for polymer
composition, but ranges from 100-400 nm.
NO Release and Quantification
NO release from the AN-based fibers was conducted at
85% RH and 37 oC. Total release of NO is reported for 7
days. The total release ranges from 39 to 76 µmol NO/g
AN, depending on the polymer composition.
Enhanced Wound Healing Effects
A study conducted with weekly dressing changes showed
at day 7, the NO-treated wounds had ~15% increased
wound healing over the empty-treated controls. At day 14,
the NO-treated wounds still maintained a small increase
in wound healing rate over empty treated wounds. A
study conducted with daily dressing changes and wound
assessment showed throughout the time course the NO-

treated wounds to have accelerated wound healing over
control-treated wounds. At day 4, the NO-treated wounds
showed a significant increase of 22.4% in wound healing
over the empty-treated controls. Together these results
suggest that NO application using novel AN-based
dressings results in accelerated wound healing.

Figure 2. Release profiles of NO from AN-based copolymer and ter-polymers.

FUTURE WORK
Future work with NO releasing AN-based polymers
includes melt-spinning for suture type materials. Working
prototypes will be tested for efficacy in wound healing
applications.
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Figure 3. Percent wound closure for bandages changed
weekly.
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Figure 1. SEM image of electrospun AN-based fibers.

Figure 4. Percent wound closure for bandages changed
daily.
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ABSTRACT
A century ago, not only the field of polymers
practically did not exist, but even the concept of
polymer was not an accepted concept. Today,
polymers and particularly synthetic polymers
play an important role in our way of life. Now
the question is, what concepts, materials, or
material systems will have significant impact on

our way of life in the coming decades. Nano
materials are now converting passive polymers
and fibers into active materials that have the
potential to provide many functionalities to the
material systems. Current research trends and
future prospects with respect to fibers will be
discussed in this presentation.
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OBJECTIVE
In this work we develop the magnetic-field directed
assembly of fibrous structures that can be remotely
assembled, controlled, disintegrated and reconfigured
using specially designed locking superparamagnetic
nanoparticles (LSPNs).
INTRODUCTION
The property of magnetic fluid to form chains of magnetic
particle in a magnetic field is being used to form
anisotropic composites when alignment of magnetic
nanoparticles in a monomer solution or a polymer melt is
followed by polymerization, crosslinking, glass or
crystallization transitions. Optical, mechanical, electrical,
and thermal properties of nanocomposites can be tuned by
introduction of fibrous structures using a magnetic field
during the composite formation. For example, the formed
magnetic nanocomposites, as any other fiber loaded
composites, are reinforced by magnetic chains and show
mechanical, thermal, and optical anisotropy. Thermal
properties and conductivity of materials can be controlled
by changing the directions of the applied magnetic field
during the composite formation. Fabrication of complex
composite materials with combination of different
physical properties demands tools and methodologies
when alignment and interactions of microscopic building
blocks can be turned on and off or switched from
attractive to repulsive interactions.
APPROACH
The concept of LSPNs has been recently introduced in
literature1. LSPNs are core-shell magnetic nanoparticle
with a superparamagnetic core and a polymeric shell. The
polymeric shell is made of two different materials which
form two stratified (coaxial) layers when the outer layer
provides repulsive interactions between LSPNs while the
inner layer exerts attractive forces of the particle-particle
interactions. The density and thickness of the layers are
adjusted in such a way that LSPNs form stable colloidal
dispersions. However, in a magnetic field, dipole-dipole
interactions between LSPNs overcome the repulsive
component and the particles are let to interact via internal
attractive layers. This attractive interactions is stronger
than the repulsive component and thus, when the
magnetic field is off, the particles remain (locked) in the
attractive well so that the generated magnetic chains are
not destroyed by thermal fluctuations. Indeed, the locking
is reversible and the chains can be unlocked and
disintegrated by changes of their environment.

RESULTS AND DISCUSSION
In this work we have developed an effective approach to
surface
modification
of
nanoparticles
with
adaptive/responsive ultrathin polymer coatings made of
mixed or block-copolymer brushes. The adaptive and
responsive behavior of the thin grafted layer is based on a
phase segregation mechanism of immiscible polymers
constituting the polymer brush. Upon exposure to outside
stimuli (solvent quality, temperature, pH, ionic strength,
or light), the phase segregation results in the switching of
the spatial distribution of functional groups within the
polymer brush. We synthesized the poly(2-vinylpyridineblock-ethylene oxide) (P2VP-b-PEO) brush on the surface
of magnetic nano-cores and demonstrated that the
obtained responsive nanoparticles are capable of
reorganization in external magnetic field, which can turn
on interactions between the particles). The interaction
remains unchanged even after removal of the external
magnetic field due to the specially tailored polymer shell
of the nanoparticles. Depending on the host environment,
the polymer shell forms either two stratified layers of
P2VP and PEO blocks (at pH>4) or a mixed polymer
shell (at pH<3). PEO chains stabilize the colloidal
dispersion of the particles, while the P2VP hydrophobic
shells (at pH>4) bind and lock the particle assemblies due
to the hydrophobic interactions as soon as the
hydrophobic shells are brought into contact by a pulse of
the magnetic field. The locking particles can be unlocked
by applying external stimuli, such as temperature,
changes in pH, chemical reaction, or strong shear forces.
The unlocked particles are stabilized by the polymer shell.
The locking capabilities of the particles can be again
restored by appropriately adjusting the host environment.
The balancing of Brownian motion, the short-range
attractive and long-range repulsive forces due to the
tailored polymer brush shell of the particles, and the
added interactions in the external field offer a
methodology to fabricate and reversibly lock 1D fibrous
structures in liquid matrices (solvent or polymer melt).
Furthermore, a mixture of two populations of
nanoparticles with different surface functionalization that
provide control over interparticle forces, has allowed
regulating the length distribution of the resulting fibers.
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ABSTRACT
Fibers are often chosen for the end use application for
their mechanical properties. However, in many
applications, the suitability of the surface properties is of
paramount importance. This paper discusses a simple
strategy for modifying the surface of nylon, polyester and
cotton fibers. A polyfunctional water soluble polymer is
padded onto yarn or fabric and cured. The new functional
groups are then modified to have the desired surface
properties. These can include antimicrobial, frictional,
antistatic, surface energy, and even dye sites and enzyme
tethering sites. Specific examples are discussed.
INTRODUCTION
Mankind has used and studied fibers for several thousand
years. In their applications, the fiber type has been chosen
because of its availability, its mechanical properties, and
its comfort. Since the advent of synthetic fibers, the range
of fiber types has greatly increased. Fibers are most often
chosen for the mechanical properties and their comfort,
regardless of their surface properties. Then great effort
has been expended to modify the surface properties to be
appropriate for the end use application. Often, unique
chemical approaches have been developed for a specific
fiber and for specific applications.
Over the same period of time, considerable knowledge
has been gained to modify a single surface property on a
specific fiber type. However, using polyfunctional
polymers, it should be possible to modify more than one
property or to modify more than one type of fiber.
APPROACH
Poly(acrylic acid) PAA is dissolved in deionized water at
a concentration of 0.1 % w/w. This solution is padded
onto nylon, cotton or polyester fabric at 100% wet pickup.
The fabric is then dried and cured for 1-3 minutes at 175185°C. The fabric can be used as is or further modified by
grafting oxirane-, amino- or hydroxyl- compounds to the
PAA.
RESULTS AND DISCUSSION
For more than 50 years, researchers have been trying to
modify the surface of fibers by chemically grafting the

modifier to the fiber surface, often using very reactive
chemicals or elaborate synthetic procedures. On synthetic
fibers, the coverage is often low due to the shortage of
reactive sites. We found that by grafting PAA onto the
surface of nylon, polyester or cotton, we could greatly
simplify the process. First a moderate to high molecular
weight PAA is applied to the fiber or fabric through a
traditional pad-dry-cure process. To make the process
rapid, however, high temperatures, e.g. 175 – 185°C, is
used to form covalent bonds between the fiber surface and
PAA. For example, the –NH2 end-groups in nylon or the –
OH groups in cotton and polyester react rapidly with PAA
at these temperatures. In polyester and nylon, this
increases the number of reactive groups on the surface
greatly. For example, in nylon, a single –NH2 end-group
can react with a single carboxylic acid group in PAA. If
the PAA has a molecular weight of 250,000 g/mol, this
results in one –NH2 group having nearly 3500 carboxylic
acid groups attached to it. These newly attached
carboxylic acid groups can be further modified to change
the number of dye-sites, antimicrobial agents, antistatic
agents, friction reducing groups, enzymes, and materials
that will alter the wetting behavior. In addition, the final
surface modification materials can be built into the
polymer before it is grafted onto the fiber.
In this paper, we will present the results for several
examples and for all three fiber types.
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INTRODUCTION
Transcatheter (non invasive) aortic valve implantation has
become an alternative technique to surgical valve
replacement for an increasing number of patients [1,2].
The technique is cost effective and the patients comfort is
increased. Today, the valves used in non invasive valve
surgery are made up with biological tissue. This tissue
associated with metallic stents remains, however, fragile
material and becomes degraded during the crimping
process, especially at low diameters. Heim et al showed
that textile polyester could be an alternative solution to
replace valve leaflets [3]. If the authors report about the
good hydrodynamic performances obtained in vitro with
the textile valve, no information is available yet about the
effect of crimping on possible textile material
degradation. The goal of the present work is to assess the
modifications undergone by the polyester fiber material,
when it is compressed at low diameter for catheter
insertion purpose.
APPROACH
Valve manufacturing
The valve was obtained from a plain weave tubular textile
PET membrane using a specific shaping process based on
air suction technology. During the process, the material
was heated above polyester vitreous transition
temperature in order to fix the obtained shape. Two
different yarns were considered: (1) 35m monofilament
yarn, (2) 50 dtex multifilament yarn.

Material testing and evaluation
The material was first studied at macroscopic level after
crimping in order to observe the remaining folds in the
fabric for the different crimping configurations. DSC
analysis was then carried out to assess physical changes in
the polymer. Finally mechanical extension tests were
performed on fabric ribbons to assess changes in material
mechanical properties.
RESULTS AND DISCUSSION
Macroscopic analysis
At macroscopic level, some creases could be observed on
every analyzed sample. While the crimping duration
seems to have no influence on the sharpness of the folds,
the crimping diameter and the size of the stent wire are
relevant parameters to create marked creases. The lower
the crimping diameter, the sharper are the creases (Fig.2),
and the larger the stent wire diameter the less sharp are
the folds (Fig.3).

3.5 mm

1 mm

Figure 2. Folds and crimping diameter (monofilament)

Valve crimping procedure
The tested shaped textile membranes were crimped within
a cylindrical braided stent using a radial crimper (Fig. 1).

0.21 mm

0.31 mm

Figure 3. Folds and stent wire diameter (multifilament)
Figure 1. Valve crimping

Three parameters were varied in the study: (1) the
crimping duration (10 and 60 min), (2) the crimping
diameter (3.5 and 1 mm), (3) the stent wire diameter (0.21
and 0.31 mm).

As to the fabric configuration, the monofilament
construction is generally characterized by sharper folds
than the multifilament one. It seems that for low crimping
diameters, the use of multifilament yarns is better suited
to the crimping process. With less sharp folds, the fabric
surface is smoother and interaction with cells in vivo can
be expected to be improved.

The use of larger diameter for the stent wire also
improves the final smoothness of the fabric surface.
The macroscopic observation also underlines that the
folds aren’t regularly spread on the valve leaflets (Fig.4).

Mechanical characterization
Figure 6 shows the extension diagramm obtained for a
multifilament strip crimped for 60 min at 1mm diameter
with a 0.31 stent wire diameter.
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Figure 4. Non regular folds

Figure 6. Extension diagramm

DSC analysis
Figure 5 shows that whatever the crimping configuration
and the type of yarn used, the crimping process doesn’t
induce any significant change in the cristallinity rate of
the polymer.

The results show that the fabric structure doesn’t undergo
any significant change in the mechanical properties after
crimping.

Figure 5. DSC results

CONCLUSIONS
The results of this early work show that the crimping
process to low diameter (1mm) doesn’t degrade the
polyester fabric. Basically, the fabric can be compressed
to much lower catheter diameters than the biological
tissue in clinical use (around 5mm). However, some folds
are generated on the fabric surface, which are more
apparent in the monofilament structure. These folds may
generate local exaggerated tissue ingrowth in vivo. The
study shows that multifilament fabric material presents an
advantage. Further tests with different fabric must be
performed in order to find the optimized construction for
the valve application.
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Since the publications on electrospun nanofibers by Prof.
Darrell Reneker, we have seen large body of publication
on nanofibers and its applications, the science of
electrospinning and alternative nanofiber production
methods.
The author believes that the interest stems from three
promises:
- new applications
- ease of polymer characterization
- understanding fiber structure and formation.
Scale-up requirements of each of three objectives are not
same.
Promise of the ease of polymer characterization via small
scale sample preparation implies that one does not need
large quantity samples. We will discuss issues regarding
polymer characterization via electrospinning.
Understanding of fiber formation and resultant fiber
structure requires longer stable spinning time, not
necessarily multiple spinning units. We will discuss the
reasoning of the needs for longer run.
The shortcoming of electrospinning as a tool of fiber
formation will be discussed. We will compare the
rheological parameters for different spinning methods.
The phenomenon of whipping motion in electrospinning
is unique in electrospinning and this phenomenon is a
hindrance to consider electrospinning as a model for fiber
formation.
The needs of larger scale production scheme are critical
for new applications. The author used the word ‘larger
scale’, not ‘large scale’. Because of differences between
traditional fibers and so-called nanofibers that are several
orders smaller than those of conventional microfibers, the
notion of achieving comparable production rate is not
realistic.

Then there is the issue of the match between fiber spinning
speed and the collection of fibers.
The most successful application of electrospun nanofibers,
the filtration application pioneered by Donaldson Company
Inc. sidesteps these matching problems.
Other applications so far have not been as successful.
Along with the issue of improved productivity, the
matching of fiber spinning and collections of fiber s in
useful forms remains as one of the critical issues of
successful applications in other areas.
The author has previously presented that the successful
applications of nanofibers depends not only fiber size
alone. Any successful new applications will require the
balance between
- Fiber Size
- Surface Characteristics
- Spaces in between Fibers.
Each potential application requires unique combinations of
these three factors. Thus, it would be extremely difficult to
concoct one universal production scheme, if not
impossible. Other aspects for electrospinning scale-up
issues will be presented, particularly safety aspects and
environmental considerations.
Other methods have been proposed as alternatives to
traditional electrospinning in order to address the
productivity issues. Still for some of those methods, the
fundamental challenges of electrospinning appear to be
present.
There are quite different approaches to producing
nanofibers. Some of them are expected to preserve unique
physical properties of the conventional spinning methods.
We will also compare some of the newer nanofiber
production methods to traditional electrospinning.
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INTRODUCTION
Enzymes have been used in fiber and textile processing
for millennia in agricultural processing of bast fibers,
though without much understanding of why the processes
involved worked. In the twentieth century, deliberate and
knowledgeable use of enzymes in fiber and textile
processing became widespread, with innovative research
leading to new applications. Current and future directions
focus on using enzymes to change surface properties, as
well as exploring the possibilities of using extremophile
enzymes in innovative ways.
HISTORY
Since the beginnings of agriculture, bast fibers such as
flax, hemp, ramie, and others have been used in textiles.
In each case, some processing is necessary to remove the
useful fiber from the rest of the stalk structure. Ground or
vat retting has been used for thousands of years to
“unglue” the clumps of fibers from the non-cellulosic
matrix, and from themselves to create individual fibers
that can then be formed into yarns. Retting involves either
laying harvested stalks on the ground (dew retting) or
immersing them in vats of water exposed to the
environment. Organisms present in the soil secrete
enzymes such as pectinases and hemicellulases that act to
break down the matrix materials and allow further
mechanical processing to completely remove the
cellulosic fibers from the chaff.
ENZYMES
With the beginnings of science as we know it in the 18th
century it was known the digestion of meat and the
conversion of starch into sugars were occurring in the
body through the actions of some unknown chemicals (1).
The mechanisms had not been discovered. The first
enzyme, diastase, catalyzes the breakdown of starch into
maltose. It was discovered in 1833 by Anselm Payen, a
French chemist (2). Payen, for whom the major award
American Chemical Society is named, He extracted
diastase from a malt solution. Diastase is now known to
be a group of enzymes (3). Another step toward
knowledge of enzymes was the study of fermentation by
Louis Pasteur, who realized that an active component
secreted by yeast cells was the “vital force” in
fermentation (4). The German Wilhelm Kuhne, in 1877,
was the first to use the term enzyme to describe these
organic catalysts. He derived the word from a Greek word
ενζυμον, which means "in leaven" (5). Buchner showed
that it was not necessary to have living yeast cells in order
for sugar to be fermented. Buchner started the system of
adding “ase” to the substrate an enzyme acts on, as in
cellulases that act to hydrolyze cellulose, and pectinases,

which act on pectins. He received the 1907 Nobel Prize.
Knowing that enzymes did not depend on a “living”
organism was a first step to determining what their
biochemical nature was. Whether or not enzymes were
proteins themselves was a matter of controversy until
James Sumner showed that urease was a pure protein,
with no need of a “carrier”. He crystallized both urease
and catalase (6). Further work by John Northrop and
Wendell Stanley proved that pure proteins could be
enzymes. All three scientists shared the Nobel Prize in
Chemistry in 1946 (7). The fact that enzymes could be
crystallized meant that x-ray crystallography could be
used to solve their three–dimensional structures. When a
high resolution of lysozyme was done in 1965 by David
Chilton Phillips (8), the understanding of how enzymes
work entered a new phase, called “structural biology”.
TWENTIETH CENTURY FIBERS AND ENZYMES
The first application of enzymes in a textile factory
setting was the application of malt extracts from barley,
containing amylase, to greige cotton fabrics. The amylase
was successful in hydrolyzing the starch sizing, allowing
it to be washed away with hot water. In 1917, bacterial
amylases were isolated and these ultimately became the
source for industrial production of the amylases for
desizing. After World War II, Novo Nordisk initiated the
use of Bacillus subtilus for amylase production. Since
then, the development of genetic engineering has allowed
the creation of heat stable amylases that can actually be
used above 95 degrees C (9). Cellulases were isolated
from Trichoderma reesei that had destroyed tents in the
South Pacific during World War II (10). These enzymes
can be used to replace pumice stones in the fading of blue
jeans by abrading the surfaces of denim, where much of
the indigo dye is located. Cellulases are also used for depilling and de-fuzzing of cotton and lyocell fabrics. The
idea of using enzymes in scouring, to replace sodium
hydroxide, was alluded to in the German literature of the
early 1990’s (11,12,13). After that, a series of papers on
cellulases showed that other enzyme treatments on fibers
might be feasible. From 1996 to 2000, a series of research
publications showed that scouring could be done with
enzymes, particularly pectinases (14,15,16,17). Novo
Nordisk discovered an alkaline pectinase and made it
available commercially in 1999 (18). With high activity
and maximum effectiveness in the pH rang of 8-10, it
would be compatible with subsequent hydrogen peroxide
bleaching conditions. The first decade of the twenty-first
century saw numerous publications devoted to
“bioscouring”, as the process using pectinases is now
called. Continuing research is devoted to improving the
efficiency of bioscouring, in general, to overcoming

problems of applications to woven fabrics, and to
developing viable methods of enzymatic seed coat
fragment removal. A separate area of investigation is
enzymatic bleaching. All three parts of fabric preparation
– desizing, scouring and bleaching – are a goal for total
biopreparation of cotton fabrics, Achieving this goal
would create significant savings in energy use and
environmental effluent clean-up.
FUTURE DIRECTIONS
Natural fibers have been the target of enzyme treatment
development for the obvious reasons – being natural they
have corresponding enzymes in nature that will react with
them and break them down. Synthetic fibers, such as
polyester and polyamides, are more problematic. Lipases
should theoretically be able to affect the surfaces of the
polyesters, and indeed these have been investigated. Thus
far, the time necessary for changing the polyester surfaces
by enzymatic attack by lipases has been prohibitive.
Polyamides have amide linkages and should be amenable
to attack by proteases. In both cases, the three
dimensional “lock and key” nature of the way enzymes
interact with their targets means that chemical nature is
not sufficient for significant effect. More research effort
in this area is expected. An intriguing area for future
developments of enzymes for fiber modification and
treatment are extremophiles. These are organisms that
thrive in physically or chemically extreme condition,
where one would not ordinarily expect to find living
organisms. In the last twenty years, biologists have
discovered that there are microbes who can survive in
extreme environments that are very hot or acidic. Normal
organism could not exist in these. Enzymes harvested
from these extremophiles represent great opportunities for
innovative surface treatments on even synthetic fibers,
and possible use in high temperature and pressure
treatments of fabrics.
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INTRODUCTION

Fibrous materials are widely used in many
applications including, for example, fuel cell’s
gas diffusion layer (GDL), tissue scaffolds,
clothing, building insulation, fiber re-enforced
composites, filters.

In this paper, we discuss the latest progress in
modeling the coupled heat and mass transport
through fibrous materials and how these models
can be applied to engineer fibrous material for
different applications.
MODELS AND DISCUSSIONS

In many of these applications, transport
properties (viz. thermal resistance, permeability,
diffusivity, liquid movement) of fibrous
materials are paramount and different functional
requirements may impose competing demands
on the transport properties of fibrous materials.
For example, the desirability of high gas
diffusivity in the GDL requires high porosity (or
low fiber fractional content), whereas
excessively high porosity reduces capillary
wicking of liquid water across the GDL. High
collection efficiency of filters requires high fiber
fractional content (or low porosity), but low
pressure drop of filters requires low fiber
fractional content. Protective clothing requires
low or no permeation to gas or liquid, but easy
transmission of perspiration. Thermal insulation
can be increased by adding thickness, but
increase in thickness results in greater resistance
to moisture transmission, heavy weight and
higher cost.

We developed a conductive and radiative heat
transfer model through fibrous assembly
incorporating reflective interlayers [1]. The
model was applied to analyze the effect of
constructional parameters of the assemblies with
a view of maximizing the overall thermal
resistance. As shown in Fig. 1, addition small
number of very thin and permeable reflective
interlayers can significant increase overall
resistance, and although extinction coefficients
of Al-coated interlayer fibers decreases
unidrectionally as the fiber diameter increases,
the total heat flux first decreases and then
increases with minimum heat flux at the fiber
diameter of about 2 m .

We believe if the relationship between the
transport properties of fibrous materials and the
material parameters (e.g. distribution of fiber
diameter, fiber orientation, porosity, fiber
surface characteristics) can be modeled, fibrous
materials can be optimally engineered for
different
applications.
Particularly
heterogeneous structure of fibrous materials
offers
new
possibilities
of
enhanced
performance.

(a)

Schematic Diagram

(b) Effect of reflective interlayers (n = 10,
f = 5%, l = 0.5 mm) on thermal
insulation and heat transfer.

Figure 1: Interlayer Structural System.

We applied a unit cell approach [2, 3] to model
fluid permeation and diffusion through fibrous
media. Effect of fiber alignment on permeability
and diffusion are investigated. As shown in Fig.
2, randomization of fibers alignments in the
material increases permeability, but reduces
diffusion.
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Figure 2: Unit Cell Models of Permeation and Diffusion.

For protective material, aligned fiber orientation
is therefore beneficial.
We have also applied fractal theory [4, 5, 6] to
model the permeation and diffusion of fibrous
porous media.
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Figure 3. Fractal Model of Permeation and Difussion.

We found that permeability is proportional to the
square of fiber diameter, while diffusivity is not
sensitive to fiber radius in the continuum regime
(small Knudsen number) or scaled with radius (very
fine fiber and high Knudsen number). Therefore,
finer fiber results lower permeability to diffusivity
ratio.
CONCLUDING REMARKS
Combinations of above mentioned and other recently
established models [7-12] are used to analyze the
engineering design of heterogeneous structures of
fibrous materials for thermal insulation, protective
clothing, and filtration.
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To overcome this pitfall, recent research efforts have been made
for producing antimicrobial fiber. Main methods employed
include grafting a biocidal group onto fiber polymer branches
[1;2]; cross-linking an enzyme group onto fiber polymer branches
[3;4]; and adding an antimicrobial agent into spinning dopes as a
filler [5].
Metal and ionic Ag particles are widely used as an effective
antimicrobial agent because of the fact that Ag ions can interfere
with bacteria DNA replication by combining with bacteria
protein in the cell and cell wall [6]. Nanosilver-loaded fiber
products have been made in different ways. For instance, a
cellulose acetate (CA) fiber was produced by dissolving AgNO3
and CA in N,N-dimethylformamide (DMF) [7]. A nanosilverloaded CA film was also fabricated with a similar approach [8].
A polyurethane/(PU) nanosilver nanofiber was produced by
electrospinning PU/nanosilver solution prepared using DMF [9].
Silver nitrate was also added into polymethylmethacrylate
(PMMA) solution dissolved in DMF to form thin film [10]. A
patented technology for producing regenerated cellulose micron
fiber with bioactivity was reported [11]. This technology claimed
the use of N-methylmorpholine-N-oxide (NMMO) or ionic liquid
solvents loaded with Ag nanoparticle (5–20 nm) in a range of
Ag/solution loading rates between 0.8 and 4%. Commercial
production of this cellulose/nanosilver fiber has been marketed
by smartfiber AG with the trade mark “smartcelBioactive”
[12].
This paper presents a method of fabricating antimicrobial
regenerated cellulose fiber using an ionic liquid solvent and silver
nanoparticle. The approach for cellulose/nanosilver solution
preparation and fiber spinning is described, followed by an
evaluation of fiber strength, crystalline structure, and bioactive
efficacy for the obtained cellulose/nanosilver fiber.
APPROACH
The fabrication of regenerated cellulose/nanoparticle fiber
involved two steps: preparation of cellulose/nanoparticle
composite solutions and spinning of micro filament fiber. In the
first step, Ag nanoparticle (purity: 99.5%; particle size: 20–35
nm) was dispersed in the ionic liquid 1-Butyl-3-methylimidazolium Chloride (BMIM-Cl) followed by dissolving 6 wt%
of raw cellulose (wood pulp) in the heated and vacuumed BMIMCl solvent. In the second step, the prepared cellulose/nanoparticle
solution was fed into an extruder for extruding the solution into a
water bath where nanosilver cellulose fiber was precipitated
when the ionic liquid was washed away by water. After drawing,
drying, and drying, the regenerated cellulose/nanosilver fiber was
wound on a yarn spool.

Fiber fineness was evaluated by fiber linear density in accordance
with ASTM D1577. Fiber tensile strength and break elongation
was tested using an MTS tensile tester (QT/5). The test method
for the tensile strength complied with the standard method ASTM
D 3822 for single textile fiber break strength. Antimicrobial
function of the cellulose/nanosilver fiber and film products will
be evaluated using the method defined by ASTM E 2149-10 with
E. coli 25922.
The degree of crystallinity, crystal size, and crystallite orientation
of the regenerated cellulose fiber was measured by the technique
of wide angle X-ray diffraction (WAXD) was used. After
obtaining X-ray diffraction patterns using a WAXD instrument
RAPID II (Rigaku Americas Corporation), the following
calculations were carried out. The fiber crystallinity index (CI)
was determined by a ratio between sum of area under each
crystalline peak and area under total diffraction curve [13]:
Qi
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Y is the total diffraction intensity; Qi is the individual diffraction
intensity from each crystal part; n is the number of total
diffraction peaks; R is the intensity of amorphous halo from noncrystalline part; Gi and Ci are Gaussian and Lorentz functions
respectively; fi is a fractional parameter; and a, b, c, and d are
four constants.
The crystallite size L is calculated by the Scherrer equation [14]:
L

k
 cos 

where k is a geometrical Scherrer constant (k=0.94); λ is the Xray wave length (for Cu radiation λ=1.54 Å); θ is the Bragg
angle; and β is the intensity of Full Width at Half Maximum
(FWHM).
RESULTS AND DISCUSSION
Fiber tensile properties
With an addition of nanosilver in the cellulose matrix, the fiber
tensile strength was increased proportionally to the nanosilver
load, as shown in Fig. 1. The fiber break elongation was
decreased by 4.1% and 5.8% respectively at 0.5% and 1.0%
nanosilver loads.
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INTRODUCTION
The personal and health care need for antimicrobial textile
materials has been identified for a long time. Much of the
development for producing antimicrobial textile products was
achieved in fabric finishing and coating processes. By applying
some special finish or coating agents such as triclosan, quaternary
silicones, or polyhexamethylene biguanide (PHMB), antibacterial
fabrics could be produced commercially and economically.
However, durability of the fabric antimicrobial performance
became a concern.
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Fig. 1 Cellulose/nanosilver fiber tensile tenacity

Regenerated cellulose crystallinity
Crystalline structure of the regenerated cellulose/nanosilver fiber
was observed by the WAXD pattern and profile as shown in Fig.
2. The characteristics of fiber crystalline structure are listed in
Table I. Overall, adding Ag nanoparticle into the cellulose
solution increased the degree of fiber crystallinity. The presence
of nanosilver also affected the cellulose crystallite size during the
cellulose regeneration. A trend seemed to be a crystal size
reduction corresponding to an increase of the nanosilver loading.
But more experimental work is needed to confirm this.
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Fig. 2 WAXD diffraction pattern, profile, and calculated crystal
peaks of 2% nanosilver enhanced cellulose fiber without a
dispersant
Table I Cellulose/nanosilver crystalline characteristics*
Ag Load (%)
0
0.5
1.0
2.0**

CI (%)
67.0 (±0.1)
68.3 (±0.1)
70.1 (±0.1)
69.3 (±0.3)

L (nm)
1.985 (±0.004)
1.969 (±0.0005)
1.991 (±0.0021)
1.894 (±0.0045)

*Data in parentheses is standard deviation.
**No dispersant is used for Ag nanoparticle dispersion.

Fiber antimicrobial property
The test result of antimicrobial performance for the
cellulose/nanosilver fiber with 0.5% Ag loading is listed in Table
II. It showed that the cellulose/nanosilver fiber could kill
99.994% (≈ 100.0%) of E. coli within 3 hours of contact time. No
nanosilver leaching was found in this test duration.
Table II Antimicrobial Test Result
Fiber sample

Contact time (h) CFU/ml
Reduction rate P*
0
1.42E+05
N/A
Inoculum only
3
1.63E+04
N/A
0
1.14E+05
N/A
Control cellulose
3
6.50E+04
N/A
0
8.70E+04
N/A
Cellulose+Ag
3
5.00E+00
0.99992
*P=1-(C/B), where B is average number of viable cells on the
control pieces after 24 hours; C is average number of viable cells
on the test pieces after 24 hours.
CONCLUSIONS
The regenerated cellulose/nanosilver fiber could be produced
using the BMIMCl ionic liquid solvent. This fiber was bioactive
and able to kill E. coli almost completely without leaching
problem. The addition of nanosilver resulted in an increase of the
cellulose fiber tensile strength and a slight reduction of fiber
elongation, evidenced by the increase of the fiber crystallinity
and reduction of the fiber crystallite size.
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INTRODUCTION
Surface quality control of raw woven fabric is a vital step
for the modern textile industry as defects on the fabric
surface can have a large impact on costs and grading of
the final product. At present, fabric inspection in textile
mills is still performed manually by human inspectors, a
process which suffers from both low efficiency and high
labor intensity and cannot meet the needs of high quality
mass manufacturing. Application of computer vision and
pattern recognition techniques for automated defect
detection can not only avoid the limitations of employing
human inspectors, but also provide an objective standard
to evaluate quality of final product. In recent decades,
numerous algorithms based on computer vision have been
proposed to address the problem of fabric defect detection,
and a thorough survey is given in [1].
Generally, images of normal textile fabrics are dominated
by texture, exhibiting high periodicity in warp and weft
directions. However, some undesired side effects resulting
from both the weaving process itself and the properties of
the materials used to weave the textile make identification
of defects, whose major challenge can be drawn up as two
aspects: (i) complexity of fabric textures; (ii) diversity of
defect types. Various methods proposed to address these
issues in turn have performance trade-offs, with good
results on certain types of texture or defects and poor on
others [2].
In this work, we present a novel detection algorithm based
on dictionary learning to address fabric defect detection
problem. The core idea of our method involves
constructing the feature series by projecting fabric images
along warp and weft directions, and modeling them with a
dictionary that learned from normal samples. Then, the
approximation errors are used as the criteria to
discriminate defect.
METHODOLOGY
Due to the characteristics of the weaving process used in
fabric formation, the major textural information for a
fabric is concentrated at warp and weft directions, and the
majority of defects occurring on a fabric are related with
warp-wise or/and weft-wise. These inspire us to project
fabric image along vertical and horizontal (i.e. warp and
weft) directions, which can reduce data dimension
without losing much information and highlight some
defects parallel to both projection directions as well. To
construct the feature series that can be modeled by
dictionary learning for further defect identification, the
two series obtained from projecting the fabric image
vertically and horizontally are concatenated into one joint
series.

Projection operation
To obtain projection series, fabric image samples are
partitioned into image patches, and each of them is
projected along vertical and horizontal directions, i.e.
computing the mean of each row and column of an image
patch, to obtain two one-dimensional projection series.
Then the two projection series are concatenated into one
joint series which is used as the feature series for
dictionary learning and defect identification.
Detection scheme
The comprehensive scheme of our method is illustrated in
Figure 1, comprising the following steps of:
Training Stage

Testing Stage

Normal images

Testing images

Partition into patches

Partition into patches

Project patches xi

Project patches yi

Learn dictionary
from the joint series

Approximate joint
series with D

D

Compute approximation
error E

Learned dictionary
Figure 1. Overview of our defect detection scheme.
(a) Training stage shown in Figure 1, in which the normal
images are partitioned into image patches (overlapping),
projecting along vertically and horizontally to obtain the
joint series. Then a dictionary is learned by the following
equation [3]:
n

x  D
 

min
D,

i

i 1

2
i 2

(1)

Where xi represents one of samples (joint series), n is the
number of samples, D is the dictionary to be learned and
αi is the coefficient vector for xi. Apparently, minimizing
equation (2) will obtain a learned dictionary that can
represent each image patches xi in the sense of minimal
mean squared error, which will also capture the features
of normal samples as it learns from them.

(b) Testing stage shown in Figure 1: Having obtained the
joint series of image patches from testing image
(non-overlapping). Let yi be one of image patches and its
approximation error Ei can be computed with the learned
dictionary D by minimizing the following problem:
Ei  min yi  D


2
2

Miss pick
Sank yarn
Slack end

CDR(%)
84.4
100.0
89.7

FDR(%)
6.3
0.9
2.2

(2)

When Ei exceeds the predefined threshold, the current
patch yi will be labeled as defect.

EXPERIMENTS
Datasets and evaluation criteria
In this work, all textile fabric images containing two basic
fabric structures (plain and twill) were captured from a
production line. We chose four plain and three twill fabric
textures totally seven datasets to demonstrate the
usefulness of our method, in which six common defect
types are involved, such as miss pick, double filling and
thread ends, etc. All images are partitioned into 32×32
image patches, taking each of them as one sample, and the
dictionary size is set to 8 for all experiments.
To evaluate detection performance we evaluate false
detection rate (FDR) and correct detection rate (CDR) for
each type of fabric: the FDR is defined as Nf /Nnt, where
Nf is the number of normal samples falsely labeled as
defects, and Nnt is the total number of normal samples;
CDR is similarly defined as Nc/Ndt, where Nc is the
number of defective samples that are correctly labeled as
defects, and Ndt is the total number of defective samples.
Results and discussion
Table I and Table II present the detection results of six
defect types for all seven datasets. Form Table I and
Table II, it can be seen that the proposed method can
achieve acceptable detection accuracy for six common
defect types on plain and twill fabrics. The results for
defect type sank yarn are particularly encouraging,
achieving 100% CDR under a low 0.9% FDR, while
having relative poor performance for thread ends. This is
because the orientation of defects plays an important role
in discriminating defects as our method performs defect
detection based on projection operation. In terms of defect
orientation, thread ends are rarely parallel to either
vertical or horizontal directions, while the anomaly of
sank yarn or double filling can be highlighted greatly with
the projection operation. Besides, the fabric structure also
has effects on our method, which can be seen from the
performance on miss pick, i.e. miss pick on plain fabrics
perform better than that on twill fabrics. The reason for
this is that miss pick on twill fabrics only change its
texture structure that can be effectively highlighted with
the projection operation.
Table I. Detection results of defects on plain fabrics
Miss pick
Double filling
Thread ends
Tight end

Table II. Detection results of defects on twill fabrics

CDR(%)
87.5
85.3
83.9
91.0

FDR(%)
2.5
2.8
6.7
4.7

Some of figurative examples of detection results are given
in Figure 2.

Sank yarn

Miss pick (plain)
Figure 2. Examples of detection results.

CONCLUSIONS
A novel algorithm for fabric defect detection based on
dictionary learning is proposed. Taking advantage of the
periodicity and orientation of fabric texture, the projection
operation can efficiently reduce the data dimension and
highlight the orientation-based defects. In addition,
Benefiting from the flexibility of dictionary learning in
approximating, a dictionary learned from the normal
samples can model the variations of normal data, making
the approximation error become efficient in identifying
defects. Experiments on six defect types demonstrate the
usefulness of our method, achieving acceptable detection
accuracy.
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STATEMENT OF PURPOSE
Protective and sport clothing is also used in wet state,
which mostly reduces its sensorial and thermophysiological comfort properties. There are many papers
and communications presented on comfort properties
of textile fabrics in dry state [1], but these related to
wet state of fabrics are just few and standards on
testing of selected mechanical and thermophysiological
properties of wet fabrics are completely missing. In the
paper, the influence of moisture on fabric friction as the
first example of the effect of moisture on sensorial
comfort of fabrics is presented. As the second example,
the influence of the moisture and on the effective
relative water vapour permeability (WVP) of fabrics in
wet state is presented, based on the measurement of
relative cooling flow passing through a fabric placed
on the measuring surface of the PERMETEST
instrument. The reason of the lack of the above
mentioned research results is given by the missing
experimental techniques. In the area of WVP testing
current measuring instruments for the evaluation of
thermo-physiological properties of fabrics usually
require more than 30 minutes for full reading, thus
avoiding the precise determination of fabrics humidity
effect on the cooling heat flow, due to the humidity
decrease during the measurement. One of the few
instruments suitable for the WVP evaluation of wet
fabrics is the fast working non-destructive
PERMETEST Skin Model, which performs precise
measurements within a few minutes.
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Fig. 1. Friction coefficient of cotton knits as a function of their
moisture.

Then they were put into an oven at 105 ºC for one hour
and consequently weighted. This value was accepted as
the dry weight of the sample and was used in the
formula given below, which calculates weight of the
samples in various moisture ratios (20%-40%-60%80%-100%), where moisture content [%] = 100 (wet
weight – dry weight) /dry weight. When the desired
moisture ratios were obtained, kinetic friction
coefficients were measured with the FRICTORQ
instrument. From the results follows, that the friction
coefficient increases with the moisture content, up to
certain level. The feeling of sensorial discomfort
begins at the moisture comtent at about 50%.
WVP OF WET FABRICS
Cooling of human body by the heat flow generated by
the sweat evaporation causes heat loss. However, the
cooling effect also affects the heat flow due to moisture
evaporation from the surface of fabric – see Fig. 2.

FRICTION OF WET COTTON KNITS
Feeling of discomfort caused by wet garments is an
important component of sensorial perception. Any
description of comfort characteristics of tested garment
would not be complex without the knowledge of its
friction coefficient in wet state. The experiments
were carried out by means of a new patented
FRICTORQ instrument [2] developed at the Minho
University, Portugal. The instrument principle is based
on measurement of torque momentum caused by a
heavy disc placed on a tested fabric, which is subjected
to rotation. A special clutch between the measuring
disc and the stepmotor avoids the transfer of vertical
and bending forces to the disc. The levels of the
determined friction coefficients are comparable with
with those determined by the KES-F tester. The first
tested materials were knits consisting of Ne 30/1 ring
spun cotton yarn and 44 dtex elastane yarn. The cotton
samples were cut into circular pieces with an area of
100 cm2.

Fig. 2. Cooling effect from and through the wet fabric.

This cooling effect may not cool the body sufficiently,
because the heat flow caused by the temperature drop
at the fabric surface is reduced by the effect of thermal
resistance of fabric and thermal resistance of the air
gap between the fabric and a skin – see the detailed
analysis in [4,5]. In this study, the effect of the contact
thermal resistance is neglected. The model of the total
evaporative resistance (Pa*m2/W) can be shown as a
sum of three evaporative resistances reducing the heat
flow (W/m2), caused by the evaporation of sweat into
the environment.

As shown in the Fig. 2, the total heat flow (qtot)
transferred through the boundary layer on the fabric
surface is given by the sum of heat flux passing from
the skin through the fabric and heat flux caused by
temperature gradient between the skin and fabric
surface, which is cooled by evaporating of water from
the fabric surface (see the details in [3,4]):
q
p

p
/1

p
α. R

1

/ R
k. U

R
α. R

R

ß. L p
(1)

where:

α, β - convection heat and mass transfer coefficients (W.m-2K-1),
(kg.m-2Pa-1s-1),
k – experimentally determined factor (moisture against therm. resist.)
L - latent heat of evaporation of water (J/kg),
pair - water vapor pressure of the outside air (Pa),
psat, psat,fab - saturated water vapor pressure on the skin and fabric
surface (Pa),
Rct, Rgap - thermal resistances of a fabric in ultra-dry state (K.m2/W),
Ret – evaporative resistance of the fabric (Pa.m2/W),
Reto, -evaporative resistance of the boundary layer (Pa*m2/W),
qo- the heat flux passing through the free measuring head (W.m-2),
qv - the heat flux through the head covered by the sample (W.m-2),
U – content of moisture in the fabric related to the ultra-dry mass of
the tested fabric (%).

This analysis was also used in this study, but this time
the air gap between the fabric and the simulated skin in
the testing instrument was not considered, it means the
Rgap= 0.The measurement of the effective relative
cooling flow or effective relative water vapor
permeability of fabric in wet state (Peff rel wvp) consists
of several steps, as explained below.
In the regime of calibration, the used PERMETEST
instrument always measures the evaporation resistance
of the boundary layer Reto (no sample inserted), which
then presents the relative vapor permeability Prel wvp.
q
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p
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where qs is cooling flow with inserted sample. Now
consider that instead of dry fabric, wet fabric is
inserted. Relative cooling flow determined by the
instrument, which arrives from the wet fabric surface
only (see the theory in [4,5]) yields the relationship
q
β. L. Δp/ 1 α. R 1 k. U /
β. L. R / 1 α. R 1 k. U
(4)
Δp/R
Total relative cooling flow measured
PERMETEST in the first step:
q
R / R
R
β. L. Δp/ 1 α. R 1 k. U / Δp/R
q
β. L. R

/1

R / R
R
α. R 1 k. U

β. L. R

/1

αR

1

k. U

(7)

Effective relative cooling flow or effective relative
water vapor permeability of a fabric in wet state then
results from the difference of the above equations(6)
and (7):
q
R / R
R
(8)
EXPERIMENTAL
In this research, 30 various woven fabrics with plain,
satin and twill structure at 3 different weft setts were
investigated. Their square mass ranged from 170 to 220
g/m2 and they consisted of cotton (co), viscose (VI),
polyester (PE) and polypropylene (PP) fibers. The
temperature of measurement was 21-23ºC and their
relative moisture related to the ultra-dry state was 25%,
50% and 75 %. Each sample was measured 5 times.
The experiment consisted of measuring the RWVP and
Ret of dry and wet fabrics. In the first series of
measurement, the relative cooling flow was measured
on fabrics directly placed on the measuring surface of
the PERMETEST instrument, and in the second step,
and impermeable foil was inserted between the wet
sample and the measuring surface of the tester. The
difference between the direct measurements and the
measurement with a foil then presents the required
level of the relative cooling flow or RWVP of fabrics
in wet state.

(2)

p

This signal is then adjusted as Prel wvp = 100%. When
dry fabric with evaporation resistance Ret is inserted,
then the relative cooling flow or RWVP in dry state
(with Ret) will be
RWVP q ⁄q
R
R

q

by

the
(5)
(6)

where Retw is the evaporative resistance of a fabric in
wet state. In the second step a thin separating foil is
placed between the measuring head and the tested
sample. Thus, no water vapor can penetrate through the
wet fabric and just evaporation cooling flow from the
wet surface is recorded. Relative cooling flow from the
wet fabric surface then is as follows:

Figure 3. Effective RWVP of various fabrics at the 50% relative
moisture content. The decrease against the dry state (2%) is serious.

RESULTS AND DISCUSSION
The determined substantial decrease of the WVP of the
studied 30 fabrics in wet state indicate, that in cases,
where the clothing or garments is used in wet state, the
garment wearer can suffer from big thermal
discomfort. Thus, the importance of the hydrophobic
treatment or use of hydrophobic fibers is evident [4].
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ABSTRACT
Electrically conductive textile materials are the key
components in smart and interactive textile applications.
In our research, we introduced functionalities in
commercially available textile substrates (fibers and
fabrics) by coating them with conjugated polymer, such
as poly (3,4-ethylenedioxythiophene) (PEDOT) [1-2]. In
order to get conductivities that are of use, an efficient
technique, chemical vapor deposition (CVD), was used.
The obtained coated fibers and fabrics exhibited good
electro-mechanical properties and can be utilized for a
number of electronic applications, such as stretch sensors,
anti-static air filters and electrodes for bio-fuel cells.

(PEDOT) is directly polymerized on the surface of
substrate materials. In other words, coating and synthesis
takes place simultaneously. For the polymerization step,
an oxidant (FeCl3) enriched substrate was introduced in
an EDOT monomer vapor containing reaction chamber.
Polymerization reaction starts spontaneously. The surface
of the substrate is coated homogenously with PEDOT
polymer. In Figure 1, the polymerization reaction of
EDOT to PEDOT and a schematic diagram of PEDOTcoated cellulosic fiber are shown.

KEYWORDS: Conductive fibers, conjugated polymer
INTRODUCTION
Smart devices can evaluate the environment and then
respond to the results of the evaluation [3]. Smart textiles
or electronic textiles are the competitive candidates for
getting the desired contacts between humans and
machines by means of easy-to-use wearable interfaces [4]
Different functionalities can be introduced into wearable
textiles either by incorporating conventional off-the-shelf
electronic devices to perform various tasks or by utilizing
highly conductive - metallic - yarns for making
connections, power transfer and data communication. But
integration of these components usually reduces the
comfort level, increases the cost of the product and makes
production more complicated [5].
However, due to the promising development in the field
of organic conductive materials, today it is possible to
produce all-organic wearable devices with lower weight
and natural comfort level for smart textile applications.
Intrinsically conductive polymers (ICPs) are better
alternatives to introduce multi-functionalities in textile
materials as an all-polymer structure is beneficial for
manufacturing, comfort, sustainability and disposal of
waste.
APPROACH
In this study, textile substrates either in the form of fibers
or non-woven fabrics, were functionalized by coating
with electrically conductive polymer PEDOT. A uniform
and highly conductive coating on the surface of textile
substrates was achieved by chemical vapor deposition
(CVD) technique. In CVD process, conductive polymer

O

O

Textiles + n
FeCl3
S

EDOT

Figure 1: Polymerization of EDOT on the surface of
cellulosic fibers
The produced coated textile materials showed high
electrical conductivity values (15 S/cm) which is
sufficient for many electronic applications. In this study,
we evaluated the stretch sensing properties of PEDOTcoated conductive fibers.
RESULTS AND DISCUSSION
Process Optimization
The chemical vapor deposition process was optimized by
controlling different pre- and post-polymerization
reaction conditions. The most optimum reaction
conditions at which better electro-mechanical properties
of coated textile materials was achieved, are shown in
Table I.
These best selected reaction conditions were then utilized
for different types of textile substrates (viscose, polyester,
PTFE etc).

Table I. Optimum reaction conditions for CVD process
A
Textile substrates
Oxidant

Viscose, PET
15 wt.% FeCl3

Soaking time in oxidant

10 min

Drying temperature of oxidanttreated fibers
Drying time of oxidant-treated fibers

60C
10 min

Polymerization reaction time

15 min

Polymerization reaction temperature

50C

Doping agent

3 wt.% FeCl3

Figure 3: Rib-knit structure of (A) PET and (B) viscose

Surface Morphology
The effect of reaction conditions on surface morphologies
of fibers and non-woven fabrics was analyzed by SEM.
Figure 2 shows how the thickness of PEDOT polymer
varies with increasing the oxidant (FeCl3) concentration.

Figure 2: SEM micrographs of PEDOT-coated viscose
fibers at FeCl3 concentrations, A) 0%, and D) 9%
Electro-mechanical Characterization
Oxidant concentration not only affects the surface
morphology but also has a significant impact on electrical
and mechanical properties of PEDOT-coated conductive
fibers. In Table II, variation in electro-mechanical
properties at different oxidant concentrations is shown.
Table II. The influence of oxidant concentration on the
electrical and mechanical properties of PEDOT-coated
textile fibers
FeCl3
(wt.
%)
0
3
5
9
15

Max.
force
(N)
65 (± 3)
41 (± 1)
34 (± 1)
32 (± 1)
26 (± 2)

B

Elongtn
(%)

Tenacity
(N/tex)

Resist.
(k)

72(± 4)
38 (± 1)
25 (± 1)
21 (± 2)
15 (± 1)

0.35
0.21
0.18
0.16
0.13

…
33.1
27.7
8.0
3.3

Stretch sensing properties
In order to determine the stretch sensing properties of
PEDOT-coated conductive fibers, we made knitted
structures from obtained fibers, shown in Figure 3 and
then tested these knitted structures at variable stretching
percentages by extensometer.

The variation in electrical resistance values of knitted
structures at different extension percentages is shown in
Figure 4. The consistent change in electrical properties at
different extension/relaxation cycles indicates that these
coated fibers have potential to be used as stretch sensors
for bio-medical applications.

Figure 4: Stretching properties of knitted structures
CONCLUSIONS
Commercially available textile fibers/fabrics can
effectively be transformed into electrically active
materials by coating with conductive polymer (PEDOT).
CVD process is an efficient coating technique to produce
uniform and highly conductive layers on textile
substrates. The obtained products having light weight and
natural comfort level can effectively be utilized for biomedical
applications.
PEDOT-coated
conductive
membranes can also be used as anti-static air filters and as
electrodes for bio-fuel cell applications.
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INTRODUCTION
In recent years, there has been an increasing interest in
studying material properties at nano/micro-scale. It has
been shown in the literature that many physical
properties, specially the mechanical properties, depend
significantly on size. However, it is a challenging problem
to accurately apply and measure small forces to determine
the mechanical properties. In this presentation, we discuss
the latest developments in the nanomechanical
measurement tools to address this need and demonstrate
their applicability on different materials.
Polymeric materials pose an added challenge in
measuring their mechanical properties because of their
viscoelastic behavior. It requires dynamic mechanical
characterization to obtain a more thorough picture of their
mechanical
deformation.
Herein,
a
dynamic
nanoindentation method is discussed that measures the
viscoelastic properties of polymeric materials at smaller
length scales.1,2 A variation of this technique is also
utilized to design a novel tensile characterization of
polymeric fibers, where the effect of evolving molecular
structure of the material can be quantitatively measured.
EXPERIMENTAL PROCEDURE
For measuring the viscoelastic properties of a small
volumes of polymer, we made use of a nanoindenter
(Agilent G200), equipped with a flat ended cylindrical tip.
The flat ended tip is chosen to ensure constant contact
geometry during the deformation. The instrument was
also equipped with the continuous stiffness measurement
(CSM) attachment that can measure the stiffness, and its
changes, continuously during the deformation process.
The CSM also allows us to apply small harmonic
displacement – of the order of few 10s of nm – to
characterize the viscoelastic properties from a small
volume. The combined dynamic oscillator model for the
instrument and sample has been discussed in literature
and is shown in Figure 1.2,3 Once we know the harmonic
force (F0), harmonic displacement (z0), and the phase lag
(δ), the dynamic storage modulus can be calculated as:
Similarly, the loss modulus is represented by:
"
And, the loss factor is given by:
"
tan

Dynamic nanoindentation measurements were carried out
on small samples of four different poly-ethylene - HDPE,
LLDPE, LDPE and VLDPE.

Figure 1. The harmonic oscillator model for the
instrument and sample.
In the tensile experiments for small diameter polymer
fibers, the CSM is used in a similar way to measure the
viscoelastic properties of small diameter fibers. Because
of the nano-scale harmonic displacement, it has been
possible to superimpose the dynamic measurement on top
of a quasi-static tensile test, to measure the properties as a
continuous function of strain. This novel dynamic
analysis is performed on small diameter fibers of PET,
and individual strands of spider silk.
RESULTS AND DISCUSSION
Figure 2 shows the dynamic nanoindentation results on
the four different PE samples at different frequencies.
Over the range studied here, the frequency has very little
influence on the storage modulus. As expected, the
density influences the storage modulus for these
materials. However, the loss factor is a stronger function
of frequency, specially for the higher density PEs. For
comparison, some macro-scale DMA results from
previous literature has also been plotted in Figure 2.

From the different regimes in the engineering stress-strain
response, it is evident that the molecular structure evolves
as a function of strain. Hence, it is not unreasonable to
expect that the mechanical properties of PET fiber also
evolve with strain. The increase in the dynamic storage
modulus, measured from the continuous dynamic analysis
(Figure 3), provides a quantitative understanding of the
evolution of molecular structure during deformation. The
continuous evolution of viscoelastic properties in spider
silk will also be discussed in the presentation.
SUMMARY
In summary, the nanomechanical characterization of
polymeric materials opens up new directions of research,
and provides fundamental quantitiative understanding of
the viscoelastic deformation process at nano/micro length
scales.

Figure 2. (a) Storage modulus and (b) loss factor as a
function of frequency for different types of polyethylene.
The result of the continuous dynamic analysis during a
tensile test for a PET fiber (monofilament) is shown in
Figure 3. The engineering stress-strain curve clearly
shows the distinct regimes of deformation.4 The initial
linear elastic regime is due to homogeneous deformation.
When the amorphous molecules start to unfold the stressstrain curve deviates from linearity. However, at higher
strains the amorphous molecules align with the crystalline
microfibrils to result in hardening. At the final stage of
deformation there is slippage between the aligned
molecules which causes a decrease in the stress-strain
slope.
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Figure 3. The continuous dynamic analysis response of
individual PET fiber. Note the evolution of dynamic
storage modulus with increasing strain.
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INTRODUCTION
The increasing desire for unique effects of textile to
meet consumer’s multi- dimensional life styles, such
as indoor clothes, outdoor and recreational outfits as
well as textiles for biomedical uses has attracted
more attention in the fiber society to seek out novel
and new ways to enhance the properties of textile and
fabric-care. Many studies have reported that the
application of essential oils as insecticides1 and
acaricides are effective to combat dust mites2,
houseflies3, store-food insects4 and ticks5.
Nevertheless, the application of essential oils to
fabric against bacteria is also essentially needed for
the indoor fabric, food processing facilities6 and
allied health uses.
APPROACHES
In this study, the major chemical compounds of two
essential oils—peppermint oil (Mentha pipernta, PO)
from the USA and rosemary oil (RO) from Spain—
were measured by GC-MS; the fumigant activities of
peppermint oil and rosemary oil against house dust
mites (HDMs) were conducted under laboratory
condition; and the antimicrobial activities of
peppermint oil and rosemary oil padded on the
nonwoven, woven and knit fabrics against the grampositive bacteria (Bacillius subtilis) and gramnegative (Escherichia coli) were investigated
according to AATCC1477 method.
RESULTS AND DISCUSSION
The GC-MS analysis of two essential oils showed the
main constituents of the oils. The major constituent
of peppermint oil is monoterpene laevo-menthol
comprising up to 53.6%. Menthol has been tested
against microbial strains such as S. aureus and E.
coli7 showing antimicrobial properties since it
prevented the growth of such strains. The second and
third largest constituents, iso-menthone (7.2%) and
1,8-cineole (5%)8, are also crucial constituents that
exhibit necessary antimicrobial properties.
In
rosemary, the largest constituent, α-pinene (21%),
exhibits antimicrobial activity against E. coli,
Staphylococcus aureus9, Micrococcus luteus, and

Bacillus subtilis. β-pinene (14%) and 1,8-cineole
(13%), the second and third largest constituents of
rosemary also exercise the necessary antimicrobial
properties.
The laboratory bioassay results indicated that the
fumigant activities of peppermint oil and rosemary
oil caused 100% and 87% of mortality of HDMs
within 72 hours, respectively. Rosemary did not
display acaricidal qualities as pronounced as
peppermint oil, but it did display qualities necessary
to reduce the HDMs population.
FUTURE WORK
The potential applications of essential oils on the
finished fabrics, such as disposable materials and
medical textiles against bacterial pathogens are
indispensable for the collaboration of academic
institutions with textile industries10.
Key Words essential oils, peppermint oil, rosemary
oil, fumigant activity, antibacterial activity,
biomedical textile applications
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OBJECTIVE
The objective of this research is to fabricate a braided
structure with auxetic properties using helical auxetic
yarns. A tubular braided structure made of helical auxetic
yarns (HAY) is manufactured for various potential
applications. The tubular structure has an auxetic behavior
by which the void area on the surface of the tubular
structure is decreased under exterior force. An analytical
model is built to study the relationship between void
surface area and longitudinal strain.
INTRODUCTION
Considerable research about auxetic materials has been
undertaken due to their counter intuitive mechanical
behavior or negative Poisson’s ratio. Auxetic materials
expand in transverse direction while under longitudinal
tension. Auxetic materials offer various potential
applications because the negative Poisson’s ratio could
improve fundamental mechanical properties such as shear
modulus, indentation resistance and toughness (Evans and
Alderson, 2000). The fundamental mechanism of auxetic
behavior ranges from the rotation of the bonds at the
molecular level to a honey comb structure at a
macroscopic level. Among all auxetic materials, the
synthesized auxetics are highly promising because it is
possible to carefully tailor mechanical properties and
control the structure of synthesized auxetics for
specialized applications or purposes. Auxetic fibers
provide a new route to fabricate large textile structures or
composites through textile methods such as weaving,
knitting and braiding. Under such circumstances, a helical
auxetic yarn is proposed by Hook et al. (2006) through
winding a high modulus yarn helically onto a low
modulus yarn. In this paper, we use the helical auxetic
yarns as basis to fabricate a biaxial tubular structure and
study its mechanical properties and variable permeability
attributed by helical auxetic yarns.
APPROACH
For the helical auxetic yarn, a polyester yarn with higher
modulus is selected as warp and a polyurethane yarn with
lower modulus is selected as core. The mechanical
properties of each component were tested according to the
ASTM Standard 3822-01. The properties of each
component are summarized in Table I.
The HAY is manufactured on a braiding machine. The
configuration of HAY is shown in Figure 1. Warp/core
diameter ratio, modulus of warp and core yarn and
starting angle (θ) are three important factors to determine
the final behavior of HAY. The data are given in Table II.

Table I. Mechanical Properties
Core

Warp

Young’s modulus (Mpa)

13

1360

Ultimate strength (Mpa)

31

650

Strain at break (%)

88

6.2

Table II. Properties of HAY
Core diameter (Dc)
1.32 mm
Warp diameter (Dw)

0.27 mm

Starting angle (θ)

17.4°

Pitch (L)

13.2mm

Figure 1. Configuration of HAY

The Poisson’s ratio is calculated by the following
equation:

ε
ε

γ

where ε and ε are engineering transverse strain and
longitudinal strain. The transverse strain is measured
through a camera device associated with the universal
mechanical test machine. Samples are marked with dots
so that the camera can capture the number of pixels of
dots in order to calculate lateral width.
The biaxial tubular structure is fabricated on the braiding
machine shown in Figure 2. Eight packages of HAYs
were prepared. The rotational speed and mandrel’s speed
are adjustable to control the braiding angle.
A

microscope was used to measure the area of void surface
of the structure (Figure 3).

Figure 5. Geometry of one HAY

Poission's ratio

RESULTS AND DISCUSSION
The Poisson’s ratios of warp, core and HAY are given in
Figure 4. The Poisson’s ratios of both warp and core
yarns are nearly a constant number. HAY with variable
Poisson’s ratio was manufactured by combining two
yarns with constant positive Poisson’s ratio. The
Poisson’s ratio is increasing at the beginning due to
positive Poisson’s ratio of each component. Auxetic effect
starts where the core yarn begins to be twisted by the
warp. Then a maximum negative Poisson’s ratio is
reached at about -2.2.

HAY
Warp
core

The simulation data are compared with the experimental
data in Figure 6. Both simulation data and experimental
data show an increaing curve at the first stage, followed
by a gradual decrease. This phenomenon is mathced well
with Poisson’s ratio versus longitudinal strain data of
HAY because Poisson’s ratio of HAY increases first and
then decreases to negative. Since the relative slip is not
taken into account in the model, the variation between the
experimental and simulation data is probably due to the
relative slip between HAYs.

Void surface area

Figure. 2 Braiding machine Figure 3. Void area

Simulation
data
Experimenta
l data
Longitudinal strain

Figure 6. Void surface area vs. longitudial strain
Strain

Figure 4. Poisson’s ratio vs. longitudinal strain
Therotically speaking, the lateral width is going to
increase due to auxetic effect under axial tension resulting
in the reduced void surface area of braided structure. A
analytical model is built to analyze the relastionship
between void surface area and longitudinal strain. The
following equations are used to calculate void surface
area.
A l ∗ l ∗ sin 2θ
l

L /8

ϵ ∗ D
ε
ε

D ∗ 2 /2
γ

where A, l, Dc, Dw, D, θ are the void surface area, the
length of parallelogram(Figure 3), core diameter, wap
diameter, mandrel diameter and braiding angle,
respectively. Trigonometric relationship of one braiding
HAY is shown in Figure 5.

CONCLUSIONS
A biaxial tubular structure with a function of changing
void surface area under axial tension is fabricated by
braiding HAYs. An analytical model is built to study the
relationship between void surface area and longitudinal
strain.
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OBJECTIVE OF STUDY
Woven fabrics have been widely used in protective
systems due to their high strength, high flexibility
and low density. Under ballistic impact, the
projectile motion is retarded due to a large amount
of kinetic energy absorption via fabric deformation
in the out-of-plane direction. However, while yarn
pull-out under high-rate loading shows great
significance, previously available experimental
studies were limited to quasi-static loading, which
may not accurately represent the frictional behavior
under dynamic loading. In this study, a pendulum
setup inspired by the Charpy impact test was
designed to pull out Kevlar® yarns at high rates,
and the pull-out load/displacement history was
subsequently obtained. Quasi-static experiments
were also performed to delineate the effects of
loading rates. Additional studies on yarn pull-out
under in-plane loading at high rates and on the
effects of pressure were also performed.
INTRODUCTION
Multiple layers of woven aramid fabrics have been
widely used in protective armor systems, from
bulletproof vests to engine turbine fragmentation
barriers. These aramid fibers are ideal for these
applications due to their high strength, high
flexibility, and low density. Under ballistic impact,
the motion of the projectile is retarded via several
mechanisms such as individual fiber deformation,
woven fabric structure, projectile impact velocity,
interaction between the woven fabric layers, and
inter-yarn friction.
One significant mechanism for kinetic energy
absorption is the inter-yarn friction during fabric
deformation, mainly in the out-of-plane direction.
In fact, interfacial yarn friction has been shown to
increase the ballistic limit of a fabric by
approximately 10% [1], as well as retard
widespread damage. In light of the significance of
this kinetic energy absorption mechanism, several
experiments have been conducted to examine the
effects of inter-yarn friction via yarn pull-out
experiments. Kirkwood et al. [2] performed quasistatic yarn pull-out to find the effects of fabric
dimensions, transverse tension, and pull-out
dynamics of multiple yarns, and correlated these

results to performance against ballistic impact.
Dong et al. [3] found that the yarn pull-out force is
positively related to impact performance and
developed a finite element model to estimate pullout force for a single yarn. However, these
previous studies were limited to quasi-static or inplane loading, which may not accurately represent
the rate effects on the frictional behavior under
dynamic loading from a projectile.
APPROACH
Materials
In this experiment, the Kevlar® fabric samples
were prepared with dimensions of 12 cm by 12 cm.
Experimental samples for the out-of-plane pull-out
length effect had widths of 10 cm and lengths of 10
cm to 15 cm, and the in-plane samples had widths
of 10 cm and lengths of 6 cm to 10 cm. All samples
had 1 cm ‘tails’ on all sides of the sample.
Quasi-static Experiments
Quasi-static experiments using an MTS 810 were
also performed to delineate the effects of loading
rate on the pull-out dynamics in the out-of-plane
direction. The MTS crosshead moves and pulls out
the center yarn at a velocity of 1 mm/s, and the
corresponding load history is measured using a
load cell.
Dynamic Experiments
A pendulum setup inspired by the Charpy impact
test was designed to pull out the single yarn at high
rates, as shown in Fig. 1.

Fig. 1: Setup for dynamic yarn pull-out.

Upon impact from the pendulum, a cart with the
sample mounted moves at a pre-calculated
velocity, and the displacement of this cart is
measured using a magnetic linear encoder system.
Using this setup, pull-out velocities of
approximately 0.8 m/s to 1.1 m/s were achieved.
A single yarn from the fabric sample is attached to
a hook on a quartz transducer to measure the pullout force when the pendulum impacts the cart. The
pull-out load and displacement history were
subsequently obtained to portray yarn pull-out
dynamics in the Kevlar fabric.
Additional experiments were also done to
investigate the effects of pressure at high impact
rates, the effect of critical yarn pull-out length on
the peak force, as well as yarn pull-out under inplane loading.
RESULTS AND DISCUSSION

single yarn at both high and low impact rates in the
warp direction is much higher than in the weft
direction of the fabric.
Comparing the dynamic peak pull-out loads to the
quasi-static peak pull-out loads shows a trend of
higher peak loads with increased yarn pull-out rate,
although the difference is not significant. It is
possible that part of the increased peak load is due
to yarn shearing with increased pull-out rate [4].
The data obtained has also shown that at a high
enough level of pressure, the peak force required to
pull out a single yarn increases significantly as
well. The increased transverse loading on the yarns
increases the surface area of the interlaced yarns in
contact at the crossover points, thereby increasing
the peak load.
FUTURE WORK
Current work is being done to examine the
possibility of a critical pull-out length at which the
peak pull-out load does not increase significantly.
Similar experiments are also being performed on
Twaron® fabric to examine the effects of the
investigated parameters on different types of fabric.
KEYWORDS
Kevlar, yarn, out-of-plane, dynamic, pressure,
critical, length

Fig. 2: Load-displacement history of single yarn
pull-out.
As shown in Fig. 2, the load-displacement history
shows a peak force when the single yarn
straightens and is stretched to its maximum length
before the translation occurs. Subsequent
oscillations in the load history show local peak
forces occurring when the center yarn translates
and passes each crossover point in the fabric.
For out-of-plane loading, experimental data has
shown that the maximum force required to pull a
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INTRODUCTION
Superhydrophobic surfaces display apparent contact
angles * > 150 and low contact angle hysteresis *
(the difference between the advancing and receding
contact angles) with water, while superoleophobic
surfaces display  > 150 and low * with low surface
tension liquids.[1-4] Superomniphobic surfaces display
both superhydrophobicity and superoleophobicity. While
a few surfaces that display superomniphobicity with
various Newtonian[5] liquids have been previously
engineered,[6-17] there are no reports of surfaces that
display superomniphobicity with non-Newtonian[5]
liquids.
RESULTS AND DISCUSSION
In this work, we report surfaces that, for the first time,
display superomniphobicity with non-Newtonian liquids
(e.g., viscoelastic polymer solutions) in addition to a wide
range of Newtonian liquids including concentrated
organic and inorganic acids, bases and solvents.[18]
Virtually all liquids – organic or inorganic, polar or nonpolar, Newtonian or non-Newtonian – easily roll-off and
bounce on our surfaces, thereby making our surfaces ideal
candidates for effective chemical shielding.[18] We
envision that our surfaces will have numerous
applications including stain-free clothing and spillresistant, breathable protective wear,[11] enhanced solventresistance,[16] bio-fouling resistant surfaces,[19] selfcleaning,[20] drag reduction,[21] and light-weight corrosionresistant coatings.[22]
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BACKGROUND
Modern military chemical protective clothing is
constructed from air-permeable materials in order to
achieve a balance between protection and physiological
burden. Liquid repellent fluoropolymer textile treatments
play an important role in these garments by preventing
liquid chemical agents (e.g. sarin, VX and sulphur
mustard) from wetting and penetrating the constituent
layers. Modern repellent treatments are based on
polymers containing pendant perfluoroalkyl chains which
orientate themselves normal to the fibre surface when
applied to a textile. This effectively sheaths the fibres
with -CF3 groups, greatly lowering the surface energy and
making the material difficult to wet [1].
Over the past 20 years, Dstl Porton Down has examined a
number of strategies for conferring liquid repellency to
military chemical protective clothing. The research has
provided Dstl with a greater understanding of the
chemistry and behavior of repellent treatments, an
appreciation of the complexity of wetting phenomena and
resulted in a successful spin-out company. Importantly,
the work has also helped maintain a Dstl capability for
providing advice and guidance on protective clothing to
the UK Ministry of Defence (MOD). This paper provides
a brief account of that research.
LIQUID REPELLENT DYES
The notion of integrating chemical protection into combat
clothing (and thereby dispensing with the need of a
separate protective suit) was proposed by UK MOD in the
early 1990s. In order for this concept to be viable, any
liquid repellent treatment applied to the textiles would
need to be exceedingly durable in order to withstand the
insults sustained by operational clothing. A survey of
commercially available liquid repellent treatments
revealed that most displayed poor durability on cellulosic
fabrics. In some cases, durability could be improved by
using resin additives, but this came at the expense of the
mechanical strength of the fabric, due in part to the acid
catalysts used to fix the resins. Reactive dye chemistry
appeared an attractive alternative strategy since it avoids
the use of acid catalysts and offered the possibility of
introducing a repellent molecule throughout the fibres
(thereby enhancing durability). The idea of attaching
perfluoroalkyl chains to reactive dye molecules was
subsequently explored, using di- and monochlorotriazyl
groups to covalently link the repellent dye molecules to

the fibres [2]. Moreover, this approach offered a potential
means to apply colour and repellency to textiles in a
single procedure using existing commercial processes. A
number of reactive repellent dyes were subsequently
prepared under the programme although difficulties with
synthesis and poor aqueous solubility of the dyes (despite
introducing a number of sulphonate groups) thwarted
progress.
REACTIVE REPELLENT TREATMENTS
Removing the dye molecule and attaching the
perfluoroalkyl chains directly to the fibre-reactive group
greatly simplified the chemistry and offered hope of
producing water soluble repellent after-treatments for
cellulosic fibres. A water soluble triazine compound
bearing a perfluorooctyl chain and two N,Ndimethylaminopyridine leaving groups emerged from this
research. Although this compound could be applied to
cellulosic textiles using a conventional reactive dyeing
process, the repellency levels were much poorer than
those from commercial treatments. It became evident
from parallel studies however, that monomeric treatments
were never likely to provide high levels of liquid
repellency since the random orientation of the
perfluoroalkyl groups at the fibre surface would not
confer a low enough surface energy. Subsequent synthesis
of
emulsions
containing
fibre-reactive
perfluoroalkylacrylate polymers that would allow
orientation of the perfluoroalkyl chains was successful,
although the resulting treatments offered no advantage
over existing commercial products. Consequently, this
approach was abandoned.
PLASMA POLYMERISATION
In the mid-1990s, plasma polymerisation was examined
as an alternative approach for conferring repellency. The
work demonstrated that perfluoroalkyl acrylate monomers
could be efficiently polymerised onto a range of materials
using low pressure plasma discharges to afford
exceedingly high levels of durable liquid repellency [3].
Importantly, pulsing the plasma discharge was found to
greatly minimise damage to the growing polymer chains,
thereby reducing polar defects which would otherwise
promote wetting by low surface tension, polar liquids. In
2002, this research was spun out into a successful
company that now treats a range of products including
niche clothing equipment, electronic devices, sports wear
and filter media.

SUPER-OLEOPHOBICITY
The development of super-oleophobic surfaces (i.e.
surfaces on which low surface energy organic liquids
display high contact angles with minimal hysteresis) is
currently a “hot topic” for many research groups. In a
military context, super-oleophobicity could enhance
protection and decontamination procedures by preventing
the transfer of liquid chemical agents from contaminated
surfaces to clothing and enabling liquid contamination to
be easily removed from woven textiles. Dstl Porton Down
therefore recognised the importance of superoleophobicity in the context of chemical agent protection
in the late 1990s, although it was not until recently that
Dstl in partnership with Zurich University demonstrated a
functional super-oleophobic textile [4]. The combination
of polyester cotton fibres modified with poly(methyl
silicone) nano-fibrils and a low surface energy
fluoropolymer treatment was later shown to produce a
military textile with little or no affinity for the chemical
warfare agent, sulphur mustard.
THE FUTURE
Commercial repellent treatments are based on “C8”
polymer chemistry (“C8” referring to the number of
carbon atoms in the pendant perfluoroalkyl chains). There
is now controversy surrounding these “C8” treatments
which are claimed to be a potential source of the
environmentally persistent compound, perfluorooctanoic
acid (PFOA). In response, manufacturers are now
beginning to introduce products based on “C6” chemistry
(i.e. containing shorter perfluoroalkyl chains). Whilst
these treatments meet many repellency specifications,
their repellency characteristics are different to those of
“C8” treatments. However, even if “C8” treatments
become completely unavailable in future years, the
repellency characteristics of the new “C6” products will
not significantly affect the protection levels afforded by
conventional chemical protective apparel. Their impact on
future concepts such as super-oleophobicity does however
need to be assessed.
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SUMMARY
Small menisci formed on elliptical fibers are studied. We
derived an analytical solution describing meniscus shape
and assuming that the contact angle changes over the fiber
surface providing a constant height. Using natural fibers,
butterflies proboscises, as an example, we showed
experimentally that the meniscus height is a function of
the fiber ellipticity. It appeared that fibers with elliptical
cross-section produce higher menisci.

is the acceleration due to gravity. The maximum meniscus
height is denoted S0. At a remote distance from the
proboscis the meniscus height approaches horizontal free
surface. Thus, the boundary conditions are S = S0
at
/
/
1; → 0
→ ∞. To solve
the problem we re-write eq. (1) in dimensionless form
∆Z

0

(2)
/ .

where Z =S/a and
EXPERIMENTAL
Butterflies head was fixed on a needle and a proboscis
was unraveled. The tip of the proboscis was attached to
the looped wire positioned at the center of a wide Petridish, and partially submersed in water (FIGURE 1A). The
liquid was added to the dish until it formed a stable
meniscus (Figure 2B). The shape of the meniscus was
captured with a high speed camera (Dalsa Falcon 14M
100XDR).

When ε<<1 and contact angles θ are close to /2, eq. 2
can be solved asymptotically near (inner solution) and far
away (outer solution) from the fiber surface (for more
details see [1]). FIGURE 1C shows 2-D profile of the
liquid meniscus on elliptical proboscis, where conditions
ε<<1 and /2 are fulfilled. It appears that there are two
main length scales associated with this problem: the major
/
.
ellipse semi-axis a and a capillary length
/
Using asymptotic analysis we arrive at the dependence of
liquid height on the fiber geometry (a,b) and average
contact angle (θ):

/2 ln

(A)

(B)

(C)

FIGURE 1. A) Proboscis tip attached to the wire, B) Liquid
meniscus formed on the proboscis at equilibrium. Red line is an
asymptotically derived profile overlaid on experimental result,
C) 2-D profile of the water meniscus on proboscis of monarch
butterfly. Insert: proboscis cross-section: a=135 um and b=65
um are major and minor semi-axes.

DISCUSSION
To describe the shape of the meniscus z=S(x,y) on
proboscis/fiber we have used elliptic coordinate system
with a center coinciding with the fiber axis. The major
and the minor fiber semi-axes are a and b correspondingly
(FIGURE 1C, insert). The height of the meniscus can be
derived from the balance of surface tension and
gravitational forces:
∙

/

0,

(1)

where S(x,y) is the liquid elevation on the proboscis, is
the surface tension of the liquid, is the liquid density, g

1

/ √

/4

,

(3)

/2, |  | ≪ 1 ,
/ is the average
where 
contact angle at the fiber surface,
,
is the fiber
circumference and
0.577215 is the Euler constant. At
the asymptotic limit, as the b/a ratio tends to 1, the
meniscus height approaches that on a circular cylinder,
 ln √ /2 , which coincides with the Lo
solution [2,3] when   /2 . In all other cases elliptical
proboscis, provides a higher meniscus.
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The military and first responders are dependent on a wide
range of protective items in accomplishing their missions.
Protective items include personal and collective protective
equipment made of textiles such as dress clothing, combat
clothing, ballistic protective vests, helmets, cold weather
clothing, tents, sleeping bags, parachutes, and numerous
other items. Many of these items are subjected to extreme
conditions during their use. Since the majority of the
protective gear consists of life support items, each item
should be designed and fabricated to very high standards
of performance. Furthermore, the performance of the
protective gear should be constantly being improved. At
the same time, it is desired to reduce the weight of the
gear without sacrificing performance.
Protection against chemical liquids, vapors, and aerosols
is the basic function of a chemical and biological
protective ensemble. A breach in the garment could lead
to serious injury or loss of life. One of the strategies for
ensuring protection is to make the garment repel low
surface energy chemical and biological (CB) agents while
acting as a barrier to very small droplets such as liquid
aerosols. To address this need, an artificial lotus leaf
made of biomimetic spider webs can be generated in
order to collect small droplets from fog until they
completely roll off from the surface. Many of the
developments in this area are based on advances in
nanotechnology, biomimetic materials, and intelligent
materials. The next generation of military textiles is
benefiting from the integration of nanoparticles,
nanofibers, and electronics into fabrics and is achieving a
new level of performance. Not only the military but also
the private sector needs protective gear made of smart
textiles that repel liquids such as water, oils, and
hazardous industrial chemicals. Several approaches,
including bio-mimicry, are being developed to address
this particular aspect of protection.
CB protective clothing used by the military utilizes
breathable multi-layer textiles consisting of an outer shell
fabric, a fabric which contains an adsorbent, typically
activated carbon, and inner fabric. These layers work
together as one system to provide liquid, aerosol, and
vapor protection. Liquid droplets with a wide range of
volumes are shed at the surface of the outer shell fabric,
while vapors are captured by the activated carbon. The
outer shell fabric is coated with oil- and water- repellent
fluoropolymers which prevent liquid droplets from

soaking into the textile system and overwhelming the
carbon layer.
These coatings, typically perfluoroalkylated acrylates or polyurethanes, reduce the surface
energy of the individual fibers down to 11 dyne/cm
depending on the grafting ratio. Due to this exceptionally
low surface energy and air pockets between the fibers in
the yarns, the outer shell fabric is able to repel water
easily. It is also able to repel a wide range of oils, toxic
industrial chemicals, and extremely hazardous chemicals
such as the chemical warfare blister agent sulfur mustard
(surface tension = 43 dyne/cm) and the nerve agents
tabun, sarin, and VX (surface tension = 24, 25, and 31
dyne/cm, respectively).
The combined effects of textile structure and low surface
energy can lead to fabrics which display very high
apparent water contact angles. When the water contact
angle exceeds 150o, the surface is considered to be
superhydrophobic. Similarly, a surface having an oil
contact angle greater than 150o is considered
superoleophobic. One additional factor is the roll-off
angle which should be less than 5 degrees. However, it is
well known that roll-off angles are affected by the mass of
the liquid droplets, the interfacial surface energy between
liquid and solid, and the local geometry of the solid
surface. It has been found that multi-scale structures,
such as many fabrics, can reduce roll-off angles when
treated with chemicals that impart low surface energy to
the fabric surface.
Current
processes
for
treating
fabrics
with
fluorochemicals are either slow or require specialized
equipment not widely available in the textile industry. It
has been demonstrated that fluorosilanes can be attached
to reactive groups such as amines, hydroxyl groups, or
carboxylic acid groups of polyamides or cellulosic fibers.
This process is amenable to considerable improvement
through the traditional wet (pad-dry-cure) process. The
equipment for this process is widely available in the
textile industry and could easily be used for the mass
production of superhydrophobic, superoleophobic fabrics.
These fabrics with advanced chemical and mechanical
modifications will become self-cleaning where liquids roll
off while cleaning the surface. They will also provide
advanced chemical protection in which extremely small
liquid droplets, such as aerosols, agglomerate, increase in
volume, and completely roll off from the fabric surface.
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We fabricated microfluidic fiber channels with switchable
water transport in flexible textile PET/PP materials
employing a pre-programmed yarn-based fabric and a
yarn-selective surface modification method. The
modification method developed is robust and scalable.
Specifically, the fabrication is based on the selective
functionalization of the PET yarns in the structure with an
epoxy-containing polymer that is then followed by
grafting patterns of different pH-sensitive polymers PAA
[polyacrylic acid] and P2VP [poly(2-vinyl pyridine)]. As
a result of the selective functionalization of the fabric an
array of amphiphilic channels that are constrained by
hydrophobic PP boundaries was obtained. We
demonstrated that water based solutions are transported in
the amphiphilic channels by capillary forces where the
direction of the fluid transport is defined by pH-response
of the grafted polymers. The channels are fed with
aqueous solutions using hydrophilic, pH insensitive PEG
[polyethylene glycol] ports. The combination of the PAA
and P2VP patterns in the amphiphilic channels is
employed to create pH-sensitive elements that readdress
liquids towards PAA channels at pH>4 and towards both
PAA and P2VP channels at pH<4. The system of pHselective channels in the developed fiber based
microfluidic chip could find analytical applications and
can be used for smart cloth.
KEYWORDS
microfluidic devices, fabric, polymer grafting, wicking,
yarn, thread.
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Fibrous and Porous Materials with a Hierarchical Pore Structure:
Different Kinetics of Liquid Absorption
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ABSTRACT
We studied kinetics of penetration of liquids through
porous membranes of different sizes. As a model
system, we used capillaries of 0.1 mm to 0.35mm radii.
Spontaneous formation of internal meniscus was
investigated using low volatile hexadecane and tributyl
phosphate. The X-ray phase contrast and high speed
optical microscopy imaging were employed. We
showed that meniscus completes its formation when
the liquid column is still shorter than the capillary
radius. After that, meniscus travels about ten capillary
radii at a constant velocity. We demonstrated that the
experimental observations can be explained by
introducing a friction force linearly proportional to the
meniscus velocity with a friction coefficient depending
on the air/liquid/solid triplet. It was demonstrated that
the friction coefficient does not depend on the capillary
radius. Numerical solution of the force balance
equation revealed four different uptake regimes that
can be specified on a phase portrait. This phase portrait
was found to be in a good agreement with the
experimental results and can be used as a guide for the
design of thin porous absorbers. As an example, an
analysis of spreading of low volatile liquids on alumina
porous membranes were presented.
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ABSTRACT
Millions of years of evolution have perfected “synthetic”
strategies in Nature that lead to superior materials and
elegant structures, such as “self-cleaning” lotus leaves.
The well-known self-cleaning property of the lotus leaf is
due to a combination of proper chemistry and unique
multilength-scale surface topography. We have
successfully mimicked the dual-scale structure by
incorporating raspberry-like silica particles to polymer
films,1 which have been turned superhydrophobic. We
further made mechanically robust superhydrophobic
coatings via a layer-by-layer particle deposition
approach.2
We extended this biomimetic procedure to prepare
superhydrophobic cotton textiles.3 By in-situ introducing
silica particles to cotton fibers to generate a dual-size
surface roughness, followed by hydrophobization with
polydimethylsiloxane (PDMS), normally hydrophilic
cotton was easily turned superhydrophobic, with static
water contact angle of 155º for a 10-μL droplet. The water
roll-off angle depended on the droplet volume, ranging
from 7º for a droplet of 50 μL to 20º for a 7-μL droplet.
When a perfluoroalkyl chain was introduced to the silica
particle surface, the superhydrophobic textile also became
highly oleophobic (demonstrated by a static contact angle
of 140º and a roll-off angle of 24º for a 15-μL sunflower
oil droplet), but not superoleophobic.
We further prepared superoleophobic cotton textiles based
on a multilength-scale structure,4 as indicated by high
hexadecane contact angle (153 for 5-L droplets) and
low roll-off angle (9 for 20-L droplets). The
multilength-scale roughness was based on the woven
structure, with additional two layers of silica particles
(microparticles and nanoparticles, respectively, resulting
in a triple-scale structure, as shown in the figure below)
covalently bonded to the fiber. Superoleophobicity was
successfully obtained by incorporating perfluoroalkyl
groups onto the surface of the modified cotton. It proved
to be essential to add the nanoparticle layer in achieving

superoleophobicity, especially in terms of low roll-off
angles for hexadecane.
We also examined feasibility to replenish surface
chemical composition and recover surface functionality in
case of surface damage.5 The surface replenishing is
driven by energy differences, occurs spontaneously and
uses intrinsic elements of the coatings. This selfreplenishing concept is unique in providing surface
healing and enables longer service lifetime of functional
coatings. Efforts are currently under way to incorporate
other functions such as antimicrobial property to textiles.
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INTRODUCTION
“The most important parameter which affects electrospun
nanofibers properties is the polymer solution
concentration.” All researchers who studied the effect of
electrospinning parameters on obtained nanofibers could
agree with this sentence. In fact, there is not even one
study on electrospinning parameters which has not
investigated the influence of concentration on
electrospinning process. The main effect of polymer
solution concentration on obtained nanofibers from
electrospinning process is on the nanofibers diameter.
Almost all studies on PA-6 electrospun nanofibers shows
that the increase of polymer solution concentration
increases average diameter of spun nanofibers. [1-4]
By varying the polymer solution concentration, it is
possible to obtain different nanowebs with different
average diameters of nanofibers. The possibility of
nanofibers production with different diameters persuaded
us to investigate its effect on electrospun nanowebs
wettability.
EXPERIMENTAL
The challenge in this study was producing nanofibers
which varied just in term of diameter. It means that to
obtain reliable results, the nanoweb samples had to have
the same properties in terms of nanofibers orientation,
collection area, and volume. The experimental plan for
this study was based on producing electrospun nanowebs
which only differ in nanofibers diameter. Three polymer
solution concentrations (25, 20, and 15 wt%) were
selected for electrospinning process. The volume of
electrospun nanofibers and their orientations should be
equal for three different concentrations. As the nanoweb
collection area was equal, only by adjusting the
electrospinning time, it was possible to collect the same
weight of nanowebs on the collector surface for different
concentrations. Therefore, electrospinning in calculated
times for different concentrations made possible to
produce nanowebs which were varied only in nanofibers
diameter and were suitable to study the effect of
nanofibers diameter on nanowebs wettability. Table I
shows the calculated parameter of electrospinning process
for the three different concentrations (W1, W2, and W3).
Electrospinning in these conditions led to obtain PA-6
nanowebs that had same weights and same collection
areas and they differed just in nanofibers diameter.
RESULTS AND DISCUSSION
After electrospinning process, morphological properties
of samples were investigated by SEM microscope to

determine the average diameter of nanofibers. The
obtained result showed average diameter of nanofibers of
318 nm for W1 (25 %), 151 nm for W2 (20 %), and 111
nm for W3 (15 %). Figure 1 highlights the relation
between average diameter of electrospun nanofibers and
polymer concentration. It is evident that increasing in
polymer solution concentration leads to a remarkable
increase in nanofibers diameter.
Table I. Electrospinning parameters for wettability test
Sample code
W1
W2
W3
Concentration (wt%)
25
20
15
Applied voltage (kV)
30
30
30
Distance (cm)
20
14
11.5
Needle gauge (mm × 0.7 × 30 0.4 × 30 0.4 × 30
mm)
Feed rate (ml/h)
0.212
0.278
0.278
Electrospinning time
16.75
16
21.3
(min)
Weight of electrospun
0.0148
0.0148
0.0148
nanoweb (g)
Electrospun nanowebs were cut and removed from
aluminum foil (collector) using particular method [5]. Cut
samples in dimension of 1.5 cm × 3 cm were sandwiched
between two layers of card board template to manipulate
them without touching. Contact angle measurement
apparatus is a system which can measure contact angle
and absorption time of a liquid applied on material
surface.

Figure 1. Solution concentration vs. nanofibers diameters
In this study the contact angle measurement system
(Krüss DSA100) was set to investigate the absorption
time of 2 µl water droplet by three electrospun nanowebs

(W1, W2, and W3). Nanowebs were cut in mentioned
dimensions as previous try but the aluminum foil, which
functioned as collector, was kept with nanoweb. The
adhesion between the nanofibers and the aluminum foil
surface, avoided nanoweb swelling when water droplet
touched its surface. Keeping nanoweb over aluminum foil
allowed the system to calculate the contact angle, the
reduction of water droplet volume as a function of time,
which demonstrated nanowebs water absorption regime.
Figure 2 shows interaction between PA-6 nanoweb and
water droplet from the first second to the last second
where water droplet was completely absorbed by
electrospun nanoweb.

differences between nanowebs in terms of absorption
time.
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Figure 3. Water droplet absorption regime for W1, W2,
and W3
The average diameter for sample W1 was 318 nm and its
absorption time was the shortest one. Water droplet
absorbed with an almost constant ratio which was faster
than the others samples (W2 and W3). It could be
considered that a larger nanofibers diameter (almost two
times larger than W2, and W3) provides a larger spaces
between nanofibers and provides better water diffusion
between nanofibers.

Figure 2. Water droplet absorption by PA-6 nanoweb
As shown in previous figure, water droplet shape (half
circular shape) changed due to nanowebs absorption.
Contact angle measuring system is equipped by a
software that can process captured images in real time and
calculate the reduction of water droplet volume. The
reduction of water droplet versus time increment, gave the
information about nanoweb water absorption regime.
Comparing the absorption regimes of nanowebs, obtained
from the three different average diameters, showed
interesting results. Figure 3 illustrates the variation of
water droplet volume as a function of time. In this figure
absorption curves reveal a considerable difference
between PA-6 nanowebs which were electrospun with
different polymer solution concentrations. Nanowebs
electrospun from 15 and 20 wt% concentrations had
roughly the same absorption regime while for 25 wt%
concentration the absorption regime was totally different.
Since SEM analysis showed remarkable differences in
term of the average diameter for different concentrations
(318 nm for W1 (25 %), 151 nm for W2 (20 %), and 111
nm for W3 (15 %)), this differences can explain the

CONCLUSION
Using contact angle measurement system led to
investigate the effect of the average diameter of
nanofibers on absorption regime of electrospun
nanowebs. This study demonstrated that the time of
absorption for electrospun nanowebs, which consisted of
nanofibers with larger diameter, was remarkably shorter.
This phenomenon was explained due to larger spaces
formed between nanofibers in nanoweb structure. The
obtained result revealed that nanowebs wettability
investigation using contact angle measurement device
could be presented as a suitable and promising method to
get more information about nanowebs structure.
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An Evaluation of Woven Structure Factors Impacting
Self-cleaning Superoleophobicity
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The objective of this research is to design the most
effective geometry of fabric structures for self
cleaning superoleophobicity properties based on an
understanding of fibers’ and yarns’ roles in the
fabric construction.
Hydrophobicity or oleophobicity possesses a
contact angle of over 90° for water or oil,
respectively;
superhydrophobicity
or
superoleophobicity is defined by the much higher
contact angle, over 150° of a liquid droplet on a
solid surface.1-4, 5-7 A liquid-repellent surface has a
resistance against the penetration of liquid into the
surface structure; the liquid rolls off on a tilted
surface. Biomaterials such as the Lotus leaf are
representative of a water repellent surface, which is
characterized by superhydrophobicity, low
adhesion, easy roll-off, self-cleaning, drag
reduction, and low contact angle hysteresis.6-11 This
behavior has inspired researchers to mimic the
surface of biomaterials to create a liquid-repellent
surface through surface modification in lowering
surface energy and reducing the contact area of a
liquid droplet on a solid surface, which attribute the
decrease of adhesiveness affecting the roll-off of
liquid.12-19 The geometrical structures of woven
fabrics are a critical factor for the creation of
multiscale structures in the macroscale, which
contributes to the reduction of the contact area of
droplets and creates a multi energy barrier.
Several studies have been conducted on the contact
angle or roll-off angle of liquid on different weave
structures; the liquid behaved differently on
different structures20 as float length and interlacing
points were affecting factors. The further
improvement of weave structures to achieve the
liquid repellent surface can be extended from the
understanding of basic geometrical structures of
woven fabric, which have been studied early;
Peirce modeled the circular cross-section geometry
of yarn without the consideration of pressure,21
Kemp, 22 and Hearls et al.23 extended the Peirce
model to the race-track cross-section geometry of
yarn and the lenticular cross-section geometry of
yarn, respectively, under the consideration of

tension which occurs while interlacing warp and
weft yarns. The interlacements influence the
change of fabric properties physically or
mechanically. And, the types of fibers or yarns
play an important role for the determination of
performance in woven fabric, since the woven
fabric is constructed with these components.24-28
Moreover, the geometry of fibers and yarns has
considerable
impact
according
to
their
characteristics such as cross-section shape of
fibers, fibers’ packing in a yarn, yarn twisting,
etc.25, 29
To maximize the geometrical structure of woven
fabric for a liquid repellent surface, it requires
further understanding of the relationships among
fibers, yarns, and structures affecting the
performance in the end use; these geometrical
parameters can be utilized for the design of woven
fabric geometry. Also, the effect of air space in the
yarn and in each fabric structure contributes to the
performance of the fabric in self-cleaning and
repelling liquids.
In this study, fabrics were designed and developed
by applying optimum parameters of each
component for fabric construction and evaluated to
determine the most effective geometry of fabric
structures for self-cleaning.
For woven fabrics, performance is enhanced with a
combination of fibers, yarns, and weaving
structures; types of fibers strongly influence the
determination of yarn properties, and types of
yarns affect the resulting fabric properties. Specific
weave structures maximize the desired selfcleaning functionality of woven fabrics. To
enhance the hydrophobic performance of woven
fabrics, the properties of fiber and yarn should be
considered with the weave structures.
KEYWORDS
woven
structures,
superhydrophobicity

superoleophobicity,
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The Canadian chemical biological (CB) defence
programme is managed by Defence Research and
Development Canada (DRDC), an agency within the
Department of National Defence (DND). CB defence
research is carried out predominately at DRDC Suffield, a
laboratory located 50 km northwest of the city of
Medicine Hat, in the Province of Alberta, Canada. DRDC
Suffield was first established in 1941 as the Experimental
Station, Suffield, a joint Canadian and United Kingdom
effort to support and prepare Allied forces against the
possible use of chemical warfare agents in the Second
World War. The location was selected because of the
ready access at the time to a large block of land ideally
suited for the unique field testing requirements specific to
defence against chemical weapons. The “Suffield Block”
as it was called, encompasses a vast area of prairie land
totalling 2,700 km2. Currently DRDC Suffield utilises 470
km2 of the Block, containing 105 realty assets of
specialised laboratories, trial sites and facilities, for its
R&D programmes. The remainder is dedicated to
specialised military training along with a National
Wildlife Area designated for the protection of endangered
species.
DRDC Suffield belongs to a pan-Canadian network of 8
research centres within the DRDC agency supporting the
scientific and technological needs of the Canadian Armed
Forces (CAF)/DND and the public security community
across the federal, provincial and municipal governments.
Today the CB Defence Programme includes groups
specialising in risk and hazard assessment, detection and
identification, soldier systems protection and operational
support, decontamination and medical countermeasures.
The research programme at DRDC Suffield has continued
to evolve over the past 70 years, branching into other
science and technology areas of importance to Canadian
defence. Since the 1960’s there has been an extensive
R&D programme in military engineering, which includes
advanced energetic explosives, threat assessment and
mitigation, and autonomous systems operations for
ground and air vehicles. In the past decade a world class
training capability and facility (the Counter Terrorism
Technology Centre) has been established at DRDC
Suffield to provide scenario-based training to the military
and first responders using “live” (real) toxic chemicals,
including chemical warfare agents and radiological
materials. Live agent training is used to improve force
readiness for the CAF and domestic first responders. The
ability to train in an environment with live agent,

concomitant with the transfer of scientific knowledge and
expertise in CB defence and casualty management,
greatly improves their techniques, procedures and
confidence, which enhances their ability to protect
Canadian citizens and interests. More recently a new
R&D programme in blast injury and trauma casualty
management has been established.
The Protection area within the CB defence programme at
DRDC Suffield has been the principal lead for most of the
research and development of materials, including fabrics
and polymers, that have been incorporated into protective
clothing and equipment that have been acquired and
fielded for use in chemical and biological hazard
environments by the CAF. Of particular note are a carbon
impregnated polyurethane foam used as the adsorbent
barrier layer in chemical protective coveralls; a carbon
impregnated lycra for close fitting protective
undergarments; a highly agent resistant, long-lasting
polymeric rubber for a respirator; and, a polymer with
broad spectrum resistance to battlefield contaminants
(oils, lubricants and solvents) and chemical warfare
agents with suitably engineered elastomeric properties for
compression moulding into a glove only 0.5 mm in
thickness. DRDC Suffield was one of the first CB defence
research centres to exploit the commercial development
of carbon cloth, derived from pyrolised woven
polyacrylonitrile (PAN) fibres, for use as an adsorbent
barrier layer in chemical protective clothing. This led to
the design, development, validation and fielding of a
garment system using this technology for the CAF.
Over the past five years DRDC has invested considerable
effort in R&D towards super-repellent coatings and
materials. DRDC Atlantic (Pacific Detachment) joined
with DRDC Suffield to establish a project that spanned
three academic institutions, the University of Alberta,
Queens University and the University of Western Ontario.
The aim of this project was to advance our knowledge in
the area of super-organophobic surfaces via different
methods of producing multi-scale roughness, controlled
surface architecture and low surface energy chemistry.
The DRDC-funded effort has resulted in a number of
promising developments, including a super-hydrophobic
coating system that may be applied to paper which shows
promise for Lab-on-paper applications[1]; the synthesis of
a new diblock copolymer, poly[3-(triisopropyloxysilyl)
propyl methacrylate]-block-poly[2-(perfluorooctyl)ethyl
methacrylate], which when grafted to cotton fabric

showed super-organophobic properties.[2,3] DRDC
Suffield also established a project with North Carolina
State University providing funding to study multi-scale
re-entrant self-cleaning super-oleophobic surfaces. This
effort used a theoretical approach to define an optimum
multi-scale surface structure for super-repellency which
was then used to fabricate a prototype non-woven fabric
with suitable nano-scale roughness to impart superoleophobic, re-entrant self-cleaning properties.
The Wenzel and Cassie-Baxter wetting models are used
most often in the literature to describe the wetting
behaviour of rough surfaces. The former model relates the
contact angle of a liquid drop on a smooth surface
(Young’s contact angle) to an effective or apparent
contact angle on a rough surface through a simple
roughness factor. In this case the drop is considered to
wet the entirety of the surface. The Cassie-Baxter model
differs in that the liquid drop is considered to rest on a
composite surface comprised of the protrusions from the
solid surface and the air trapped between them. Thus, the
Cassie-Baxter model defines the relationship between the
Young’s contact angle and the apparent contact angle in
terms of the surface area of the liquid drop in contact with
both the solid and air, normalised by the projected area of
the liquid drop on the surface. Numerous modifications
and extensions have been proposed to the Wenzel and
Cassie-Baxter wetting models.[4,5,6] It has been correctly
pointed out that the parameters in these models should be
considered to depend highly on the local surface
properties at the point of contact that the liquid drop
makes with the surface.[7] Many researchers use these
models to merely classify the wetting behaviour of the
surface and avoid using the models to make predictions of
apparent contact angles. Accuracy of predictions are often
±10-15°.
DRDC Suffield has developed a new surface wetting
model that incorporates, in addition to a roughness
parameter, a function that includes two physical
properties intrinsic to the liquid, the surface tension and
the dynamic viscosity. It is suggested that these properties
may play a key role in minimising the surface energy due
to the bulk interaction of the liquid with the multi-scale
solid surface. Few surface wetting models include
properties of the liquids in their formulation. The function
as it was defined in this investigation includes several
constants that must be solved for simultaneously when
determining the roughness parameter. Young’s contact

angle and the apparent contact angle were measured for
three liquids with surface tensions varying by a factor of
four and dynamic viscosities by a factor of 1000, and
values for the two model parameters determined.
Accordingly, the model was in turn used to predict the
apparent contact angle of three other liquids not used to
define the model parameters. Excellent agreement was
observed between the predicted and measured apparent
contact angle of each liquid. Notably, the model appears
sufficiently robust that any sub-set of three liquids may be
used to determine the model parameters and subsequently
predict the apparent contact angle of those remaining
liquids not used in the determination of the parameters.
This provides the experimentalist with the additional
flexibility of working with a wide range of liquids when
developing super-repellent materials.
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INTRODUCTION
Ceramic Matrix Composites (CMCs) are materials
that consist of a ceramic matrix containing embedded
ceramic fibers. CMCs combine favorable properties
of ceramics, such as high strength and creep
resistance, with favorable pseudo-metallic properties
such as toughness and consequently thermal shock
resistance. These additional properties are a result of
the embedded fibers, which increase toughness by
providing resistance to cracks. Crack resistance is
accomplished in two ways. First, embedded fibers
are able to bridge the gap created by a crack and so
can keep internal fracture surfaces from separating.
Second, cracks tend to propagate along embedded
fibers and as a result the contribution of each crack to
failure is much smaller in a composite. The goal of
this research is to create dense CMCs from Mullite
containing Mullite nanofibers.
Mullite is an
Aluminum Oxide/Silica combination and it is a
favored engineering material due to its low thermal
expansion coefficient, high creep resistance, and
chemical stability[1]. Though composites have been
made containing larger Mullite fibers[2], utilizing
nanofibers should bolster crack resistance as well as
tensile strength.
The ideal density for these
composites is 90% of the theoretical density of
Mullite since porosity is an important factor in crack
bridging and crack deflection. Therefore the aim of
this research is to create Mullite matrix composites
with a density of 2.7 g/cm3.
MATERIALS AND METHODS
To create the Mullite nanofibers used in the
composites, an electrospinning process was used. The
Mullite precursor consisted of a solution of
Aluminum Isopropoxide, Tetraethyl Orthosilicate,
Aluminum Nitrate, and DI water. The solution used
for electrospinning included the Mullite precursor as
well as ethanol to control fiber diameter and
polyethylene oxide (PEO) to allow for continuous
fibers.
During the electrospinning process,
electrostatic repulsion was used to overcome surface
tension in the solution and fibers were drawn from a
needle to a rotating collector. Fibers gathered in a
“mat” and this was collected and sintered at 1000oC.
After sintering, the fibers had a diameter on the order
of 500nm. The fiber mats were then rolled into

bundles, and compressed using heat shrink tubes.
For infiltration, a solution combining the Mullite
precursor and DI water in a 13:5 ratio was used. The
fiber bundle was submerged in the solution and
subjected to a vacuum of almost 100kPa. This
vacuum drew the oxygen from the fiber bundles and
when pressure was restored, the infiltration solution
filled the spaces that were left open.
After
infiltration, the bundles were subjected to a sintering
process at 800oC to create a permanent Mullite matrix
surrounding the Mullite nanofibers. Density was
calculated by measuring the mass and volume of the
bundles after sintering.
RESULTS AND DISCUSSION
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Fig. 1: Chart showing composite bundle density
after each successive infiltration.
The highest density level achieved of any composite
bundle was 1.833 g/cm3 (66% of target value). The
density growth of Bundle 1 was modeled using a
regression showing d=.4138n.5851 (r2=.9956) where d
is density and n is number of infiltrations. This
model predicts that 25 infiltrations would be
necessary using the current method to reach a
composite density of 2.7 g/cm3. Density increases
were not always smooth, especially in Bundle 2.
These fluctuations in the rate of increase can partially
be attributed to uncertainty in volume measurement,
since the composite bundles were not perfectly
uniform. Another likely cause of these fluctuations is
that after sintering, porous sections may be forming
within the composite that can’t fill during later
infiltrations. SEM observation of a composite cross
section could confirm this.

CONCLUSIONS
Though sol-gel infiltration has been shown to be a
viable method for creating Mullite nanofiber
composites, it is a slow process. Despite this, the
method of infiltration could most likely be altered to
make the process more efficient. Increasing the
efficiency of the sol-gel infiltration process could be
done in many ways, including increasing sol-gel
viscosity, pulling a vacuum prior to fiber bundle
infiltration, and creating composite bundles with a
higher percentage of fiber by mass. The viability of
the sol-gel process also creates the possibility of a
ferromagnetic CMC. Mullite nanofibers can be
synthesized to contain Nickel nanoparticles, which
create an internal magnetic field. If these fibers are
broken, the field “leaks.” Incorporating NickelMullite nanofibers into a Mullite matrix could allow

for crack detection in the composite by measuring
magnetic field.
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INTRODUCTION
Poly(p-phenylene-2,6-benzobisoxazole) (PBO) fiber is a
high strength and high modulus fiber. Unfortunately,
recent failures in the field have revealed that the fiber
degrades rapidly when exposed to ultraviolet (UV)
radiation, moisture and heat and/or mechanical abrasion.
Battelle has developed a secondary treatment (B+1’)
process to infuse active chemicals into the fibers to react
with or remove the residual phosphoric acid in the
fibers. This led to the slowing of the degradation of the
mechanical properties of PBO fibers when exposed to
UV radiation and high temperature and relative
humidity (T/RH).
More recent work has focused on the development of an
analytical method of determining if and to what extent
the mechanical properties of the PBO fiber have been
degraded. Battelle found that a simple methanol
extraction of degraded fibers results in a compound that
has a 410nm fluorescence peak and the intensity of this
peak has been shown to correlate with the degree of
mechanical property degradation.
APPROACH
Untreated and B+1’ treated PBO fibers were exposed to
UV radiation, elevated T/RH, and cyclic abrasion in
order to induce degradation. At given time intervals,
samples were removed from each environment and
prepared for mechanical testing and fluorescent
spectroscopy analysis. Tensile properties (modulus and
tenacity) were determined and fluorescent emission
spectra were collected and evaluated for correlation.
A QUV accelerated weathering tester was used for
exposing untreated and B+1’ treated PBO fiber to UV
radiation. QUV’s UVA-340 lamps were used in the
cabinet. The QUV tester was maintained at 70°C
throughout the exposure period.
Elevated T/RH exposure was carried out in a Webber
constant T/RH chamber. The T/RH were held constant
at 70 ºC and 90 %RH.
Abrasion of woven PBO fabric was carried out on a
Gelbo flex tester. Stacks of 3 plies of woven PBO
fabric (25 × 25 plain weave, 500 denier AS PBO. 3.27
oz
/yd²) were wrapped around and attached to the two discs
of the Gelbo flex tester. This created a tube-like

structure with the ends of the fabric plies meeting and
creating a single seem along the length of the tube. The
PBO fabric plies were then put through various numbers
of cycles. After completing the given number of cycles,
the fabric plies were removed from the fixture and
sample rovings extracted from the center ply for tensile
testing and fluorescent spectroscopy analysis.
Tensile testing was performed, using an Instron 5564
tabletop tensile tester, on twisted roving specimens
using a crosshead velocity of 10 mm/min and a gauge
length of 122 mm total length or 25.4 mm grip distance.
Samples were pulled until failure and tenacity and
modulus determined.
Fluorescence spectroscopy measurements were carried
out using a Cary Eclipse fluorometer using a standard 1
cm path length cuvette. Fluorescence samples of PBO
fibers were prepared by washing/extraction with
methanol. Extractions were performed by adding 1 ml
methanol to 5 mg PBO fibers in a vial and then agitating
for a total of 30 seconds. The fibers were then removed
and fluorescence measurements were made on undiluted
sample extracts.
RESULTS AND DISCUSSION
Tensile testing results of UV exposed untreated and
B+1’ treated PBO rovings indicate a decrease in tensile
properties for both. The modulus results, displayed in
Figure 1, initially show a slight increase followed by a
decrease for B+1’ treated and untreated PBO rovings.
The tensile modulus for the B+1’ treated PBO rovings
shows a slower decreasing trend at times >46 days,
when compared to the untreated rovings. This rate of
more rapid degradation in the untreated samples is also
evident in the fluorescence data, discussed below. The
tenacity results of the same PBO rovings (not
illustrated) show a similar degradation rate for untreated
and B+1’ treated, with a decrease of approximately
70%.
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Figure 1 - Tensile Modulus of UV Exposed PBO
Two B+1’ treated, two untreated and one baseline PBO
roving were analyzed by fluorescent spectroscopy
following the procedure discussed previously. UV
exposed and unexposed samples were scanned at a low
enough sensitivity setting that even the strongest
emitting sample’s peak was below the saturation limit of
the instrument. The scans were run at an excitation
wavelength of 340 nm and the emission at 410 nm was
monitored. The intensity of these peaks is plotted in
Figure 2 and illustrates the rate at which degradation is
occurring. This data indicates that the B+1’ treated
sample’s 410 nm peak growth is at a slower rate than
the untreated sample. In turn, this also indicates that the
degradation of the B+1’ treated sample is slower than
the untreated sample. This conclusion matches well with
the tensile data, which showed the same trend. The
treatment of the fiber clearly indicates that the
degradation is occurring at a slower rate compared to
the untreated fiber.

Fluorescence spectroscopy results for these samples are
shown in Figure 4. These samples showed different
results than UV and T/RH exposed samples thus were
excited at 310nm (the fluorescence maximum) as
opposed to 340nm and emit at maximum intensity at
386nm as opposed to 410nm. The cause of this
difference is unknown however, it is thought to be due
to a different degradation mechanism than is seen in UV
and T/RH degraded PBO. It should also be noted that
these rovings were extracted from a different source, a
woven fabric, than previously discussed rovings.
However, these results are in agreement with the tensile
results, in that there is no discernible difference between
the mechanically abraded and baseline samples.
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Initial data from elevated T/RH exposed PBO fibers
show the same correlation between mechanical
properties and 410nm emission peak.
Tensile testing and fluorescence spectroscopy of
extracted rovings from mechanically abraded samples
show little to no degradation after 80,000 cycles. Figure
3 shows the results of the tensile tests which show little
decrease in the tensile properties of the flexed samples.
These results suggest that, under the conditions of the
Gelbo flex tests conducted, abrasion is not a significant
means of fiber degradation within woven fabrics.

CONCLUSIONS
This work shows a correlation between the intensity of
fluorescent emission at 410nm and mechanical data of
degraded PBO fiber. Quantification of this relationship
may lead to a non-destructive tool for determining the
level of degradation the PBO fiber has experienced.
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INTRODUCTION
The Navy Clothing and Textile Research Facility’s
(NCTRF) goal is to identify or develop new or advanced
technologies to integrate improved flame resistant (FR)
protection into future Warfighter ensembles. It is
desired that these new technologies be derived from
natural sources that are sustainable and inexpensive;
produced using eco-friendly processes; and will leave a
minimal carbon footprint on the environment throughout
their life cycle.
Battelle was tasked to conduct a preliminary
investigation of new FR fibers, fabrics or fabric
treatments based on lignin which is an integral
component of the cell walls of plants and some algae.
Lignin is the second most abundant natural organic
polymer on earth following cellulose. Additionally, the
goal was to utilize a lignin that is a waste byproduct of a
fuel ethanol process.
A general chemical structure of lignin is shown in
Figure 1. From this structure it can be determined that
there are several possible aromatic oxygenated
derivatives (phenolics and ethers) that can be potentially
used in FR systems for fabrics.

Figure 1 - General Lignin Structure
APPROACH
Materials
A search was conducted of the commercial and energy
research and development (R&D) sector for suppliers of
lignin with the preference being on those derived from a

fuel ethanol process. The following products were
identified and selected for initial testing:
 Polybond - sodium salt lignin - Northway Lignin
Chemical
 Simultaneous Saccharification and Fermentation
(SSF) Corn Stover Residue (CSR) - National
Renewable Energy Laboratory (NREL)
 Indulin AT - unsulfonated Kraft lignin –
MeadWestvaco
The following three inorganic compounds were also
selected time and used in conjunction with the lignin to
reduce afterglow time:
 Ammonium Polyphosphate (APP)
 Magnesium Hydroxide (Mg(OH)2)
 Methyl Siliconate
Army Carded Cotton Sateen, Desized and Bleached,
(235 g/m², 54'' Wide, Style # 428; Testfabrics, Inc.) was
selected as the test substrate.
Substrate Treatment
Aqueous solutions consisting of 10 wt% of each lignin
product and 5 wt% of each inorganic along with 5 wt%
Polybond lignin were prepared. Samples of the cotton
fabric were cut, submerged into the aqueous solutions
and rolled on a roll mill for 24 hours. Samples were
then removed hung to dry in ambient conditions for 3
days.
Flame Testing
A vertical burn test was conducted on baseline cotton
samples as well as all treated cotton samples
The following data was collected during flame testing:
 Afterflame time – time the sample maintained
flame upon removal of source flame
 Afterglow time – time the sample continued to be
consumed with no signs of flame; could be glowing
or simply advancing char length
 Afterflame and Afterglow Rate – Rate at which
sample was consumed during afterflame and
afterglow events respectively
 Char length – length from bottom of sample to
furthest vertical point at which the sample is
charred

Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was conducted on
select materials and material combinations to look for
changes in thermal degradation and decomposition
temperatures, rates, and other thermal-oxidative
kinetics.
RESULTS AND DISCUSSION
Flame Testing
A few key results of this testing, further illustrated in
Figures 2 and 3, are:
 Indulin AT and NREL SSF lignin significantly
reduced the rate of consumption by afterflame
- After-flame times nearly unchanged but total rate
of consumption reduced by nearly 70%
 Polybond, Polybond and Mg(OH)2 and PolyBond
and Methyl Siliconate provided a, non-inherent,
self-extinguishing characteristic
- Samples self-extinguished within 3 seconds of
source fuel removal
- Samples sustained a nearly stagnant afterglow for
more than 2.5 minutes
 Polybond and APP treated samples experienced an
afterflame time comparable to baseline cotton but
with a rate of consumption of 17 in/min as
compared to 27 in/min
 Polybond and APP samples experienced minimal
afterglow; 1.7 in/min for 0.5 sec
180

Thermogravimetric Analysis
Figure 4 show the results of TGA for the neat cotton
fabric, Polybond coated cotton and Polybond + APP
coated cotton, respectively. The TGA of the baseline
cotton indicates a simplistic decomposition with
maximum decomposition, 99+%, being obtained by
500°C. The addition of Polybond to cotton reduced the
rate of consumption with roughly only 88% of the
sample consumed at the point at which maximum rate of
decomposition of the cotton was reached, approximately
525°C. The Polybond coated cotton did not reach
maximum decomposition (~98%) until 900°C. The
multiple inflection points of the TGA curve are
indicative of more complex decomposition kinetics.
Additionally, the Polybond + APP coated cotton had an
even higher residual mass at maximum decomposition
with nearly 6% of the mass remaining. However, the
maximum decomposition was reached at a lower
temperature, ~775°C. The shape of the TGA curve
again changed and indicates fewer, distinct, inflection
points. However, it is possible and likely with the lower
full decomposition temperature, that the kinetics may be
a result of interactions of multiple reactions occurring
simultaneously that cannot be explained at this time.
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CONCLUSIONS
The results of this study indicate that the incorporation
of the lignin does affirmatively reduce the rate of
consumption and the degree of consumption of the
cotton. The lignin coated cotton resulted in a more
complex shaped decomposition curve indicating a
change in the degradation mechanism(s). The addition
of the IFR material, specifically Ammonium
Polyphosphate (APP), also indicated a change in the
mechanism(s) with a change in the shape of the
decomposition curve.
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ABSTRACT
The high tensile strength and biocompatibility of
spider dragline silk makes it desirable in many
engineering and tissue regeneration applications.
Here, we present the feasibility to assemble fibers
with distinct properties from recombinant proteins
produced in transgenic tobacco with sequences
representing spider silk protein building blocks.
Recombinant mini-spidroins contain native N- and Cterminal flanking domains of major ampullate
spidroin 1 (rMaSp1) or rMaSp2 and an abbreviated
number of consensus repeat domains. Two different
expression plasmids (pKM12 and pKLP36) were
tested and a downstream chitin binding domain and
self-cleavable intein were attached to facilitate
protein purification. We confirmed gene insertion and
RNA transcription by PCR and reverse-transcriptase
PCR, respectively. Mini-spidroin production was
detected by N-terminus specific antibodies.
Purification of mini-spidroins was done through

chitin binding and subsequent intein activation and
self-cleavage.
Pooled mini-spidroins, when dialyzed and freezedried, formed viscous gelatin-like fluids which
exhibited extending continuum property with highly
concentrated phase at the bottom and dilute phase at
the top. Immuno-detection of this fluid showed
various degree of polymerization of mini-spidroin
monomers. When treated with acid, cross-linked by
glutaraldehyde and diluted in phosphate buffer (pH
7), these condensed mini-spidroin polyelectrolytes
which carry positive charges caused negatively
charged polyelectrolyte counterion (gellan gum
0.5%) condensation, forming a thin proteinaceous
film at the interface. The film can be pulled into
water insoluble fibers. Both rMaSp1 and rMaSp2
formed spinnable fibers by itself. However, a ratio of
rMaSp1 to rMaSp2 7:3 and five-fold less gellan gum
concentration were critical to form spinnable fibers
from a mixture of the rMaSp1 and rMaSp2.
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ABSTRACT
Poly(N-vinylcaprolactam) [PVCL] is a thermo-responsive
polymer that changes its molecular conformation upon
temperature change.1 This research entails electrospinning of PVCL nanofibers with antioxidants such as
vitamin E and turmeric and exposing them to high
altitudes and low temperatures in a weather balloon. The
goal of this experiment is to determine how the material
properties of PVCL nanofibers were affected by the high
altitude/low temperature exposure in a weather balloon at
altitudes ranging between 45,000 – 85,000 ft. We
hypothesize that PVCL fibers that contain antioxidants
will protect the material degradation of PVCL fibers upon
exposure to near space conditions. PVCL nanofibers were
characterized before [and after] balloon launch using
Scanning Electron Microscope (SEM) and Fourier
Transform Infrared Spectroscopy (FTIR). SEM and FTIR
determined the fiber structure and the chemical
composition of the PVCL nano-fibers. SEM images
compared the size and morphology of the fibers for each
images. The 45% (w/v) PVCL solution produced thicker
fibers than the 40% (w/v) PVCL solution. The
45% (w/v)PVCL solution also had a more consistent
stream without globs when compared to the
40% (w/v) solution. FTIR spectra confirmed that PVCL
and antioxidant PVCL nano-fibers were prepared
successfully. Upon exposure to near space conditions,
PVCL fibers displayed unique fiber structure and
morphology in comparison to PVCL fibers with vitamin E
and turmeric.
INTRODUCTION
PVCL is classified as a smart material due to its ability to
change its molecular conformation upon exposure to
external stimuli. Smart materials, such as PVCL respond
to external stimuli such as temperature changes and have
a lower critical solution temperature (LCST). The LCST
is a unique property that allows for the manipulation of
the thermodynamic solubility parameter relating to
temperature change that is depicted by a cloudy point.
Hence, by creating PVCL nanofibers temperatureresponsive fibers mats can be used as templates for
various engineering applications.
APPROACH
Samples Preparation
PVCL polymers were prepared using similar methods.1
PVCL homopolymer samples were prepared at various
weight percents ranging from 25%(w/v) – 45%(w/v) in

ethanol. Composite mixtures using antioxidants were also
prepared in ethanol and allowed to mix overnight.
Electrospinning
The electrospinning apparatus consisted of a syringe,
syringe pump (ERA pumps, NY), collector, and a high
voltage power supply (Glassman High Voltage Inc.)
High Altitude Research Platform Experiment (HARP)
Fiber samples were placed in a weather balloon and
exposed to high altitude in collaboration with the
University of Wyoming at Laramie. A robotics team
designed and fabricated an apparatus programmed to
expose PVCL fibers to near space conditions (45,000 –
85,000ft) as depicted in Figure 1. PVCL fibers were
characterized using an Aligent Desktop SEM. Samples
were imaged on metal stubs using conductive tape at
10kV. Chemical characterization of PVCL fibers were
analyzed using FTIR (Perkin Elmer, Nexus Model 870).

Figure 1. HARP Ballon Flight Data.

RESULTS AND DISCUSSION
Field-emission scanning electron microscope (FE-SEM)
images were taken of PVCL fibers. The fibers were
electrospun from ethanol solutions of different
concentrations. The resulting fibers of both concentrations
were not continuous (Figure 2). The PVCL(45%)
electrospun fibers revealed a flat dog bone morphology

depicted in 45% fiber similar in morphology to PNIPAM
electrospun fibers from previous work.2 PVCL 40%
exhibited few beads form due to unsteady flow rate and
more frequent fibers than 45% possibly do to the
concentrations affect on viscosity and surface tension of
the polymer solution.3 Also the average size of fibers
produced by PVCL(45%) is significantly larger than that
of PVCL(40%) fibers. FTIR spectra confirm molecular
adsorptions of PVCL and bifunctional composite fiber
mats.

CONCLUSIONS
PVCL homopolymer nanofibers and PVCL composite
nanofibers containing vitamin E and turmeric have been
electrospun and characterized using SEM and FTIR.
HARP investigations show a change in PVCL fiber
morphology upon exposure to high altitudes up to 80, 000
ft.
FUTURE WORK
Our future work consists of analyzing the antioxidant
efficacy after exposure to high altitudes using the ORAC
assay.
KEYWORDS
Thermo-responsive; PVCL fibers; high altitude; near
space conditions
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Figure 2. PVCL (40 % (w/v) and 45%(w/v), respectively
SEM and FTIR spectra of fibers before high altitude
research platform experiment.
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ABSTRACT
The development of smart fibers as affinity
membranes is of recent interest due to the study of
enzyme activity in biological processes. Poly (Nvinylcaprolactam) [PVCL] and cellulose fiber mats
have been fabricated to study the hydrolysis of
biological entities such as cellulase enzymes. PVCL
is a water soluble, thermally sensitive, biocompatible
polymer that undergoes a lower critical solution
temperature (LCST) or cloudy point. PVCL-cellulose
[PVCL-CELL] fibers, and conjugated with
fluorescent
5-(4,
6-dicholorotrazinyl)aminoflourescein[DTAF] and analyzed using parahydrobenzoic acid hydrazine [PHBH]. PVCL-CELL
fibers were fed to Reticulitermes species (sp)
subterranean termites and simple sugar production
was examined. Using absorbance measurements,
Fourier Transform Infrared Spectroscopy (FTIR),
fluorescent microscopy, thin layer chromatography
(TLC) and high performance liquid chromatography
(HPLC), enzymes such as cellulase and simple sugars
were identified and analyzed upon the hydrolysis of
PVCL-CELL fibers. Upon incubation at 26.5 ,
minimal sugar content was produced using PVCLCELL fibers. However at 50 , a two fold increase of
glucose was produced.
STATEMENT OF PURPOSE/OBJECTIVE
The objective of this work is to investigate the
hydrolysis of PVCL-CELL fibers in vitro and ex vivo
the Reticulitermes sp. termite gut. Of particular
interest is to investigate how enzymes such as
cellulase activity and temperature will affect simple
sugar quantities. We hypothesize that simple sugar
production will increase in the Reticulitermes sp.
termites gut at higher temperatures due to the
degradation of cellulose in the PVCL-CELL fiber
mats.
INTRODUCTION
Biofuels have become of interest as an alternative
fuel source, with the growing issue of fossil fuel
shortage in the United States and abroad. One
alternative fuel source to circumvent the current
fossil fuel problem is the natural polymer, cellulose.
Cellulose is a major constituent of plant cell walls,

algae, and some forms of bacteria which consists of
long linear chains of glucose. The polymer chains in
cellulose are largely insoluble and exist in crystalline
microfibrils that make sugars hard to extract. Once
this simple sugar is extracted, it can be fermented to
make bioethanol, a second generation biofuel. The
termite gut presents a natural vessel to investigate
cellulose degradation and sugar production. Hence,
the use of Reticulitermes sp. subterranean termites is
an astonishingly efficient bioreactor. A termite’s gut
is a microbial bioreactor for digesting wood
(cellulose) and making biofuels due to the 95%
conversion of cellulose into simple sugars within 24
hours. Therefore, by investigating the hydrolysis of
PVCL-CELL fibers mats inside [and outside] the
Reticulitermes sp. subterranean termite, we can
further identify sugars needed for bioethanol
fermentation. Additionally, the temperature change
on/throughout a fiber surface(s) may present an
interesting hydrophobic phenomenon above the lower
critical solution temperature (LCST) which may also
affect sugar concentration.
APPROACH
Previously prepared, PVCL-cellulose acetate fibers
were hydrolyzed using 0.1N NaOH at 100°C for 4
hours to produce PVCL-cellulose (PVCL-CELL)
fibers.1 Subsequently, fibers were conjugated with
DTAF by mixing 5mg in 0.1N NaOH for 24 hours3.
Simple sugar identification was carried out using
PHBH according to previous methods.4. Briefly,
after spotting the samples on a thin layer
chromatography (TLC) plate (Glass bottom, Silica
Gel 60), and conditions were performed.
Chromatography was developed in a solvent of nbutanol/glacial acetic acid/water (2:1:1) for 1.5 h.
The plate, after drying with a stream of warm air, was
stained by spraying with p-anisaldehyde reagent
(ethanol: glacial acetic acid: sulfuric acid: panisaldehyde = 9.0: 0.1: 0.75: 0.75) and heated in an
oven at 110
for 5-10 mins. Reference sugar
standards containing10 ug cellulose, glucose,
fructose, and sucrose, was included in TLC run.4
Fourier Transform Infrared Spectroscopy (FTIR,
Perkin Elmer) was taken on potassium bromide
(KBr) real crystal plate for an average of 32 scans.

High Performance Liquid Chromatography (HPLC)
was also performed to analyze simple sugars such as
glucose, fructose, and sucrose.
RESULTS AND DISCUSSION
Degradation of PVCL-CELL fibers towards
producing simple sugars were characterized by
absorbance methods, FTIR, HPLC, and fluorescent
microscopy. Table I depicts baseline glucose
absorbance values at 26.5
and 50°C using the
colorimetric marker PHBH. It was noted that more
glucose is produced at higher temperatures when
cellulose and cellulase are incubated at 50°C. Figure
1, illustrates the degradation of PVCL2-cellulose
fibers conjugated with DTAF before [Figure 1a] and
after 24 hours [Figure 1b] of cellulase incubation.
This shows the progression and production of simple
sugar.

Absorbance

Table 1. Absorbance measurements of glucose using
PHBH
0.6
0.4
0.2
0
0.10 0.25 0.50 0.75 1.00
Concentration (M)
Control Glucose
Glucose with PAHBAH
Cellulose/ Cellulase @26.5°C
Cellulose/ Cellulase @ 50°C

Figure 1. (a) Fluorescent microscope images of
PVCL2-CELL fibers labeled with DTAF, and (b)
after 24 hours of DTAF bioconjugation.

CONCLUSIONS
In conclusion, the hydrolysis of PVCL-cellulose
fibers using enzymes such as cellulase, produce
simple sugars. Furthermore, the increase in
temperature does play a small role in production of
more simple sugars, although the temperature isn’t
conducive to the termites’ natural habitats.
KEYWORDS
thermo-responsive fibers; PVCL; DTAF; sugars;
bioethanol
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INTRODUCTION
The level of wetting of fiber surface with liquids is an
important characteristic of fibrous materials. It is
related to fiber surface energy and the structure of the
material. Surface energy can be changed by surface
modification via the grafting methodologies that have
been reported for introducing new and stable
functionality to fibrous substrates without changing
bulk properties.
In the present work, surface modification of textile
material and effect of modification on the wicking
properties have been reported. Modification
technique used here is based on formation of stable
polymer layer on fabric surface using ``grafting to``
technique. Effect of polymer grafting on the wicking
property of the fabric has been evaluated by vertical
wicking technique at the each step of surface
modification. The results show that water wicking
performance of fabric can be altered by grafting of a
thin nanoscale polymeric film.
EXPERIMENTAL
Fabric preparation
Polyester fabric poly (ethylene terephthalate) (PET)
(Test Fabrics style #777H) was used. Fabric surface
preparation and activation were accomplished as
reported in our previous work1. After several solvent
cleaning, fabrics were treated with a 40% sodium
hydroxide solution for 2 min at room temperature.
After the hydrolysis, the fabrics were rinsed with DI
water until all the residues were removed. Then
PGMA, anchoring layer, was deposited on the alkali
treated PET fabrics. PGMA layer was annealed in a
vacuum oven at 60 °C for 3 hrs. PS-COOH, PEGCOOH, P2VP-COOH, and PAA, were then grafted to
the epoxy functionalized PET fabric.
Wicking analysis of modified fabric
Vertical wicking test method was used in this study.
The Lucas-Washburn relationship has been used to
evaluate liquid wicking kinetics. Permeability and
porosity, were experimentally determined as
described by Callegari et al.2 To find the
permeability, k, Darcy’s law (Q=dw(k/η)(ρ2gH)/L)
for porous material was applied. In the equation, d is
the thickness, w is the width and L is the length of
fabric, k is permeability, η is viscosity, ρ is density, g

is gravitational acceleration, and Q is the mass flux.
The porosity (ε) of the fabric (1x2 cm) was calculated
by ɛ=(mw-md)/(ρV)where mw is the mass of the wet
sample, md is the mass of dry sample, ρ is the density
of the wetting liquid, and V is the sample volume.
RESULTS AND DISCUSSION
In this study, the weight loss after hydrolysis was low
(less than 0.2%), and morphology of hydrolyzed fiber
surface was similar to non-treated fiber (Figure 1a,b).
Smooth surface of PET remained intact. There was
no presence of pits or voids, which indicates that
degradation of the fiber was not significant during the
treatment.
The SEM images of the PGMA modified fabric
revealed that the PGMA did not form polymer
aggregates on the fibers, or junctions between the
fibers (that could be formed by the self-cross linking
of the deposited polymer) (Figure 1c). Formation of
PGMA coating without the formation of bridges and
aggregates is important for the wicking of the liquid
in the fabric. Otherwise, the capillarity level would
change between the fibers and complicate the
wicking kinetics of the liquid in the PGMA coated
fabric. Fluorescence microscope images also
indicated that the surface was successfully covered
with a PGMA layer (Figure 1d).
The wicking experiments were done with hexadecane
and water. The wicking constant of hexadecane (Ch)
was not altered significantly with polymer grafting
(Figure 2a), since hexadecane was the wetting liquid
for all polymers used in this study. Thus, a slight
deviation can be attributed to the slight variation in
porosity and permeability. However, when we used
water for the wicking experiments, which has some
level of affinity to the surface, the wicking rate varied
more significantly (Figure 2b). Clearly, the wicking
rate of the probe liquid in the PET fabric can be
altered by coating the polymers. PAA is the most
hydrophilic polymer, has ~17 0 water contact angle on
the flat surface, and accordingly has the highest
wicking rate. The wicking rate of water on the
hydrophobic polymer (PS-COOH) coated surface
was not detectable since water is a non-wetting liquid
for PS coated substrates.

(a)

(c)

(b)

(d)

Figure 1. SEM images of PET fabric: (a,) Non
modified fabric, (b) hydroxide treated fabric surface.
(c) PGMA grafted PET fibers. (d) Fluorescence
images of the PGMA (~3 nm) anchored to PET yarn.

(a)

(b)

Figure 2. Wicking constants for the surface modified
PET fabrics; (a) Hexadecane, (b) water.
CONCLUSIONS
The effect of the polymer grafting on the wicking
property of the fabric has been evaluated. Porosity
and permeability did not change significantly after
polymer grafting, while the wicking rate of water did
change. Therefore, it was concluded that the surface
energy was a major parameter for wicking kinetics
when the fabric was grafted with a thin polymeric
film. Thus, we foresee that fabric surface can be

modified with polymers to achieve
directional and selective liquid transport.

one-way
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INTRODUCTION
The mechanical properties of high strength polymer fibers
are known to influence the ballistic performance of soft
body armor. The tensile strengths and strains of fibers
influence the stopping power of soft body armors and the
energy transfer-dissipation through the armor (which is
responsible for blunt force trauma). Therefore, measuring
the fiber tensile strength and failure strain provides key
information to understand the response of soft body armor
during impact.
During ballistic impact, mechanical deformations of
fibers in soft body armor are under high strain rate (HSR)
loading conditions; however, information on the
mechanical properties (tensile strength, failure strain and
modulus) of fibers used in soft body armors are often
characterized under quasi-static loading conditions.
Generally, the Kolsky bar has been used to measure
materials properties at HSR loadings, and modified
Kolsky bar tests have been proposed to measure single
fiber tensile properties [1, 2]. In these tests, single fibers
with small gauge lengths ( 10 mm) were adhered to the
tabs for the load cell and Kolsky bar prior to HSR
loading. Tensile tests of short fibers glued to the loading
device can be influenced by adhesive wicking into the
gauge section [3] and can decrease the test throughput due
to the curing time of the adhesive. Because of these
experimental disadvantages, a gripping method to directly
clamp a single fiber was considered and compared with
the glue method (glue-tab) for the single fiber tensile test
[4]. Detailed comparison of the glue-tab and direct grip
methods found that the direct grip method was more
reliable for short fiber lengths than the glue-tab method.
In this study, we utilize a direct fiber gripping method and
adapt a non-contact optical system to measure fiber
strengths and failure strains in a high throughput manner.
This enables building up larger data sets of fiber
properties and, subsequently, reliable statistical analyses
for further designing and modeling soft body armors.
EXPERIMENTAL APPROACH
PMMA (polymethyl methacrylate) and rubber clamping
blocks were used to directly grip single PPTA [Poly (pphenylene terephthalamide)] fibers for the tensile test
under quasi-static and HSR loading conditions. Gripped
fiber lengths were 4.1 mm for the quasi-static and 4.8 mm
for the HSR tests. Prior to the tests, fiber diameters were
measured by an imaging system with a CCD camera and

60 x optical microscope. Each average diameter for a
single fiber was obtained by measuring five diameters
across evenly distributed spaces.
For the tensile test under a quasi-static loading condition,
a photo of the gripping area in a screw-driven machine
and schematic of the quasi-static test are shown in Fig. 1.
A single PPTA fiber was clamped between the blocks
under slight tension and the clamp force to grip the fiber
was controlled by a spring. The tensile tests were carried
out under a constant strain rate (0.00056 s-1) and the fiber
lengths for the test were 2, 5, 10 mm.

Fig. 1. A photo for the gripping area in the tensile
machine (a) and schematic of the quasi-static test
procedure (b).
For the tensile test under a HSR loading condition, a
modified Kolsky bar with the gripping device (Fig. 2a)
was used to apply a HSR loading. The bar displacement
during a HSR loading was measured by the laser optical
system shown in Fig. 2b. The tensile tests were carried
out under a strain rate of approximately 950 s-1and the
fiber lengths for the test were 2, 5, 8 mm. Using the
dynamic load cell and laser optic system, the fiber tensile
stress and strain at HSR loading condition were recorded
with a high speed data acquisition system. The estimated
uncertainty of the load cell obtained from the manufacture
was 1 %.

experimental procedure. In no case does such
identification imply recommendation or endorsement by
the National Institute of Standards and Technology, nor
does it necessarily imply that the product is the best
available for the purpose.
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Fig. 2. Schematics for the gripping area (a) and Kolsky
bar with the laser optic system to measure the bar
displacement (b).
RESULTS AND DISCUSSION
Tests using the PMMA direct grip at a HSR loading
condition are carried out to compare the dynamic stressstrain behavior of single PPTA fiber with quasi-static test
results. Tensile strengths, failure strains of the HSR tests
and quasi-static tests with short fibers will be compared.
Since strain measurement for a short PPTA fiber (2 mm)
at the quasi-static test was found to be more influenced by
system compliance during the tensile test [4]; therefore,
compliance correction must be carried out to obtain
failure strains for short fibers in this study. Despite the
influence of the compliance on the test, the uncorrected
failure strains for the HSR tests were approximately 50 %
of the strains for the quasi-static tests with 2 mm gauge
length fibers.
KEYWORDS
Single fiber, Kolsky bar, Soft body armor, Mechanical
behavior
CONCLUSIONS
The preliminary studies of single PPTA fiber under HSR
and quasi-static loading conditions were carried out to
compare the tensile properties at different strain rates.
Test results showed different ranges of failure strains
between the quasi-static and HSR tests. Since the gripping
systems for these tests are similar, the larger contribution
to system compliance exhibited by the quasi-static
method is not due to the gripping area. It may be instead
attributed to other parts of the measurement system.
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STATEMENT OF PURPOSE
This work aims to develop and design a computer vision
based inspection platform that can perform real-time
defect detection for fabric quality assurance.
INTRODUCTION
In textile industry, fabric defect detection is a critical part
in quality control of final products, since quality control
plays an important role in enhancing the core
competitiveness of enterprises. Due to the inherent
limitations of human inspectors, application of computer
vision based inspection system becomes an ideal
alternative solution for fabric visual quality inspection,
which is able to offer subjective and high accuracy
inspection results. With its distinct advantages, computer
vision based inspection techniques have been widely used
in industrial applications [1]. Until now there are only
three existing commercial fabric inspection systems [2]:
Cyclops, I-Tex and Fabriscan, due to its difficulty and
complication to design. However, the high price of those
commercial systems makes most of textile companies
unaffordable. In addition, the adaption to various defect
types still needs to be further improved in order to meet
different inspection requirements. Some of the major
challenges can be drawn as follows:
(i) It is hard to obtain high quality fabric images, since the
inspection is an online process and the textile fabrics
suffer from skewness and stretch.
(ii) There is a large amount of data needed to be
processed on real time.
(iii) To reduce system cost and development period,
flexible techniques and programmable device are needed
to be integrated in the overall design.
This work will focus on the aforementioned problems and
propose proper solutions to overcome them, and then
design a real-time inspection platform including hardware
and software design.
APPROACH
Design requirements of the platform
By analyzing and summarizing the related work, the
major necessary requirements that a platform should
satisfy are given as follows:
(1) The whole architecture of platform must perform
fabric inspection automatically and can meet the real-time
requirement.
(2) Aiming at the huge amount of acquired data, a
dedicated hardware processing unit is needed to speed up
data processing.

(3) User-friendly integrated human-computer interface is
to be designed to control and monitor the entire inspection
process.
(4) It is easy to transplant among various detection
algorithms to obtain high detection accuracy.
Hardware design
In order to meet the aforementioned requirements, we
proposed a platform with four sub-systems: fabric drive
system, illumination & imaging system, image acquisition
& processing system and human-computer interaction
system. The overall architecture of the proposed platform
is illustrated in Figure 1.

Figure 1. The overall architecture of the proposed
platform.
(a) Fabric drive system
Since textile fabrics are vulnerable to be skewed or
stretched, a stable and non-vibrating drive system is a
necessary condition for image acquisition to grab high
quality image for the following operations. Therefore,
three functional modules including winding and driving
and tension control are designed to guarantee the testing
fabric can be stably moved through with its surface
keeping smooth. All the three models are controlled by
the programmable logic controller (PLC).
(b) Illumination and imaging system
Imaging system is to transform the real world fabric into
digitalized image data, which is also the first stage for
fabric inspection. To grab the high speed running fabric,
we choose the line-scan camera (P2-42-06K40) made by
Dalsa Company and it has as high as 24kHz maximal scan
frequency with 6144 pixels per line. On the other hand,
the illumination condition is also quite important in
acquiring sharp image without blurring, as the exposure
time per times is extremely short. Therefore, we choose

the line light illuminator of AI Company, which can
maintain a high brightness and non-flash illumination
environment for imaging.
(c) Image acquisition and processing system
Considering the high real-time feature, embedded system
is used in the platform, which consists of image
acquisition and image processing modules. The core
techniques used in image acquisition are Camera Link and
field programmable gate array (FPGA), responsible for
transferring acquired image from line scan camera into
image processing module. As the key unit, image
processing module are mainly responsible for saving,
processing and communicating with the host PC, in which
a fixed-point DSP (C6455) is embedded to handle amount
of data processing.
(d) Human-computer interaction system
As a bridge between human and hardware,
human-computer interaction system is designed, which is
comprised of control programs on both DSP and host PC
terminals. On DSP terminal, control program is
responsible for executing detection algorithm and sending
message to host PC, and program on host is for
initialization and configuration et al.
Software design
To make all hardware units work together, related
software is needed to be designed, including image
acquisition program on FPGA, human-computer
interaction program and communication program between
DSP and host PC. Limited by page, we only present the
flow chart of human-computer interaction, which is
shown in Figure 2.

Figure 2. The flow chart of human-computer interaction.

From Figure 2, it can be seen that the host PC will firstly
sent initialization message to DSP, beginning initializing
and configuring. FPGA starts reading image from camera
and sending it to DSP, when receiving detection message.
Then the detection results will send back to host PC after
being processed by detection algorithm. And the DSP will
stop working until receiving stop message.
CONCLUSIONS
In this work, the overall design scheme of a computer
vision based fabric inspection platform is proposed. The
proposed platform is based on FPGA and DSP
architecture, and its core hardware and software design
are detailed as well.
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FUTURE WORK
Our future work is to verify the real-time performance of
the proposed platform with various detection algorithms.
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OBJECTIVE
The purpose of this study was to determine if
magnetic nanofibers could be used to create a
microfluidic diffraction grating. Such a grating could
be easily reconfigured by magnetically repositioning
the magnetic nanofibers. This would allow for more
versatile spectrometers that could be used in a variety
of applications including material identification and
endoscopes. Instead of magnetic nanofibers, we used
nickel nanorods to prove the idea in this project.
INTRODUCTION
Diffraction is a phenomenon that causes light to
spread out after being transmitted through a small
opening. A diffraction grating provides such an
opening in the form of very narrow slits. The distance
between the slits, as well as the wavelength of light
being used, determine the diffraction pattern, or the
extent to which the light spreads out after passing
through the grating. Currently, most diffraction
gratings have a fixed interval between the slits by
using either a reflective grating, in which the slits are
created by scratching a reflective surface, or by using
a transmissive grating, in which the slits are actual
opening often created with thin wires. This project
attempted to place magnetic nanorods in a transparent
fluid and form a gap between the nanorods in order to
produce a diffraction grating.

solution for at least 24 hours, the nanorods were
sonicated and then transferred to a glycerin solution
using a centrifuge. This resulting solution was
viewed under a dark field microscope at 50X and
contained distinct nanorods devoid of aggregation.
Magnetic Manipulation
When in the presence of a magnetic field, the
nanorods would rotate in order to orientate
themselves parallel to the field. When a field gradient
was present, the magnetic force would drag the
nanorods towards the higher field position. When the
nanorods reached the edge of the drop, they would
form chains remaining parallel to the magnetic field
while maintaining separation from the other chains.
See Figure 1 below.

APPROACH
The methodology of creating such a reconfigurable
diffraction grating consisted of three steps:
Synthesis and Dispersion of Nanorods
The synthesis of the nickel nanorods followed the
traditional electrolysis procedure.1-An inorganic filter
membrane with 0.2 m pore size was coated with
gallium-Indium. The coated membrane was placed
upon a copper plate (coating side down) and a
graduated cylinder that was open on both ends was
clamped over it. A WATTS solution (300g/L
NiSO4*H2O, 45g/L H3BO3, 45g/L NiCl2*6H2O)
was poured into the graduated cylinder and a nickel
wire was placed in the solution. A negative lead was
attached to the copper plate, and a positive lead was
attached to the nickel wire. Electricity was applied
for 12 minutes at 1.5 V. Nitric acid was then used to
remove the gallium-Indium coating on the
membrane. The membrane was dissolved in a
solution that consisted of 4% NaOH, 2% PVP
(Polyvinylpyrrolidone) and 94% H2O (percentage is
by weight). The PVP coated the nickel nanorods and
prevented aggregation.1 After dissolving in the NaOH

Figure 1: PVP Coated Nanorods in Glycerol in
presence of a magnet, Dark Field Image
Creating Diffraction Pattern
A red laser (wavelength of 635 nm) was directed
through a sample of the solution containing the nickel
nanorods. When a magnet was placed underneath the
sample (thus causing the magnetic field to be
perpendicular to the laser), a diffraction pattern
appeared upon a screen placed 0.5 m behind the
sample. This diffraction was in the form of a solid
line that could be rotated by moving the magnet to
the right or left of the sample. See Figures 2 and 3 on
the next page.

aggregation. This allowed the nanorods to be stable
in solution without forming large bundles. When a
magnetic field was applied, the nanorods essentially
became induced bar magnets that could line up head
to tail, but would show repulsion between the shafts
of the nanorods. This explains why the nanorods
would form chains (head to toe bonding) that would
stay separate from other chains (shaft repulsion).

Figure 2: Diffraction pattern with magnet directly
underneath sample

FUTURE WORK
Although the diffraction achieved was not distinct
enough to allow for much analysis, the use of a clear
microchannel is hoped to be implanted in the future.
The width of the microchannel will be approximately
the height of the nanorods. This should stop the
nanorods from forming chains and allow only the
shafts of the nanorods to interact with each other.
This would permit more precise control of the
spacing between the nanorods as well as a more
consistent gap size. Having a more consistent gap
size will cause the diffraction pattern to appear more
distinctly allowing for uses in spectrometry.
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Figure 3: Diffraction pattern with magnet moved
underneath and to the right of the sample
RESULTS AND DISCUSSION
Nickel nanorods appear to be a viable method to
creating a reconfigurable diffraction grating. Adding
PVP to the NaOH solution caused the PVP to coat
the nanorods, which helped the nanorods to avoid
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ABSTRACT
This paper is focused on observing corona discharge by
electrospinning process from different types of electrodes.
Corona discharge was observed by needle as well as
needleless electrospinning. The process was diagnosed by
Corocam1and spectrometer bluewave.
INTRODUCTION
Electrospinning is method for producing nanofibers in
high voltage field which generates elelectromagnetic
radiation. In an extraordinary case electrospinning jets can
form X – ray beams up to energies of 20 keV [1].
Electrospinning and electrospraying usually generate
discharges that radiate electromagnetic radiation in visible
and UV (290-400 nm) spectrum. Corona discharges
during electrospinning are faintly visible [2]. Visible
corona is described by means of Peek’s Law [3].
APPROACH
The experiment was carried out in atmospheric
conditions, temperature was 20°C. In the first experiment
special device according to Peek was used. Peek’s device
is only for observation of visible corona without polymer
solution. Different types of electrodes were used in
further experiments - needle, coaxial needle, rot electrode
with a continuous dosage and wire electrode. In all cases
plate electrode was used as collector. An aqueous
solution of 12% Polyvinylalcohole (PVA) was used for
electrospinning.
The process was diagnosed by corocam 1, Uvirco and
spectrometer Bluewave with fiber optic cabele F600 and
lens LENSQ-COC, Stellarnet.
RESULTS AND DISCUSSION
Spectra of electrospinning process are similar to typical
corona spectra by atmospheric conditions. These spectra
have five peaks in range wave length 297-427 nm.
Records of corocam show greatly forcible radiation in
UV.

Fig. 1. Electrospinning aqueous solution PVA 12% from
rot electrode (Corocam1).

Fig. 2. Spectra of corona during electrospinning 12%PVA
from rot electrode.

CONCLUSIONS
Diagnose by electrospining prosess is very complicated,
because high voltage causes a lot of problems such as
deformation of electric field while insertion of lens.
Additional problems are caused by atmospheric
conditions. Nevertheless, diagnostic discharge by
electrospinning process is very important for
understanding of this process and optimalization of
electrospinning electrode design.
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Electrospining, corona discharge, diagnose of discharge
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ABSTRACT
Spider silks, composed of proteins called spidrions,
are an amazing biodegradable and biocompatible
material that has numerous potential uses in medical
and industrial fields. The process by which these
spidroins form fibers, through the homodimerization
of the C and N-terminal domains, is quite interesting.
For the N-terminal domain (NTD) stable
homodimerization is correlated with a pH-dependent
conformational change. This study focuses on
understanding the role certain amino acids play in
this pH-dependent dimerization of the NTD. NTD
variants with specifically chosen amino acid changes
were examined using Trp fluorescence to determine
the effect on NTD conformational change. Through
these experiments it was determined that there are
certain amino acids that when altered do disrupt the
conformational change. Variants are also being used
in protein-protein interaction studies, with wild type
NTD, to evaluate changes in the stability of the
homodimerization as evidenced by variations in Kd.
The results from this ongoing work will contribute to
further understanding the process by which spidroins
form fibers.
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ABSTRACT
A combination of a Keggin-type polyoxometalate (POM),
[CuPW11O39]5-, with a metal-organic framework (MOF),
MOF-199 (HKUST-1) was successfully self-assembled
on a cellulose substrate (cotton) with a newly developed
room-temperature process based on the combination of a
few different literature procedures1,2,3. This material
(POM-MOF-cotton, shown in Figure 1) was found to
effectively remove 2.75 times as much of a target
organophosphate toxin, methyl parathion, from a hexane
solution as MOF-cotton and cotton control samples after 2
h based on fabric area. The performance of both the
POM-MOF-cotton and MOF-cotton was also normalized
based on the measured weight percent of MOF (Figure 2).
The combination of the previously documented catalytic
activity of the POM1 and the adsorption properties of the
MOF both immobilized on a textile is ideal for potential
applications in protective self-decontaminating materials.
In addition to this, hydrophilicity of the fabrics is
maintained, which leads to a material that maintains the
thermal comfort of cotton.
KEYWORDS
Metal-Organic Framework, Polyoxometalate, Protective
Clothing
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Figure 1. FE-SEM of (a) MOF-cotton and (b) POMMOF-cotton.

Figure 2. MOF-normalized performance of POM-MOFcotton and MOF-cotton specimens.
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STATEMENT OF PURPOSE
This research highlights osteoblast interaction and growth
on novel mineralized and non-mineralized crosslinked
electrospun chitosan (CS) fibrous mats to assess their
potential as bone scaffolds.
INTRODUCTION
Craniofacial defects resulting from either trauma or
congenital conditions can severely impact patient quality
of life, from both an aesthetic and functional viewpoint.
Diseases such as Treacher-Collins syndrome and
hemifacial microsomia create a severe deformation of the
lower skull.1 Currently, tissue engineering techniques
have been explored for craniofacial bone reconstruction
as an alternative to autologous or alloplastic bone
substitutes.2 Autologous bone transplants, which utilize
bone cells extracted and expanded from the patient’s ribs
or skull, can lead to successful facial reconstruction.1
However, unexpected complications can arise which
include infection at the implant site, inadequate bone
availability, and donor site morbidity. Because many of
those affected by craniofacial malignancies are children,
synthetic bone cements and/or constructs are abandoned
because of their failure to grow and develop.2 In addition,
these alloplastic materials often are not biodegradable or
bioresorbable, and can prevent integration with the
surrounding bone.1 One very successful advancement in
craniofacial reconstruction involves the use of
demineralized bone matrix, which is derived from either
autologous or allogeneic bone. While this material has
shown to induce bone regeneration and growth, it can still
promote infection and integration problems.1 Therefore,
there is a need for an implantable, biocompatible bone
scaffold created with biological materials that will support
bone growth and surrounding tissue integration, while
maintaining the mechanical integrity of natural
craniofacial bone.
Electrospinning is a well-established, low-cost, polymer
processing technique which results in non-woven
nanoscale fibrous scaffolds with better surface area to
volume ratios compared to other fiber processes or tissue
scaffolding techniques.3 The size of electrospun fibers
impacts cellular adhesion and migration within the
scaffold.4 Supporting cell diffusion is critical to scaffold
integration with the surrounding tissue. Natural polymers
such as chitosan (CS) and collagen, as well as mineral
additives including hydroxyapatite (HAP), have been
investigated as materials for use in electrospun bone
scaffolds. The first reported electrospun CS-HAP fibrous
scaffold used a two-step method in which the respective
materials were co-precipitated, and then doped with PEO

to facilitate electrospun fibers.5 Here we present novel
one-step crosslinked electrospun chitosan fibers
mineralized with HAP. Osteoblast cells were grown on
the electrospun mats and characterized in order to
determine the effect of crosslinker and mineralization on
cell growth and development.
APPROACH
Electrospun CS mats were prepared according to methods
developed by Austero et al., 2012.6 Briefly, 70%
deacetylated chitosan was dissolved in trifluoroacetic acid
(TFA) and crosslinked with either genipin (gen) or
hexamethylene-1,6-diaminocarboxysulphonate (HDACS)
via a one-step method. Fiber mats crosslinked with
HDACS were post treated at 120oC, 2 h to activate the
crosslinking process. Preparation of the mineralized fiber
mats involved doping the CS solution with either 1 wt%
or 10 wt% HAP. All CS solutions were electrospun with
an applied voltage of 15 kV, at a collection distance of 10
cm and a flow rate of 1.0 mL/hr.
The preosteocyte line MLO-A5 utilized in this study was
cultured per standard mammalian tissue culture protocol.
Three different cell characterization methods were used to
define the osteoblast response to the electrospun CS fiber
mats. These included immunofluorescent confocal
microscopy (IFC) and scanning electron microscopy
(SEM) for cellular visualization, an adenosine
triphosphate (ATP) assay utilized to assess cell viability,
and real time reverse transcriptase polymerase chain
reaction (RT-PCR) to measure pertinent bone analytes
secreted during bone remodeling, growth, and
development. Fiber diameters and mechanical properties
of the electrospun mats were assessed in order to
investigate their effect on cell growth. MLO-A5 cells
were also grown on polymer films of the same fiber
solution compositions in order to better characterize the
osteoblast response to the fiber scaffolds.
RESULTS AND DISCUSSION
(a)CS-gen

(d)CS-gen 10HAP

(b)CS-HD

(e)CS-HD 1HAP

(c)CS-gen 1HAP

(f)CS-HD 10HAP

FIGURE 1. SEM micrographs of the various CS fiber mat morphologies
Both non-mineralized (a,b) and mineralized (c-f) fibers were prepared
with the indicated crosslinker.

a

b

c

d

e
f

f

bone tissue.7 Results from the ATP viability assay reveal
higher luminescence recorded with cells grown on CSHDACS fibers, as compared to CS-gen. Additional data
suggest a marked difference in MLO-A5 response to the
various CS scaffolds.
In addition the number of
cytoskeletal projections observed on CS-HDACS mats is
significantly higher compared to cells grown on CS-gen
mats.
CONCLUSIONS
Electrospun CS fibrous scaffolds were successfully
fabricated and crosslinked. Mineralized CS fibrous mats
were prepared utilizing a one-step method. MLO-A5
cells, which are a preosteocyte lineage, demonstrated
growth and proliferation upon all scaffolds tested.
However, there appeared to be marked differences in
cellular growth and attachment depending upon the type
of crosslinker present and whether the fibrous scaffolds
were mineralized. This work demonstrates the potential
of an electrospun CS scaffold for craniofacial
reconstruction and regeneration.
FUTURE WORK
Future research involves further characterization of the
interaction between the MLO-A5 cells and CS fibrous
scaffolds. In addition, animal studies are envisioned to
demonstrate the in vivo capabilities of the CS fibrous
scaffolds.
KEYWORDS
chitosan, bone tissue engineering, electrospinning

FIGURE 2. Immunoflouresecent micrographs and ATP assay of cells
grown on various scaffolds . IFC micrographs (top) of MLO-A5 cells
grown on non-mineralized CS fiber mats. The immunofluorescent
labels include DAPI (blue), which stains the cellular nucleus and
phalloidin (green), which highlights the actin cytoskeleton. CS-gen film
(a) CS-gen fibers (b) CS-HDACS 120 film (c) CS-HDACS 120 fibers
(d). Cytoskeltal projections (e) results of the ATP assay (f). Error bars
represent SEM of 3 trials (TCP-tissue culture polystyrene).

Representative results from this study are featured in
Figures 1-2. Figure 1 displays the typical CS fiber
morphology of both the non-mineralized and mineralized
electrospun mats. Figure 2 (top) reveals morphology
indicative of healthy MLO-A5 cells grown on the nonmineralized crosslinked CS fiber mats. Results from the
luminescent ATP assay show that MLO-A5 cells survive
and proliferate while on the non-mineralized CS fiber
mats. Comparison of additional results, including the
SEM micrographs and RT-PCR bone analyte
concentrations, for both the non-mineralized and
mineralized fiber mats suggest that MLO-A5 cells
respond differently depending upon the crosslinker used
within the CS fibers and presence of HAP. Cells grown
on non-mineralized CS-HDACS fiber scaffolds appear to
orient themselves in horizontal and vertical layers,
parallel to each other within this scaffold (Figure 2d).
This orientation may be very beneficial because during
bone repair and regeneration, osteoblasts will create
oriented collagen fibrils in parallel conformations. This
lamellar bone structure is indicative of mature, healthy
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INTRODUCTION
Electrospinning is a process widely used for production of
micro/nano scale fibers. The important advantages of this
technique are the production of very thin fibers to the
order of few nanometers with large surface areas, ease of
functionalisation for various purposes, superior
mechanical properties and ease of process as suggested by
many experts in this field. The possibility of large scale
productions combined with the simplicity of the process
makes this technique very attractive for many different
applications. [1]
Biomedical or tissue engineering and drug delivery
system are one of the application areas of nanofibers. The
materials used for biomedical purpose are often made of
degradable polymers, designed to degrade slowly in the
body, disappearing as the cells begin to regenerate. The
degradation rate must therefore match the regeneration
rate of tissue. Biocompatibility is another key factor for
scaffolds, which should not be toxic to the cells both in
the original and degraded forms. Large numbers of known
and commercially available synthetic and natural
biomaterials have been electrospun aliphatic polyesters,
such as poly-(caprolactone) (PCL), poly(lactide) (PLA),
and their copolymers and blends, are some of the many
biodegradable synthetic polymers electrospun to date.
Researchers mostly use natural fibers made of chitosan
collagen, elastin, and gelatin and alginate. [2-4]
Compared with synthetic polymers, natural biopolymers
have good biocompatibility and provide many of the
instructive cues required by the cells attachment and
proliferation, but they tend to display poor processability.
The combination of synthetic and natural polymers is
considered advantageous to overcome the above
mentioned problem and for tuning the solubility of natural
polymers and also for easy property modifications. It
allows to combine the properties of synthetic polymers
with the biofunctionalities of natural polymers. Alginate
and PVA can be taken as an example. Alginate is a
biomaterial that has found numerous applications in
biomedical science and engineering due to its
favorable properties, including biocompatibility and
ease of gelation. PVA could strongly interact with
sodium alginate through hydrogen bonding on a
molecular level. PVA is a water-soluble polyhydroxy
polymer, has excellent chemical resistance, physical
properties, and biodegradability. The chemical stability of
PVA at room temperature along with its excellent
physical and mechanical properties has led to its broadly
practical applications. [5]

EXPERIMENT
Solution Preparation
Alginic acid sodium salt from brown algae (SA) (Medium
viscosity) and Poly (vinyl alcohol) Mw 31,000-50,000,
87-89% hydrolyzed were bought from Sigma Aldrich.
Sodium alginate solutions were prepared by dissolving
SA powder into distilled water, distilled water and ethanol
mix with ratio of (90/10, 80/20, 50/50 v/v respectively),
water and DMF mix with a ratio of (90/10, 80/20, 50/50
v/v respectively), water with addition of calcium chloride,
with concentration ranging from 1.5%w/w to 6% w/w. All
solutions were prepared by continuous stirring for 24
hours except in some cases were the high-speed
homogenizer was used from 30 to 1 hour continuously.
PVA solution were prepared by dissolving powders of
PVA into mixture of solvent containing water and ethanol
80:20 v/v ratio respectively stirring for 6-8 hours,
concentration of solution were ranging from 9% w/w to
20%. After both solutions were prepared separately; they
were mixed in different ratio of SA/PVA (80/20, 50/50,
20/80) with stirring of 4-5 hours to ensure homogeneous
mixing.
RESULTS AND DISCUSSION
Sodium Alginate electrospinning
Our initial attempt at electrospinning pure alginate
material with different concentration ranging from 1.5%
to 6% w/w and with different solvents single or/and
mixed ones was unsuccessful. Viscosity of solution
increased in a very dramatic way as concentration of SA
increased in 0.5% and after 4.5% concentration the
solution were very viscous and it was more than needed
for electrospinning. Beside the change of viscosity with
increase of concentration it was also observed that
viscosity of solution with the same concentration but with
only distilled water and water and ethanol/DMF mixed
has a difference and the viscosity of later one is higher,
the viscosity also increase when ether ratio of
ethanol/DMF increases until ratio of 30% but ratio higher
than alginate it was impossible to dissolve alginate in the
mixture of these solvents. Ethanol and DMF were used to
increase conductivity of SA solution and improve its
dielectric properties as well.
Attempts to electrospun pure SA resulted nothing more
than droplets, the same result was reported by other
groups (Christopher, et al., 2011; S. Safi, et al, 2006) the
explanation given by these groups were inability of
alginate to form chain entanglement. After this it was
attempted to overcome this property as well as to ionic
crosslink by using calcium chloride (CaCl2). Different

concentrations of CaCl2 were used starting from 0.5% to
10% of weight of SA 1.5% w/w concentrations with pure
distilled water and mixture of solvent was used (75distilled
water: 15ethanol: 10DMF). Solution having CaCl2 concentration
above 1.5% w/w of SA had much higher viscosity and
unable to use for electrospinning. Electrospinning of SA
with addition of CaCl2 water as solvent didn’t lead to a
better result beside drops but with mixture of solvent was
formed nano drops and beads as shown in Figure 1
below.

Figure 1. SEP image of alginate (1.5%SA+0.5% CaCl2+ 75distilled
15ethanol: 10DMF ) droplet

water

:

Electrospinning of mixture of PVA and Alginate
Obtaining nanofibers from pure alginate is impossible, it
was seen mixing natural polymers with synthetic one
gives a better nanofibers which has combination of both
polymers. As a result it was tried to mix SA and PLA.
Different mixing ratio SA/PVA (80/20, 50/50, 20/80)
were prepared and electrospun in which SA 2%w/w and
PVA 20% w/w and solution were mixed after prepared
separately. Electrospinning with mixing ratio of 80/20
SA/PVA didn’t show any difference from pure SA
solution, but as ratio of PVA increases properties of
solution changed at 50/50 nano drops and beads were
formed, at 20/80 ratio nanofibers were observed (Figure
3a). The observed filaments had lower diameter and
lower standard distribution compared to pure PLA
nanofibers. It was also possible to obtain aligned
nanofibers for 5mm width (Figure 3b), morphological
properties of aligned fibers were almost similar to those
of random ones at the same parameters.

Thus even though different process conditions (applied
voltage, needle collector distance, flow rate, relative
humidity and temperature) and concentrations with
different solvent were used, no fiber could be electro spun
from pure alginate polymer.
PVA electrospinning
Electrospinning of PVA was conducted starting from
concentration of 9%w/w to 20%w/w. Solution
concentration below 13%w/w were too low to form
continuous flow of jet from the tip of needle. At 13%
and 17% concentration there were signs of nanofibers
formation but the resulting fibers were of full of defects
like beads, branches etc. (Figure 2 a&b). At 20% the
fibers were free of defects and homogenous with
nanofibers diameter distribution of mean diameter120±10
nm and standard deviation of 20 (Figure 2 c& d). As flow
rate of solution increases there were observed that
diameter distribution were increased and bead formation
was favored, the opposite result was observed for linear
voltage after some critical value for each distance.

(a)
(b)
Figure 3. SEM image of SA and PLA mixed nanofibers (a) random
fibers (b) aligned nanofibers

CONCLUSION
In conclusion electrospinning of pure alginate is not
possible even though different conditions and
concentration we have used. To reach processability of
alginate one solution is to mix alginate with solution of
PVA. From this combination of solution nanofibers with
fine diameters and uniform distribution can be obtained.
Beside better morphology it was also possible to obtain
aligned nanofibers of SA/PVA mixed with 2.4% of
alginate in the dried nanofibers.
KEYWORDS
Alginate, PVA, polymer mix, electrospinning, nanofibers,
biomedical, orientation of nanofibers.
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ABSTRACT
This work is focused on the production of core/shell
nanofibers by needleless coaxial electrospinning. This
method allows to increasing the productivity of core/shell
nanofibers in comparison with standard needle coaxial
electrospinning. The advantage of the needleless coaxial
method is a higher productivity and an easier maintenance
of a spinning electrode. Needleless electrospinning
process was investigated, observed and recorded by a
coro-camera.
KEYWORDS
Needleless coaxial electrospinning, core/shell nanofibers,
corona discharge
INTRODUCTION
Coaxial electrospinning is technology that allows
production of core/shell nanofibers. A disadvantage of
needle coaxial electrospinning is a very low production of
core/shell nanofibers. Yarin and Zussman [1] introduced a
new idea of needleless electrospinning to increase
productivity of nanofibers. Needleless coaxial method is
based on spinning from a free liquid surface of a thin
polymeric two-layer. Electro-spun liquid is destabilized
by strong external electric field. Electrospinning process
starts from the fastest growing capillary wave [2]. Socalled “Weir Spinner” (Figure 1) is equipped by a unique
spinneret for needleless electrospinning designed by us
[3]. This spinning electrode allows to create numerous
polymer jets from a free liquid surface of a thin polymeric
two-layer.

Needleless electrospinning process was observed and
recorded by a special coro-camera Corocam 1, Uvirco.
The coro-camera was used for detection of corona
discharges (Figure 2a) during electrospinning process.
Corona discharges are generated by highly charged
Taylor’s cones [4] and polymeric jets. Sometimes, corona
discharge is reformed to spark discharge (Figure 2b). The
later is unsuitable for electrospinning process, since it
drains away energy from the spinning process. Briefly
said, much energy is lost in the process and
electrospinning is not well working.

a

b

Figure 2: Corona discharges (a) and Spark discharge (b)
during electrospinning process. Lights in the figures
determine the position of Taylor’s cones.
APPROACH
Weir Spinner and slit electrodes (Figure 3) were tested in
our experiment. Slit electrodes were chosen to study the
influence of the needleless spinneret length on the
electrospinning process. Electrodes were connected to
high voltage source (Spellman Sl100) and positively
charged. The spinneret was located below the negatively
charged collector.

Figure 1: Weir Spinner - equipment for needleless coaxial
electrospinning.

Figure 3: Slit electrode for needleless electrospinning.

An aqueous solution of polyvinyl alcohol (PVA) was
used. The experiment was carried out in a chamber with
controlled atmospheric conditions.
Coaxial electrospinning process was recorded by a
Corocam 1. Taylor cone on the thin polymeric two-layer,
onset of electrospinning and electrospinning process were
recorded. Figure 3 shows a record of electrospinning
process from the Corocam 1. Corona discharges
accompanying each Taylor cone without spark discharge
are shown in the Figure 3.
RESULTS AND DISSCUSION
Great number of Taylor cones and polymeric jets were
observed during needleless coaxial electrospinning
process, vide Figure 3. The productivity of equipment
designed by us was measured. Influence of length of
needleless spinneret on the needleless electrospinning
process was examined. Optimal length of needleless
electrode was 150 mm. Shorter electrodes had lower
production of nanofibers, while electrospinning process
from longer electrodes wasn't uniformly in all length of
electrode.
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INTRODUCTION
Electropolished tungsten wires are used in variety of
applications like electron microscopy[1], nanolithography
and biomedicine[2, 3]. Electropolishing is the most
simple and reliable method to produce nanosharp needles
[4-8]. The anodic oxidation of the tungsten wire in an
alkaline solution results in the formation of thin film
enriched with tungstate ions. Due to the Plateau-Rayleigh
instability of the film, the film dewets the wire and leads
to it breakup [4]. However, depending on applied voltage
the film’s viscosity can be increased further transforming
film into a semisolid material. This semisolid film
prevents the wire breakup and offers a possibility to form
a long tungsten needle with a nanosharp tip. Needles
prepared by this technique have a tip size measured in the
range of 30-50 nm.
In this work, the main effort was directed toward the
development of an X-ray imaging technique for the
analysis of the role of wetting of tungsten wire in the
course of electrochemical reaction. This project aims to
understand the physics behind the wetting process at the
nano scale. Also, we are working on critical examination
of a hypothesis that a wetting fluid has to form a
precursor nanometer thick film that influences the
reaction kinetics and hence the needle shape. In this
poster we will show an in-vivo study of the wetting
kinetics on tungsten wires as well as contact angle
variation during the process, the meniscus shape and the
nanometer thick precursor film.
APPROACH
Electropolishing [4, 5] technique with a two-electrode
system was used to develop tungsten needles with nanosharp tips at the end. Stainless steel wire served as a
working electrode (cathode). Tungsten wire served as a
counter electrode (anode). Electrodes were connected to a
power supply and immersed into 2M KOH electrolyte.
One can control the tip radius, length and shape of the
needle by varying depths of immersion, applied voltage
and current. There are multiple methods of tip preparation
[6-8] and in this work we focused on two techniques that
show different kinetics of tip formation. In one technique,
referred as convection limited electropolishing (CLE),
one relies on the Plateau-Rayleigh instability that leads to
the breakup of the wire under meniscus. In another
technique, transports limited

electropolishing (TLE), this instability is prevented by the
porous surface layer around the wire. In vivo nano and
micro scale imaging of electrochemical processes are very
challenging. The X-ray imaging is advantageous because
it allows one to penetrate optically dense media and
distinguish the morphological features of semicrystalline
films with high resolution and in real time. Our
experiments require resolving the features at 30-40 nm to
track the transition from a nanometer thick film to a
meniscus and to track the kinetics of the film formation.
RESULTS AND DISCUSSION
Using optical and X-ray imaging techniques we studied
wetting properties of tungsten wires subjected to
electrochemical etching. Meniscus kinetics was observed
and it was found that there is a transition from a nanothick
film to a meniscus. We compared two etching techniques,
CLE and TLE, to show the difference in wetting kinetics
that lead to change in tip formation kinetics. Scanning
electron microscopy (SEM) image of electropolished
sharp nanotip produced by TLE regime is shown in
Figure 1. The tip radius of curvature can be made less
than 30 nm.

Figure 1. SEM image of electropolished tungsten wire.

CONCLUSIONS
Using optical and X-ray image techniques we studied the
wetting kinetics of the tungsten wire during
electropolishing. Two regimes of etching were used to
show the difference in kinetics of tip formation and
revealed important role of wettability of the wires.
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In this research, surfactant has been used to keep the
particles separated and overcome the alkali degradation
problem. Since one of the aims of this research is using
these particles for biomedical applications, Tween 80 was
used. Tween 80 is biocompatible, and is one of the few
surfactants approved by FDA. It is used in about 60 per
cent of injectable products containing emulsifying agents
[3].
APPROACH
Eri silk was selected as the raw material due to its lower
mechanical strength than Mulberry silk, which is
advantageous for grinding into ultrafine particles. A bead
mill (Dyno Mill RL from Willy A. Bachofen AG
Maschinenfabrik) was used for the wet milling. Ceriumdoped zirconium oxide grinding beads (0.5-0.6 mm)
having a volume of 60 mL was used in all experiments.
Milling speed was set at 2000 rpm. These working
conditions were adapted from our previous milling work
performed at pH 10 [1]. Firstly, particles with d(0.5) of 7
µm were obtained by attritor milling [1]. 2 g of this
powder after spray drying was mixed with 100 mL
deionised water containing 5, 10, 15, 20, and 30 % on the
weight of powder (owp) of Tween 80. Then, the mixture
was milled for 7-10 h. Malvern Mastersizer 2000 was
used for determining particle sizes. Several
characterization methods were utilized to explore the
morphology and structure of silk particles such as

scanning electron microscope (SEM), X-ray diffraction
(XRD), Fourier transform infrared (FTIR) spectroscopy,
differential
scanning
calorimetry
(DSC),
and
thermogravimetric analysis (TGA).
RESULTS AND DISCUSSION
Fig.2 shows the d(0.5) of the samples milled with 5-30 %
concentrations of Tween 80, as a function of milling
time.
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INTRODUCTION
Fibroin is the fibre forming protein in silk. Fibroin can be
obtained by removing the gummy protein, sericin, which
covers and glues two fibroin filaments in the silk cocoon.
Silk particles have been used for many applications such
as drug delivery, reinforcing scaffolds, enzyme
immobilization, cosmetics and coatings. For production of
silk particles, either the top down approach of milling, or
the bottom up approach of self-assembly from silk
solutions is used. A combination of the two approaches
can also be used. Top down approaches are advantageous
over bottom-up ones for their production-scalability and
the ability to avoid using harmful chemicals. Ultrafine
silk particles with volume average particle size, d(0.5), of
200 nm were successfully fabricated in our centre [1],
where pH 10 was used at the final stage of milling.
Controlling aggregation was essential for making
submicron particles and thus an alkaline pH was required
during milling. However, there are risks of chemical
damage to silk at high pH [2], as fibroin peptide bonds are
sensitive to alkali hydrolysis.
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Fig. 1. d(0.5) of silk slurry at Tween 80 concentrations of 5, 10,
15, 20, 30 % as a function of milling time (h).

As shown in Fig.1, for Tween 80 concentrations of 520%, d(0.5) dropped sharply in the first 2 h. After d(0.5)
reached the minimum, it started to rise again. For
example, at 10 % concentration of Tween 80, there was a
sharp decrease in d(0.5) after 2 h from 7203 nm to 449
nm, and the particle size fell gradually until it reached the
minimum of 268 nm at 7 h. Then the particle size
increased with further milling. The change in d(0.5) with
time depends on the availability of a sufficient amount of
surfactant for dispersing the broken particles. At the start
of milling where a sharp decline in d(0.5) was observed,
the amount of surfactant was enough to disperse and
stabilize all fine particles. As finer particles were created,
more surfactant was required to keep the particles
separated. To prevent aggregation after 8 h of milling, the
amount of surfactant was increased to 30 %. The second
Y axis in Fig. 1 shows d(0.5) of silk particles in enlarged
scale at 20, and 30 % concentrations of Tween 80 from 7
to 10 h of milling time. At 30% concentration, a steady
decrease in particle size was observed in contrast to 20%
concentration. These results indicated that for obtaining
d(0.5) less than 210 nm, concentration of 30% was
preferable.
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Fig. 2. Particle size distributions of 30% Tween 80
concentration after 2, 5, and 7 h of milling.

Fig. 2 shows the particle size distributions of 30% Tween
80 concentration after 2, 5, and 7 h of milling. Initially,
particles size distribution had two peaks. While the
milling process was continued, the right hand peak
decreased in size, and the left hand peak enlarged. After 7
h of milling, the peak at 1–2 µm disappeared and the peak
at a smaller size increased its intensity with a narrow size
distribution; (d(0.9) - d(0.1)) was 191 nm after 7 h of
milling while it was 19.34 µm at the start.
Fig. 3 shows the morphology of the aggregated spray
dried particles prepared after removing Tween 80. The
high-energy shear forces [4] of small beads had the ability
to smoothen the rough surface of attritor milled particles.

Fig. 3. SEM image of 203 nm particles after spray drying.

Figure 4 shows DSC curves of silk materials. Eri fibre
and attritor milled particles presented similar thermal
behaviours. Two endotherms for these materials at about
75 °C and 370 °C are related to the evaporation of water
and thermal decomposition of silk. The small endotherms
at ̴ 220 °C are related to molecular motions attributed to
glass transition. The other small endotherm at ̴ 300 °C is
assigned to the decomposition of fibroin in the amorphous
region which occurs prior to crystal decomposition.
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Plot (c) in Fig. 4 shows that endotherms related to glass
transition and decomposition of amorphous region
reduced significantly in bead milled silk, indicating that
they contained less amorphous phase than attritor milled
particles. This was supported by the FTIR results (not
shown) indicating higher relative content of β-sheets after
bead milling and similar β structure with silk fibre.
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Fig. 4. DSC thermograms of (a) fiber, (b) attritor milled, and (c)
bead milled particles.

CONCLUSION
Tween assisted bead milling was used to produce nano
silk particles from 7 μm silk powder. The d(0.5) could be
reduced from 7 µm down to about 200 nm, with a narrow
particle size distribution. DSC thermogrms and FTIR
results confirmed similar β structure in the silk fibre and
the 200 nm silk particles.
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ABSTRACT
Given the lack of studies to substantiate the complexity of
the pathological squeal in the design and creation of
compressive armbands/sleeves for women with upper
limb lymphedema, the experiment aims to create and
support with coverage the use of compressive armbands
produced with bioactive textiles as a protective therapy.
The object of the research is a group of sixty women with
upper limb lymphedema resulting from a mastectomy, all
patients from three oncologic health centers from Sao
Paulo (Brazil). Using the trans disciplinary
epistemological methodology, priority is given to the
explicit and implicit needs.

Lymphedema can appear in the upper limb unilateral or
bilateral, causing deformities in the woman´s body that
highly affect their aesthetics together with limited
functions in the performance of simple daily routines.
Failure to treat the affected limb can lead to severe
infections, wounds like erysipelas and others. Figure 1
represents a woman with unilateral lymphedema in the
left arm.

INTRODUCTION
By the alarming growth of breast cancer and the mystery
of lymphedema resulting from post-mastectomy in the
upper limb, studying the complexity of the design with
the use of bioactive textiles in the production of
armbands/sleeves as protection therapies of lymphedema
in the upper limb, requires from designers a
multidisciplinary approach between several areas of
health, engineering and technology. This complementary
knowledge will provide a therapeutic role for the
armband/sleeve. With the use of bioactive textiles, the
design will complement the therapy, protecting the upper
member, whilst it stimulates the drainage of the retained
lymph in the upper limb, preventing and minimizing
trauma resulting from the pathology itself. The dualities:
design/materials, woman/pathology, lymph path/textile
bioactivity and pattern design/sewing technology when
considered together during the design process assure the
psychological, sensorial and physiological comfort these
women need.
The dualities allow independent analysis which, when
crossed, shall provide to the individual comfort, aesthetics
and quality of life.
LITERATURE REVIEW
The lymph is a highly protein fluid, whitish in color,
which circulates in the lymphatics and is part of the
nervous circulatory system.
The lymphedema of the upper limb it is an edema, which
in most cases results after the removal of the axillary
lymphoma chain during a mastectomy surgery (Camargo,
2000).

Figure 1: Left unilateral lymphedema.

Faced with the sequels and the physical limitations, it is
responsibility of the designer to evaluate the complexity
of creating a device that meets generically the aggression
that the pathology entails the female "I" (Grave, 2010).
Depending on the type of sequel, designers must meet the
larger goal "the needs of the individual", following the
Gestalt theory, working in the field of theory, using in an
applied way the perceptions, language, learning, memory,

exploratory conduct and the social groups dynamics
(Gomes, 2003).

METHODOLOGY
The study is being conducted at weekly meetings for six
months, understanding the need for improvement of the
armbands offered by the market with the adverse
assessments that lymphedema exposes the women’s body,
physical and psychologically. The designer should be
aided by a trans disciplinary methodology, contributing to
an evolutionarily synchronism, the pro-perception, or the
perception of comfort and ample protection of the body,
presenting solutions that also assist the clothing industry.
CONCLUSIONS
This research will provide data for the design and
industrial production of compressive armbands for
women with lymphedema, with contemporary design
valuing therapy, comfort and quality of life.
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Design, bioactive textiles, mastectomy, armband.
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STATEMENT OF PURPOSE
In this study, high surface area, microporous,
nanofibrous cellulose acetate membranes are
functionalized
with
catalytic
molecular
polyoxometalates (POMs) in order to examine their
self-decontamination performance. The POMs are
grafted to traditional microporous nanofibrous
electrospun cellulose acetate membranes as well as
high surface area, channeled, cellulose acetate
nanofibers. It was hypothesized that by using the
channeled cellulose acetate fibers, the surface area of
traditional microporous, nanofibrous, cellulose acetate
membranes is increased providing more active sites to
which the POMs will bind. This increase in POM
active sites enhances the catalytic degradation
performance of methyl parathion, an organophosphate
simulant of the chemical warfare agent (CWA) VX.
The overall objective of this work was to incorporate
high loads of self-decontaminating compounds in
semi-permeable, breathable, textile substrates and
characterize their self-decontaminating performance in
order to reduce the penetration of CWAs and maintain
thermal comfort in personal protective apparel for
defense personnel.
INTRODUCTION
Polyoxometalates are heteropolyanions, otherwise
known as polymeric oxoanions, formed by the
condensation of more than two different oxoanions.
These negatively charged nanoclusters of oxide and
transition metal ions in their highest oxidation state
have the general formula of XM12O40 . X can be Si4+
or P5+ etc, and M can be tungsten, molybdenum,
vanadium and other metals. In their free acid form
polyoxometalates are referred to as heteropoly or
isopoly acids. POM free acids and their salts act as
strong acids and have been widely used as acid
catalysts and oxidation catalysts that yield better
oxidation performance than hydrogen peroxide,
ozone, and molecular oxygen when environmental
profiles and efficiency of oxidation are taken into
account [1].
The majority of polyanions with
tetrahedrally-coordinated heteroatoms have structures
based on what is known as the Keggin anion [2].
H5PV2Mo10O40 is a heteropolymolybdovanadate free
acid and is classified as an α-Keggin structure [3].
These POMs undergo rapid, reversible redox changes
that classify these nanoparticles as catalytic and selfregenerating. When the oxidation reaction occurs, the
POM is reduced.

Oxygen or any oxidant in the system can then reoxidize the POM to its original state [4].
POMs have been incorporated into fibers and fabrics
such as polyacrylic, nylon, cotton, and polyurethane
sponges in order to examine their catalytic selfdecontamination of volatile organics, air toxins, and
chemical warfare agents. POMs grafted to cotton
and other cellulosic substrates have been examined
for breathable protective performance apparel [5],
[6], [7].
POMs such as H5PV2Mo10O40 have been prepared by
Dr. Craig Hill of Emory University and can be
incorporated into micro- or nano- electrospun fibers
and film coatings for fabrics [8]. 10-Molybdo-2vanadophosphoric acid has been incorporated into
cellulose substrates to degrade volatile organics and
chemical warfare agents such as CEES [5], [6], [9].
The current approach to achieving enhanced methyl
parathion degradation with POMs in channeled
cellulose acetate nanofibers entails the fabrication of
the high surface area cellulose acetate membrane, its
characterization, POM synthesis, the grafting of
POMs to the cellulose membrane, and the
characterization of the POM functionalized
membranes.
APPROACH
Fabrication & Characterization of High Surface
Area Cellulose Acetate Membranes
Cellulose acetate / polyethylene oxide fibers were
co-continuously electrospun and then extracted with
deionized water using a Soxhlet extraction setup.
The purpose of the extraction is to selectively
dissolve the polyethylene oxide from the fibers to
form a grooved or channeled morphology. The
fibrous membranes are then vacuum dried. FTIR
analysis was performed in order to confirm the
removal of the polyethylene oxide and the presence
of cellulose acetate.
A scanning electron
microscope (SEM) was used to confirm the grooved
fiber morphology [10], [11].
The pore size, pore size distribution, fiber size, fiber
morphology, and surface area of these membranes
was measured using a porometer, a scanning
electron microscope (SEM), and a gas adsorption
technique known as BET. The measurement of
additional mechanical and thermal properties also

helped to characterize the strength and composition of
the membranes [11].
These electrospun regenerated cellulose acetate
fibrous membranes were loaded with the selfdecontaminating POM H5PV2Mo10O40 via a covalent
grafting process. In this process a reactive oxygen
species was created by reacting the hydroxyl groups
on the surface of the cellulose acetate with a
diisocyanate, which thus provided a grafting site for
H5PV2Mo10O40. The reaction was performed under a
nitrogen purge in the presence of a tin (II) catalyst,
and a toluene solvent [12]. The membranes were
then submerged in a hexane solvent containing methyl
parathion for designated time intervals. The catalytic
degradation of the methyl parathion was determined
via liquid chromatography (LCMS).
The
decontamination performance of the membranes was
compared to the decontamination performance of
100% non-bleached cotton swatches that were grafted
with POM particles using the same process described
above.
Polyoxometalate Synthesis:
10-Molybdo-2-vanadophosphoric
acid
(H5PV2Mo10O40) was synthesized via a reaction of
sodium metavanadate (NaVO3) with disodium
phosphate (Na2HP04) and the resulting compound’s
reaction with concentrated sulfuric acid and sodium
molybdate (Na2MoO4) in methanol. The acid was
purified to obtain the correct stoichiometry[13].
RESULTS & DISCUSSION
No degradation of methyl parathion was observed
when the toxin simulant was exposed to POM in
powder form (5%, 10% and 20% POM w/v in
MP/hexane solution). However, degradation of
methyl parathion was observed when POMs were
grafted to fibrous substrates. The grooved
membranes with the higher surface area degrade
significantly more methyl parathion than the nongrooved fibers. It was determined that the nongrooved fibers resulted in a 6.90% decrease in the
concentration of methyl parathion present in the
methyl parathion / hexane solution while the grooved
fibers resulted in a 12.85% decrease in the
concentration of methyl parathion present in the
methyl parathion / hexane solution. In terms of the
amount of methyl parathion degraded by the POM,
this translates to a decrease from 13.92 mg of methyl
parathion in hexane solution to an amount of 12.96 mg
of methyl parathion in the hexane solution as a result
of POM grafted non-grooved fibers and 12.13 mg of
methyl parathion in the hexane solution as a result of
POM grafted grooved fibers. Therefore, the grooved
fibers achieved twice the amount of methyl parathion

degradation than the non-grooved fibers. Statistical
analysis shows that the amount of degradation of
methyl parathion by the grooved membranes was
statistically significant with a p-value of 0.001.
These results confirm my hypotheses that by using a
high surface area substrate leads to an increase in
POM binding sites that results in improved
decontamination performance.
CONCLUSIONS
H5PV2Mo10O40 degrades methyl parathion and
suggests that the amount of decontamination is
dependent on the substrate. A higher surface area
substrate such as the grooved 60/40 CA:PEO fibers
degrades more methyl parathion than a lower
surface area substrate such as the non-grooved 60/40
CA:PEO fibers; and the highest surface area
substrate (the cotton specimen) degraded the most
methyl parathion. In the case of cotton, the methyl
parathion was degraded completely.
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OBJECTIVE
The production and characterization of galactomannangelatin nanofibers by electrospinning and their evaluation
as a biocompatible scaffold using cellular cytotoxicity
study
INTRODUCTION
One of the major advances in the biomedical field is the
use of biomaterials that support the integration and
differentiation of stem cells. The cells that make up
organs and tissues are located in a complex molecular
network known as the extracellular matrix (ECM). Its
molecules are responsible for promoting the signaling
pathways that lead the cell from growth to differentiation.
The biomaterials constituted by natural or synthetic
polymers act as replacements for the ECM . Polymer
nanofibers are of interest for biomedical applications
because they constitute a three-dimensional matrix that
favors affinity for cells and biomolecules. In combination
with specific culture media and cells, the biomaterial
arises in attempting to create functional tissues and
biologically active supports [1].
Aiming to produce a new biomaterial for use in the
medical field, this work focuses on building a nanofibrous
scaffold using two important biopolymers in the processes
of cell recognition and structuring: galactomannan and
gelatin. Gelatin is a protein that is hydrolyzed form of
collagen, the main structural component of ECM [2]. The
galactomannan is a polysaccharide with important
functions of molecular recognition through interactions
with glycoproteins, involving specific recognition of cell
surfaces, and have been applied in gastroenterological
disease, targeting drug delivery in cancer and dry eye [3].
APPROACH
Treatment of galactomannan with ionic liquid
Once the galactomannan is water soluble, we did a
treatment to improve its solubility in other solvents, based
on reported by Lacroix and co-workers [4]. 0.1 g of locust
bean gum (galactomannan) was mixed with 2 g of dry 1butil-3-metilimidazol (BMIMCl, ionic liquid). The
reaction was carried out under inert atmosphere, at 80ºC
for 16 hours. After dissolution, the galactomannan was
recovered by precipitation with isopropanol. After that,
the galactomannan was dried in vacuum oven until use.
Production of nanofibers by electrospinning
First, we prepared different solutions of gelatin in
trifluorethanol (5 %, 7 % and 10 %, w/v) containing 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide - EDC (30
mM). Then, we choose gelatin 5 % (w/v) in
trifluorethanol to prepare the gelatin/galactomannan
solutions in the following proportions: 95/5, 87/13 and
80/20, also containing EDC. The solutions were
electrospun using needle with 0.7 mm of diameter, flow
rate of 0.17 mL/h, applied voltage of 27 kV, 18 cm of
distance from tip do the needle to collector, at 20 ºC ± 2
ºC and 30 % of relative humidity.
Scanning Electron Microscopy
The nanofibers were placed on a stub and metallized with
gold before analysis. The morphology images were
performed using a Scanning Electronic Microscopy
(SEM) model JSM 6060, operating at an accelerate
voltage of 10 keV, at Center of Electron Microscopy of
UFRGS. To obtain the average diameters of the
nanofibers, the photomicrographs were analyzed and the
diameters were measured using Corel Draw Graphics
Suite X6, from an average of 100 measurements per
sample.
FTIR-ATR Spectroscopy
The IR spectra of the nanofibers were determined using
an infrared spectrometer (FTIR) (Perkin-Elmer 16 PC
spectrometer, Boston, USA), in Attenuated Total
Reflectance mode (ATR) between 600-4000 cm-1, using
64 scans at a resolution of 4 cm-1.
Cell cytotoxicity
Biomaterials were tested for cytotoxicity according to
ISO 10993 [5]. Briefly, L929 cells were seeded in 96
wells plates with DMEM (Dulbecco’s modified Eagle’s,
Sigma) medium at 104 cells/well. After 24 h, cells stayed
in direct contact with biomaterials during 24 h and 48 h.
In the last 2 h of incubation of each trial, the medium was
removed and plates were incubated with 50 ul of MTT (3(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazoliumbromid,
Sigma) solution at a concentration of 1mg/ml. Then the
MTT solution was discarded and 100 ul of isopropanol
was added to each well. Absorbance was read at 570 nm
(reference wavelength 650 nm). Each assay was tested in
triplicate.
RESULTS AND DISCUSSION
Morphology and average diameter
The gelatin nanofibers showed diameters ranging between
50 and 500 nm (figure not showed). However, due to their
quickly dissolution in aqueous medium, they should be
crosslinked before use in cell culture. As gelatin is a

zwiterionic molecule, i.e. has both charged amine and
carboxylic acid functions in the same molecule, using
EDC as crosslinker two intramolecular reactions is
possible: (1) between two carboxyl groups or (2) between
a carboxyl group and an amine group in the same gelatin
molecule. The first one will result in a formation of an
acid anhydride which can react with a hydroxyl group of
the galactomannan to yield an ester bond [6].
After addition of EDC the diameter range of the gelatin
nanofibers increased to 500 – 4000 nm (figure not
shown).
Most gelatin fibers were smooth, with some small beads
located randomly in the samples (Figure 1). We observed
that as the concentration of GAL increased in the
compositions, a significant reduction in diameter was
observed (Figure 2).
FTIR-ATR Spectrometry
The spectrum of gelatin nanofibers modified with EDC
(Figure 3) showed characteristic bands of gelatin: amide I
(1636 cm-1), amide II (1539 cm-1) and amide III (1238 cm1
) [7]. Also we can note the region of 1079 cm-1 related to
C-O stretching, that confirm the formation of ester
linkages mediated by EDC. In the spectra of
gelatin/galactomannan nanofibers we can observe the
same bands from gelatin and characteristic bands from
galactomannan, as the β-mannose at 873 cm-1 and and αgalactose at 812 cm-1 [7], that suggest the both materials
are present in the nanofibers.

Figure 1. SEM of gelatin and galactomannan-gelatin nanofibers.

Figure 2. Distribution of average diameter of galactomannangelatin nanofibers.

Cell cytotoxicity
The results showed there was no statistical difference
between the four groups after 24 and 48 hours. These
results suggest that the nanofibrous scaffolds constituted
by gelatin/galactomannan/EDC are not cytotoxic in
mononuclear cells from human peripheral blood.
CONCLUSIONS
In summary, the galactomannan-gelatin nanofibers were
prepared by simple and cost effective electrospinning,
showing a fiber average diameter among 250 nm and
presenting smooth fibers with a few small beads. Finally,
the nanofibers were not cytotoxic and indicate that the
adhesion and proliferation tests can be performed.

Figure 3. FTIR-ATR spectra of gelatin nanofibers and different
compositions of galactomannan-gelatin nanofibers.
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STATEMENT OF PURPOSE/OBJECTIVE
To demonstrate application of capillary channel
polymer (C-CP) fibers for a rapid pull-down assay,
with direct on-fiber detection.
INTRODUCTION
Proteins perform most cellular functions within a cell,
including gene expression and regulation of cell
health. Pull-down assays are an important in-vitro
tool used to confirm or discover the protein-protein
interactions that control these functions. The assay
consists of the protein of interest used as “bait” which
is linked to a solid support. When the bait protein is
exposed to cell lysate, it binds or “pulls down” one or
more proteins that interact with the bait protein.
Bound proteins are then eluted off the solid phase and
analyzed by SDS-PAGE or Western blotting. The
presence of a bound protein is then used as evidence
for possible interaction that this protein type interacts
with the bait protein in the cell. Typical solid
supports for pull-downs include agarose and
magnetic beads.
APPROACH
Clemson University manufactures C-CP fibers that
are melt-extruded out of textile polymers. Marcus
and others have used C-CP fibers as the stationary
phase in protein chromatography, where they provide
the important advantages of low back-pressure and
more convective mass transport. For our work,
wound polypropylene C-CP fibers similar to those
used by the Marcus group were packed into 0.8 mm
FEP tubing.1,2 The resulting “fiber bundle” was then
cut into 0.5 cm pieces. Each fiber bundle piece was
fitted onto the end of a micropipette tip and used as a
mini-spin column. In this case, the pipet tip serves as
a reservoir for fluids passed through the tip during
centrifugation. The fibers used in these spin columns
have a series of narrow grooves that run the length of
the fiber. The grooves interdigitate to form collinear
micron-sized channels when the fibers are packed
into the FEP tubing allowing for microfluidic mass
transport. The resulting microfluidic assay platform
is inexpensive, easily constructed, and easy to use.
Importantly, microfluidics provides better mass
transport than diffusion-limited systems such as
beads, especially for low analyte concentrations.

The study here proposes to demonstrate a protein
pull-down assay using C-CP fiber spin columns. To
date, there have been no published studies that use
the fibers as the stationary phase for pull-down
assays. Proteins bound on the platform will be eluted
off the solid phases and analyzed by SDS-PAGE.
Alternately, proteins can be tagged with fluorescent
markers and analyzed directly on the fibers. As a
proof of principle assay, we demonstrate platform
performance using the anthrax toxin receptor protein
capillary morphogenesis protein 2 (CMG2) as the
“bait” and anthrax protective antigen (PA) as the
“prey” protein. In vivo, PA binds to CMG2 and
mediates entry of anthrax toxin into the cell. Pulldown performance will be compared to that obtained
in a similar assay using streptavidin coated magnetic
beads instead of fibers. We hypothesize that the
fibers will outperform the beads at low
concentrations of PA, due to the mass transport
advantages of microfluidics provided by narrow
channel size.
RESULTS AND DISCUSSION
Pull-downs use a “bait” protein that has a tag (often a
a recombinant fusion protein) that allows the protein
to be linked to the solid surface. Binding of the bait
protein to the solid surface is designed so as not to
hinder its binding activity towards potential binding
partner proteins. The “bait” protein, CMG2, used for
these studies was labeled with a biotin molecule. For
the C-CP pull-down assay, neutravidin (NAv) was
adsorbed to the fiber surface, which allows
straightforward tethering of CMG2 via the
neutravidin-biotin linkage. Fluorescent images of the
fibers coated with a fluorescently labeled NAv
demonstrate that NAv coats the fibers surface (Figure
1). No fluorescence is observed for fibers exposed to
(non-fluroescent) BSA or bare fibers. It is well
documented that proteins adsorb to the polypropylene
C-CP fibers by Van Der Waals forces. Stable
adsorption of neutravidin to the fibers is therefore
consistent with previous data.1,2
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To show the next layer in the pull-down, the “prey”
protein (PA) was labeled with an Alexa fluorescent
dye to visualize its binding (Figure 3). Figure 3
shows fluorescence images of fiber tips treated
sequentially with NAv, biotinylated-CMG2, and then
labeled PA. Only fiber tips treated with each of NAv,
CMG2, and PA showed any fluorescence, indicating
specific interaction of PA to CMG2 tethered on the
fiber surface.

1 mm
Figure 1. NAV adsorption to polypropylene C-CP
fibers. a) NAv coated fiber tip; b) fiber tips exposed
to BSA first followed by NAv; c) fiber tips exposed
to BSA only; d) bare fiber. Fluorescent images were
obtained using 575 nm excitation and 624 nm
emission
Neutravidin-coated fiber bundles bind biotinylated
CMG2, as required to tether the CMG2 “bait” to the
fiber surface. Fiber tips coated with neutravidin were
exposed to biotin-labeled EGFP, which allows easy
visualization of captured protein (Figure 2). Figure 2
also shows that even though the concentration of
biotin-EGFP decreases by an order of magnitude, the
fluorescence intensity does not. This observation
reflects both the tight NAv-biotin binding affinity and
saturation of the fiber, since the CMG2
concentrations ranged from uM down to nM, values
still well above the Kd of the biotin-NAv interaction.
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Figure 3. On-fiber capture of PA by bound CMG2.
Representative fiber images of PA binding to
polypropylene fiber tips a) tip treated with NAv
followed by biotin-CMG2 and then PA; b) tip treated
with NAv, then PA; c) tip treated with biotin-CMG2
and then PA; d) tip treated with NAv and then biotinCMG2. Fluorescent images were obtained using 575
nm excitation and 624 nm emission.
CONCLUSION
Polypropylene C-CP fibers have shown to be
effective solid supports for protein immobilization
for protein pull-down applications. Little to no nonspecific binding of analyte protein to the fiber surface
was observed.
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Figure 2. On-fiber capture of biotinylated CMG2.
Fiber tips were functionalized with 50 pmol of NAv
and exposed to different concentrations of
biotinylated CMG2; a) 5 uM; b) .5 uM; c) 50 nM; d)
5 nM. Fluorescent images were obtained using 494
nm excitation and 535 nm emission.

FUTURE WORK
Future work includes comparisons of a pull-down of
PA from lysate onto biotin-CMG2 coated C-CP
fibers and magnetic beads. PA Binding capacity will
be normalized based on availability of biotin for
binding, because some of the surface area of fibers
packed
into
FEP
tubing
is
occluded.
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OBJECTIVE
Textiles and fibrous structure that can change shape
are highly interesting for a number of reasons. With
such materials applications like controllable
bending elements, so called artificial muscles,
permeability adjustable membranes, self-healing
surfaces, ventilating structures etc. are available.
Even if the potential is high for shape memory
polymers, SMP [1], and ditto in fibrous form,
SMPf, a wider commercial availability is still not to
be seen. Alternatives are therefore interesting[2].
Initial results from our research program on
topology changing textiles are here presented.
Focus is on thermotropic fibrous structures and
ways to produce such.
KEYWORDS
thermotropism, textile, fiber
INTRODUCTION
Potentially, SMP offers abilities to create structures
that due to a stimulus - most often temperature
change - alter its form, going from a state A,
characterized as a certain macroscopic shape, to
another state B, of another shape. Sometimes state
B is regarded as a wanted one and A temporary so
that in case of the structure being deformed (A) it
can go back to B.
SMP has its counterpart in metallic SMA, shape
memory alloys, with SMP and SMA both being
subsets of the class of shape memory materials,
SMM. Compared to SMA SMP typically show
lower force and load bearing capacity but instead
have the benefit of being lighter.

the surface. Instead of SMP fiber a more available
and simpler alternative for the material selection is
explored. A layered polymeric sandwich-like
structure is the basis consisting in its most simple
form of three layers.
A static fusion press with a flatbed is used. Material
and treatment parameters are critical for
performance and subject to detailed study.
The
mechanism
behind is
differential
thermal expansion on a mesoscale rather than on
the
microscale
conformational
changes
characteristic for SMP.
The stimulus is temperature change only and the
structure is stand alone avoiding any other outer
connection or energy supply needed such as for
artificial muscles. This increases the potential for
application in smart fabrics and garments thereof
where integration of batteries and accompanying
junctions hinders a wider use.
RESULTS
Textiles are by definition based on fibers
(geometrical thin (order of micrometer) objects
with high aspect ratio > 100) that are connected by
different processes (weaving, knitting, braiding
etc). This is a bottom-up approach to the creation of
a material (fabric). Here we use a top-down
approach instead for producing the material. By
laser cutting (ACG Nyström) ordered fibrous
structures are created. These can be either fixed in
one end to the substrate, thus creating a lid effect
(fig 1), or free-standing (fig 2).

Utilizing SMP, one then need to a) find ways to
couple many single shape changing devices
together for higher total force and b) find
applications where also moderate forces are useful.
One such application could be a surface that
changes its topology, having a smooth state, A, and
having a rougher state, B. When in B the topology
supports the formation of a standing air layer,
thereby creating thermally insulation.
APPROACH
We here present initial results towards the
development of shape changing surfaces with
fibrous structure where a high density of
erectable and lid-acting hairs is manufactured on

Figure 1. The bended stripes at 25°C. Examples of
different lengths of the stripes.

Thanks to their small size and thus low weight the
otherwise moderate shape changing effect is made
significant.
We show that the demonstrator is fully reversible
something often referred to as two-way. The long
term behavior is tested and for at the order of 100
cycles; room temperature (RT) – high temperature –
RT, we see no aging effect.

Figure 2. Unbending/Bending behavior during heatingcooling cycle with different initial angles. Temperature is
increasing following the arrow.

By an inverse production technique it is possible to
have the high temperature state B either in an
erected or flat mode.

Further investigations are under way for refining
the production protocol, where we earlier have
stressed the importance [3], and study the
longitudinal behavior.
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STATEMENT OF PURPOSE/OBJECTIVE
The objective of this work is to design a high-productivity
membrane for water purification. High surface area-tovolume composite cellulose membranes are being
produced by electrospinning cellulose nanofibers on
regenerated cellulose macroporous membrane supports.
Subsequent surface modification will transform the
membranes into adsorptive media for trace contaminants
in water. The adsorption capacity of the membranes is
expected to be high after modification, and the large
effective pore size relative to barrier membranes enables
high permeability.
INTRODUCTION
Global water demand continues to increase because of
population growth. Since there are limited natural water
resources, water purification systems play a critical
societal role. Membrane technologies are used widely to
improve water quality for beneficial use. Therefore, the
development of new membranes is an active area of
research in the water purification field. The goal for
membrane design is to maximize productivity
(volume/area/time), capacity (volume processed prior to
cleaning), and selectivity (e.g., in the case of adsorptive
membranes, binding of trace contaminants).
One approach to producing high performance membranes
is to apply nanotechnology. Nanofiber mats made by
electrospinning can be used to create composite
membranes with large surface area-to-volume ratios and
potentially high adsorption capacities for contaminants
from environmental sources. Additionally, composite
nanofiber membranes have high porosities and
interconnected pore structures that enable very high
productivity compared to conventional barrier membrane
platforms such as reverse osmosis and nanofiltration.
Cellulose acetate is common material for water treatment
membranes and has been used widely to electrospin fibers
due to simple processing. Furthermore, it can be
converted to regenerated cellulose, which is a low-fouling
material that can be modified using surface chemistry to
introduce adsorptive ligands that bind impurities in the
waste-waters. For all these reasons, composite cellulose
nanofiber adsorptive membranes are being developed in
this work.
APPROACH
Macroporous regenerated cellulose membranes (1 micron
nominal pore diameter) were used as a support and were
modified with epoxy functional groups by an atom
transfer radical addition reaction to prevent delamination
of the electrospun-nanofiber mats after hydrolysis.

Cellulose acetate nanofibers electrospun onto the support
using a 13.7 wt% solution of cellulose acetate in
acetone/N,N’-dimethyacetamide (ratio by mass 2:1).
Different processing conditions, especially relative
humidity, were evaluated to prepare fibers with uniform
morphology and submicron fiber diameters. Cellulose
acetate fibers were converted to cellulose by the
hydrolysis reaction using 0.05 M NaOH with different
reaction time (1, 3, 5 h). Fiber surface morphology was
evaluated by scanning electron microscopy (SEM).
Attenuated total reflectance Fourier-transform infrared
spectroscopy (ATR-FTIR) was used to determine the
surface functional group chemistry and quantify the
degree of hydrolysis. Membrane permeabilities were
measured by direct-flow filtration using pure water and
constant applied pressure (3, 6, 9 psi).
RESULTS AND DISCUSSION
Uniform cellulose acetate fibers were produced by
electro spinning under conditions of high relative
humidity (> 65%RH). Figs 1 and 2 are representative
SEM images showing the surface morphology of
cellulose acetate nanofibers before and after hydrolysis.
The electrospun fibers have a diameter in the submicron
range (200 - 500 nm). In addition, it appeared that the
hydrolysis reaction slightly affected the morphology of
the nanofiber mats; regenerated nanofibers were slightly
curved and fused together, as others have observed.
(Zhang L. et al, 2008).

Fig. 1: SEM image of surface morphology of cellulose
acetate fibers before hydrolysis

Fig. 2: SEM image of surface morphology of cellulose
acetate fibers after hydrolysis

ATR-FTIR was used to characterize the functional groups
on the surface of nanofiber composite membranes before
and after hydrolysis. According to Fig. 3, absorbance by
the acetyl group at 1740 cm-1 of sample (a) was decreased
substantially following treatment with NaOH for different
hydrolysis times, samples (b), (c) and (d). Moreover, a
broad peak appears centered at 3350-3400 cm-1 that is
assigned to OH stretching- in cellulose. The absorbance
ratio of the bands at 1740 and 1640 cm-1 was used to
estimate degree of hydrolysis (DH), assuming that the
starting material was fully acetylated:
DH

 1

( A1740 / A1640 )t
( A1740 / A1640 )0

Table I shows that the hydrolysis reaction was complete
(>97%) after treating with 0.05 M NaOH for at least 1 h.

0.2 au

Intensity (a.u.)

(a)

(b)

(c)

(d)

4000

3000

2000

1000

0

Wavenumber (cm-1)

Fig. 3: ATR-FTIR spectra of cellulose acetate fibers
before (a) and after hydrolysis (b), (c) and (d) at 1, 3 and
5 hours respectively
Flux measurement experiments provide a comparison of
the pure water permeability of cellulose nanofiber
composite membranes and the regenerated cellulose
support membrane without the fiber layer. Table II shows
that the pure water permeability decreases after modifying
the membrane support with the nanofiber mat, which is
expected based on resistance in series. Nevertheless, the
permeability remains orders of magnitude higher than
conventional barrier-type membranes that operate based
on solute rejection, such as reverse osmosis and
nanofiltration.
Table I: Time dependent degree of hydrolysis of cellulose
acetate fibers by treatment with dilute NaOH
Hydrolysis
time (h)
0
1
3
5

A1740

A1640

DH

0.139
0.00329
0.00159
0.00109

0.0136
0.0135
0.0149
0.0144

0
0.976
0.989
0.992

Table II: Pure water permeability of regenerated cellulose
microfiltration membrane with and without cellulose
nanofiber mat.
Membrane Type
Regenerated
cellulose
microfiltration
commercial membrane (1
micron)
Cellulose
nanofibercomposite membrane

Pure water permeability
(L/m2hbar)
142660

100600

CONCLUSIONS
Electrospinning is an effective technique to produce high
productivity composite membranes comprising a mat of
fibers with submicron-scale diameter on a porous support.
Relative humidity is an important factor to control the
morphology of the fibers. High-capacity and high
productivity adsorptive membranes that result from this
approach are attractive for removal of trace contaminants
water treatment applications.
FUTURE WORK
The thickness of the cellulose nanofiber layer affects
permeability. SEM cross-sectional images and confocal
laser scanning microscopy will provide the required
thickness data, as well as membrane morphology. To
remove trace impurities in waste-water, adsorptive
membranes will be prepared using this composite
membrane framework by incorporated various ligands
using surface modification chemistries. Binding capacity
and selectivity will be measured after modifying the pore
surfaces (i.e., fibers) by appropriate ligands
KEYWORDS
Cellulose,
electrospinning,
nanofiber.

filtration,

membrane,
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OBJECTIVE
The overall aim of the study is to investigate the
properties and microstructure of composite fibers which
were spun by a continuous melt process from soy flour
and polyethylene. In this paper, the mechanical and
microstructural properties of the fibers are reported.
INTRODUCTION
Biocomposite fibers have attracted increasing attention
due to economical and environmental reasons. Although
natural fibers like silk and wool have very suitable
properties for textile purposes, their process costs
relatively high [1]. Soy protein is one of the cheapest biofiller that can be used in the composites [2]. It is a
biodegradable and naturally available material. First soy
fiber was spun in 1945, but it has not been studied
because of its poor mechanical properties for years [3].
Starting in 1990s, several researchers processed soy fibers
and films [4-7]. However, the properties of PE-soy
composite fibers have not been reported yet. Therefore,
this study covers the analysis of PE-soy fibers for textile
applications.
EXPERIMENTAL
Processing of fibers is described in a companion study
[8]. The fibers were tested for their tensile properties
according to ASTM D2256 on ATS 900 tensile testing
machine. Microstructure analysis was studied with an
Olympus BX60 Microscope. The fibers were stained with
Thermo Scientific Pierce Coomassie Brilliant Blue R-250
in order to detect soy particles on the PE-soy fiber lateral
surface. Image PRO Plus software was used for
measurement of the surface areas of particles on the fiber
surface.
RESULTS AND DISCUSSION
Table I. Tensile properties of PE-soy fibers

Sample
Base PE

Tensile
Modulus
(MPa)
950 220

Tensile
strength
(MPa)
43 13

Strain to
failure
(%)
513 192

PE-soy

615 38

30 4

292 22

Tensile modulus, tensile strength and failure strain of the
blend fibers are listed in table I. The base PE fibers had
tensile modulus of 950 MPa and strength of 43MPa while
the PE-soy fibers had a tensile modulus of 615 MPa and
tensile strength of 30 MPa. Adding particles to
polyethylene matrix resulted in a lower strain to failure
292 % compared with 513%.
Fibers were boiled for 10 min in 0.1 M NaOH aqueous
solution for an accelerated washing simulation. Boiled
fibers had tensile modulus of 530 MPa, strength of 15
MPa and strain to failure of 260 %. The changes in tensile
properties due to washing were not significant. Moreover,
the color of fibers became lighter because of dissolved
soy flour on the fiber surface during washing.
PE-soy fibers have a smooth surface. Soy particles
(<5μm) were detected from the color on the image (figure
1). The number of particles on the filaments in 1 mm2
area was detected as 1655 254. In addition, single soy
particle-agglomerate area on the surface ranged between
75 and 133 μm2. This shows that agglomerate existence
on the surface was very rare.

Figure 1. Optical micrographs showing non treated and dyed
PE-soy filament

The microstructure of PE-soy fibers was studied using
S4800 Scanning Electron microscope. Images of the
cross-section of the fiber (figure 2) indicate a well
consolidated morphology with no clear distinction of
phases. Inspection of the lateral surface also reveals
generally uniform features of the fibers though some
elements of fibrils are also observed.

Figure 2. SEM micrographs showing the crossection and lateral
surface of PE-soy fibers.

CONCLUSIONS
The PE-soy fiber tensile properties are comparable to
those of the pure PE in spite of the small soy
agglomerates present on the fiber surface. Over-washing
does not deteriorate fiber mechanical properties
appreciably.
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OBJECTIVE
The overall aim of the study is to develop a continuous
melt-process for converting soy flour into non-food,
value-added products such as fibers and textile. In this
paper, melt compounding and spinning of fibers is
reported.

EXPERIMENTAL
Fine Soy flour (<5µm) was obtained from ADM Specialty
Food Ingredients with 5% moisture, 54% protein. The
flour was compounded in a DSM mixture with PE having
a high MFI. The compounded material was melt spun into
fibers using Alex James extrusion-spinning unit.

RESULTS AND DISCUSSION

Figure 1. Pellets and spool of PE-soy fibers. Fiber average
diameter 45±5µm or 20.5 denier with a drawdown ratio of 120.

Figue 2. Optical micrographs of PE-soy blend compounded for 2
min and for 6 mins.

Dispersion of soy flour particles in the polyethylene
matrix was studied using Olympus BX60 microscope.
Figure 2 displays micrographs of soy polyethylene blends
compounded for 2 mins (left) and for 6 mins (right).
Blends with three-fold increase in mixing time showed
significantly better dispersion with no large coalesced
particulates. Well-dispersed compounded blend allows for
continuous fiber spinning.
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INTRODUCTION
Because of environmental sustainability concerns
associated with use of petroleum based product there is
continued interest in the development of components
from annually renewable agricultural products.
Inexpensive protein materials like soy flour that costs
about 50 cents/lb [1] could be particularly of interest to
the alternative protein isolate. However, soy flour lacks
the physical properties for utilization in film or fiber
applications [2]. Therefore, this study looks at the use of
soy flour as a particulate filler in polyethylene (PE) to
produce PE-soy composite fibers for numerous
applications. Such fibers provide advantage of reducing
on the dependence of oil based resins. In addition,
presence of such hydrophilic filler can add aesthetic value
of soft feel to the fibers similar to cotton fibers [3]. In our
previous studies we illustrated spinnability of soy filled
polyethylene (Figure 1). Further studies on dispersion and
elongation rheology of fibers are reported
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PE-soy
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Figure 3. Transient elongation viscosity of PE-soy blends
compared to base PE at 0.1 s-1 elongation rate and 135°C.

Elongation viscosity of polyethylene and soy-PE blend
was measured using the elongation viscosity fixture
attached to the ARES torque rheometer (Figure 3). Base
PE showed a maximum elongation viscosity of 4500 Pa.s
while soy-PE blend showed a steady elongation of 7500
Pa.s, which is about 70% higher. This is to be expected,
because the particles restrict the flow of the PE layers.
However, the increase is subtle to the exponential
increase observed in polyethylene–inorganic fillers [4]
and is less of a problem compared to particulate
dispersion.
CONCLUSIONS
Studies demonstrated that blends of PE-soy can be
successfully spun into fibers via continuous melt spinning
processing when the flour is well dispersed in PE. The use
of soy flour, the cheapest of all the soy protein

alternatives, provides for economically viable and greener
olefinic fibers.
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INTRODUCTION
Yarn structure has significant influence on the properties
and performance of the spun yarn and its end-products.
Tracer fiber technique is a popular method to study yarn
structure by tracing the path of individual fiber in the yarn
[1-3]. The tracer fiber image shown in Figure 1 can be
acquired from the measurement system [3], which is used
to obtained the yarn and tracer fiber simultaneously
viewed from two perpendicular directions.
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Figure 2. One column of image (original signal S)


Tracer fiber in YZ plane

Yarn in XZ plane



Tracer fiber in XZ plane

Figure 1. Tracer fiber image of 60Ne yarn
In order to obtain yarn parameters such as yarn diameter
and fiber migration, it is necessary to detect yarn body
and tracer fiber from the tracer fiber image by image
segmentation. Image segmentation algorithms have been
developed to extract yarn body and hairiness from the
yarn image, such as the histogram-based threshold
methods [4] and the region growing-based approach [5].
In this study, it becomes more complex when tracer fiber
is involved in the analysis of yarn image. Currently, the
existing methods cannot work well, so the segmentation
of tracer fiber image is mainly based on manual operation.
This study aims to propose a novel computer method to
automatically, continuously and accurately extract the
tracer fiber and yarn body from the tracer fiber image.
APPROACH
In tracer fiber image (as shown in Figure 1), the tracer
fiber is darkest and the yarn body is darker than the
background. Each column of the image can be considered
as a signal and Figure 2 illustrates one example of them
(signal S). It is noted that the two obvious valleys should
contain the information of YZ and XZ plane yarn. And the
lowest point in the valley should be the position of tracer
fiber. Hence, the problem of image segmentation can be
transferred to find the key points of tracer fiber and yarn
boundaries in every column of the image. The main
algorithms of tracer fiber and yarn boundaries detection
are shown in Figure 3.

Steps:
1. Reverse and normalize the signal S to input signal L;
2. Detect two regions on signal L by a series of filters:
(1) De-noise the input signal;
(2) De-baseline the de-noised signal;
(3) Derivative filter and squaring;
(4) Moving window integration;
(5) Segment the region by threshold;
3. Find three key points in each region:
(1) Tracer fiber;
(2) Upper boundary of yarn body;
(3) Lower boundary of yarn body.
Figure 3. The stage diagram of the algorithm
Region Detection
In order to conveniently apply the signal processing
method in this analysis, the original signal S should be
reversed and normalized as the input signal L. PanTompkins algorithm [6] is one of most popular methods
to extract QRS complex from electrocardiogram signal
(ECG), which is similar to the detection of yarn regions in
this study. So it is developed to detect the yarn regions
YZ and XZ on input signal L by using a series of filters
listed in Figure 3. The results of input signal L and the
yarn regions are shown in Figure 4.
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Points Detection of Tracer Fiber and Yarn Boundaries
In this section, region YZ is illustrated as an example to
introduce the proposed method. As shown in Figure 5,
point EL and point ER are the left and right edges of region
YZ. And Pt is the maximum peak between points EL and
ER on the signal L, which could be detected as the position
of tracer fiber.
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Figure 5. Detection of tracer fiber
After that, the first derivatives F of input signal L is
obtained for detecting the upper and lower boundaries of
yarn body, according to the three-level intensity of tracer
fiber image. As shown in Figure 6, the point PU, one of
the two highest peaks in region YZ on F3, is the nearest
peak to the left edge, so PU is detected as position of
upper boundary of yarn. And the point PL, one of the two
lowest valleys in region YZ on F3, is the nearest valley
point to the right edge, so point PL is detected as lower
boundary of yarn.
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Figure 6. Detection of yarn boundaries
Then, the position of tracer fiber and yarn boundaries can
be detected in region XZ. Figure 7 shows the six key
positions of tracer fiber and yarn boundaries on the whole
input signal L.
1
Signal L
Tracer fiber
Upper
Lower

0.8
0.6
Region YZ 

 Region XZ

0.4
0.2

100

CONCLUSIONS
In this study, a new computer method is developed to
automatically identify the tracer fiber and yarn boundaries
from tracer fiber image for the further analysis of yarn
structure. It transfers the tracer fiber image into a series
of 1D signal by considering each column of the image as
a signal. And the developed Pan-Tompkins algorithm is
used to detect yarn regions. Compared with the manual
operation, the proposed method could save a lot of time.
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Figure 8. Segmented yarn boundaries and tracer fiber
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RESULTS AND DISCUSSION
Based on above, the proposed method can be used for
every column of the image. According to the connectivity
of tracer fiber and yarn boundaries, a moving average
filter is used to reduce the effect of noise. Finally, the
smoothed result of the image segmentation: six
continuous curves including tracer fiber, upper and lower
boundaries of yarn body, is obtained in Figure 8. Hence,
yarn parameters such as yarn diameter and fiber migration
can be calculated from these six curves.
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Figure 7. Key points on input signal L
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ABSTRACT
During tooth extraction or implant surgery, dentists
are in contact with numerous potentially infectious
germs from patients' saliva and blood: hepatitis B,
hepatitis C, HVI, etc. For this reason, dentist's clothes
have to play their role of protection from
contamination. In addition, dentist's apparels in
routine application should not only be protective but
also comfortable and breathable because dentists
have to perform many operations and treatments on
patients throughout the day with high concentration
and intensity. However, this type of protective
garments has not been studied scientifically and
redesigned, whereas dentists are facing new risks and
eager for looking for a comfortable personal
protective equipment.[1]
For that reason, we have proposed some new designs
of dentist's gown. They were expected to diminish
heat accumulation that are considered as an important
factor in reducing the level of comfort experienced
by users.
Experiments using infra-red technology were carried
out in order to compare the breathable properties
between a traditional gown and a new design with
open zones.
Another experiment using pressure sensors was also
carried out to compare ergonomic aspects trough the
flexibility of movements between two different
common designs of sleeves. The sleeves-design
which is considered more comfortable and flexible
will be chosen for the further step.
The results from the two experiments provide
valuable information for the development of a new
design of dentists' gowns in order to achieve
maximum levels of cooling and comfort for the
human body.
INTRODUCTION
Based on the investigation conducted among 212
French dentists in France from April 2012 to October
2012 about their working clothes, we found that a
vast majority of dentists favors a two-piece outfit
consisting of trousers and a short gown. Most popular
gowns have classical style with V-neck (55% of

choices of participants) or mandarin collar (25% of
choices), short sleeves (95%), with or without a front
opening.[2]
According to another study about the thermal comfort
of dentist's garments, the hot zones of the gowns are
predominantly located around the shoulders and on
the back of the body, where the fabric is in contact
with the skin and is heated by muscular
movements.[2]
For this reason, we have designed a new model in
which breathable fabric is used in these hot areas.
They are considered as a ventilation system allowing
heat and moister evaporation from the skin. This
design solution of open zones has been applied on
many kinds of sport apparels to enhance aeration for
clothes. However, we desire to verify and confirm
concretely and scientifically the effectiveness of this
design solution on dentist's apparels. By using infrared camera, we have compared the temperatures on
the hot zones between a traditional gown and a new
design.
In this study, the comparison of the flexibility
between two types of short sleeves was also carried
out for the purpose of selecting a suitable sleeve-type
for new design of dentist's gown.
MATERIALS AND METHODS
Effectiveness of ventilation system of new design:
An infra-red camera (ThermaCAM SC 3000-FLIR)
was used to obtain thermographical images of two
dentist's gowns: a traditional one and a new design.
Both two gowns have the same size, same style (with
V neck and short basic sleeves). They were made of
the same material (cotton). Open zones were added
on the underarms, at the shoulders and on the back
of the second gown. A mesh fabric was used for these
zones instead of the principal fabric. The same
volunteer wore both two gowns. No additional cloth
was worn under the gowns.
With each gown, the volunteer with successively
raised arms and closed arms was observed with
different views: front, back and side (Graph 1).

The thermographical images were recorded within
three minutes with each posture. Temperature
analysis was conducted at the end of each film.

Graph 1. Different views of volunteers observed with IR camera

The tests were carried out in a standard laboratory
atmosphere: temperature of 20°C +/- 2°C, humidity
of 65% +/- 5%. By measuring the temperature at the
interface between the skin and the clothing, we can
know whether these open areas of mesh are effective
in reducing heat accumulation.
 Comparison of the flexibility between two
different popular designs of sleeves of dentist's
clothes:
Two gowns were used for test. They have the same
style, same size and measurements. They were made
of the same material (cotton). The only difference is
the sleeves type: one basic and one raglan.
The selected sensor is an ultrathin pressure sensor
(Flexiforce A401) [3]. Two sensors have been placed
at two sides of shoulders on the back of each gown
(Graph 2).
With each gown, the volunteer was trained to
perform eight different body movements that are
considered most common in dental practices. With
each sleeves type, the same movement was
performed with the same position, same speed and
intensity.

Graph 2. Position of pressure sensors on the gowns

We aimed at measuring the pressure applied on the
areas of sensors during the movements of the wearer.
By using the software " LabVIEW signal express" to
acquire the output signal changes over time, it was
possible to record the signal and then analyze it [4].
Comparing the changes in pressure between the two
gowns, we can determine which sleeves-type lead to
more flexibility on movements.
RESULTS AND CONCLUSIONS
The results of thermal image analysis at the open
zones through experiments with IR camera are shown
in Graph 3.

Graph 3. Comparison of the temperatures of dentist gowns
with/without open zones

We found that the temperatures recorded at the mesh
zones of the new design were higher than that of the
same positions for the traditional gown. Therefore,
the use of mesh material for hot zones is believed to
facilitate the heat evacuation from body.
The results of analysis of the pressure sensor signal
show that the pressure on the shoulders during the
movements in the case of the basic sleeves was
recorded stronger than that of the raglan sleeves (with
7/8 movements recorded stronger). Therefore, short
raglan sleeves may be a better choice for dentist's
gown than basic sleeves because it brings more
comfort and flexibility for movements of shoulders.
FUTURE WORK
In the next step, choice of even more appropriate
textile materials, with more effective protective
functions, for the new type of routine dentist gowns
will be performed. Prototypes will be sewn and given
do dentist staffs (volunteers) to obtain sensory feeling
and subjective comfort and protection evaluations.
Finally, some developed prototypes will be tested on
thermal manikin in order to analyze and improve the
experimental results already obtained.
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ABSTRACT
Secretory proteins are modified into their mature
forms before release from the cell and mature
secretory proteins must be able to tolerate and
respond to changes in the extracellular
environment. In the case of spider dragline silk
proteins, changes in environmental pH are
important in the process of fiber assembly. Spider
silk protein is secreted into the gland ampulle and,
as it travels down the duct, the pH drops from
approximately 7.2 to an as yet undetermined pH.
While the lower pH is not known, it is widely
accepted to be below 6.0 and pH values between
6.0 and 4.0 have been used by investigators to
study fiber assembly (e.g. Gaines et al. 2010). In
order to mimic the production of mature
recombinant spider dragline silk proteins, a
Leishmania tarentolae secretory expression system
was devised for production of major ampullate
spidroin 1 (MaSp1) and major ampullate spidroin 2
(MaSp2). In this poster presentation, the methods
and approaches taken to express recombinant
MaSp1 and MaSp2 will be the major focus. As a
proof of principle, we chose to use MaSP1 and
MaSP2 constructs containing 8 repeat domains.
Preliminary results using these eukaryotic cell lines
will be presented and discussed.
REFERENCE
Gaines, William A., Michael G. Sehorn, and
William R. Marcotte, Jr. “Spidroin N-terminal
Domain Promotes a pH-dependent Association of
Silk Proteins during Self-assembly.” JBC. Vol.
285, No. 52, pp. 40745-40753.

Development of Rapid ELISA Fiber-based Testing System
Victor Maximov1, Raisa Kiseleva1, Chen-Chih Tsai2, Konstantin Kornev2, Alexey Vertegel1
1
Department of Bioengineering, Clemson University, Clemson, SC 29634, United States,
2
School of Materials Science and Engineering, Clemson University, Clemson, SC 29634, United States
vmaximo@g.clemson.edu
STATEMENT OF PURPOSE/OBJECTIVE
The ultimate goal of this research is to design simple,
rapid action fiber-based colorimetric test using
ELISA analysis method. The short-term goal of this
study is to show the feasibility of developed ELISA
fiber-based sensors in the model system – detecting
secondary antibodies in model solutions.

methods. Incorporation of these electrospun fiber
yarns into rapid point-of-care devices will help to
develop fast and simple methods for detection of
highly transmitted diseases such as HIV, hepatitis,
influenza. Here we propose to use CA/PMMA/PEO
fiber yarns as a new platform for performing the
ELISA-based colorimetric analysis.

INTRODUCTION
Enzyme-linked immunosorbent assay (ELISA) is one
of the most commonly used techniques in research
and clinical laboratories of all kinds. ELISA uses the
specific ligands present in the body as a basis for a
colorimetric assay to determine whether or not a
particular antigen is present. Conventional ELISA
that is performed in standard well plates has many
advantages and certain disadvantages. Numerous
improvements have been successfully developed to
increase sensitivity of this method. [1] The main
advantage of this method is that it provides excellent
sensitivity and is used for detection of analyte in
solutions of extremely low concentration. On average
this technique is capable of accurate measurements
down to 1-10 fmol per well [2] and is sensitive to
detect subtle differences in proteins and molecules.

APPROACH
Conventional ELISA assay. A model for the direct
sandwich ELISA procedure was developed for use
in present experiments. Figure 1 represents the
schematic for the studied assay composition for
conventional ELISA analysis.

Disadvantages of this method include expensive
equipment and reagents and an extended time to
perform the analysis. The most important of these is
the extensive time commitment required to perform
an ELISA. Moreover, low sensitivity restricts the
efficacy of some ELISAs and an increase in
sensitivity is desirable.
Electrospun fiber yarns have shown to be an
improvement by incorporating them into existing
devices for bio-sensing applications. Providing high
specific surface area for an antigens or antibodies
immobilization, fiber yarn based sensors could
improve sensitivity of the method, as more sensing
molecules will be immobilized on the fiber yarn
surface. The inexpensive method of fiber yarns
preparation and modification as well as conservation
of reagents could also reduce the costs associated
with development and use of ELISA assays. Total
assay time for fiber yarn based sensors could be
decreased due to the elimination of diffusion limited
steps that take most of the time in conventional

Conventional ELISA procedure was performed in
standard polystyrene 96 well plates. First, the
capture antibody goat anti-rabbit IgG antibody was
immobilized on the surface of the wells in 96 well
plates. We have used rabbit anti-bovine IgG as a
model antigen that will model the secondary
antibodies in the blood plasma. Finally, we used
goat anti-rabbit IgG that was conjugated with
horseradish peroxidase (HRP) as a specific sensing
antibody. As a substrate for HRP we used 2,2'-azinobis(3-ethylbenzothiazoline-6-sulphonic
acid)
(ABTS), which will change color from transparent
to green upon contact with HRP. After addition of
substrate, well plate was placed into plate reader and
optical density of solutions was measured at 415 nm
wavelength.

Figure 1. Schematic of ELISA analysis for conventional
method and for fiber-based devices.

Fiber-based ELISA. CA/PMMA/PEO fiber yarns
were prepared as described previously. [3] Capture
goat anti-rabbit IgG was modified with sulfo-NHSLC Diazirine, and then immobilized on the surface of
yarns via UV-crosslinking. Modified fiber yarn piece
of 1 cm was incubated 10 minutes with 2 µl of the
model analyte solutions – various dilutions of
secondary rabbit anti-bovine IgG or control mouse
anti-TNF-α. After incubation, the yarn pieces were
carefully washed 35 times with PBST solution using
the developed washing procedure. Detection goat
anti-rabbit IgG conjugated with HRP solution was
added to the yarn pieces and incubated for another 10
minutes and then excess of the was washed away
with PBST. After washing, the ABTS substrate
solution was added to the yarns and incubated until
the coloration appeared.
RESULTS AND DISCUSSION
Conventional ELISA assay. Kinetic curves obtained
from conventional ELISA were plotted on the graph
of optical density against the time. It was observed
that the colorimetric signal of the substrate solution
was developing rather fast using higher
concentrations of rabbit anti-bovine IgG in the
samples, and at the 5 minutes time point, the signal
was much higher than the background.
Correspondingly, with the decrease of rabbit antibovine IgG concentration we have observed decrease
of the ABTS colorimetric product development rate.
From the analysis of kinetic curves for conventional
ELISA, we have established that the detection of the
target antibody was at the level of 15 pM per well.
This finding is in a good agreement with the standard
sensitivities of ELISA method.[2] The detection limit
of the developed conventional ELISA test was
calculated to be in the range of 1.5 fmol per well.
Fiber-based ELISA. The experiment consisted of 5
steps: (i) modification of yarns with capture antibody
(covalent attachment), (ii) blocking of the fibers
surface, (iii) attachment of analyte, (iv) attachment of
secondary antibody, (v) incubation with substrate for
color development. Between all steps of the
procedure, the yarn pieces were washed 35 times
with 1-2 µl of PBST buffer to remove any physically
adsorbed reagents. The capture antibodies were
attached covalently to the fiber surface to prevent
washing away of physically adsorbed antibodies.
After addition of the HRP conjugated goat anti-rabbit
IgG to the fibers, the fiber yarns that were incubated
with the test antibody will be tagged with peroxidase
molecules. Upon addition of the substrate solution,
the yarns will turn green in the presence of HRP. For
the highest concentrations, (from 120 pM to 2 nM),
the yarns turned green very fast, in several seconds.
However, for lower 60 pM concentration the
coloration took about 1 minute and further slowed
down with dilution of the rabbit anti-bovine IgG

content. For the lowest concentration of 7.5 pM, the
detectable green coloration was achieved in 3
minutes after addition of the substrate solution to the
yarn piece. Faster coloration of yarns compared to
the conventional method can be explained by an
increased loading of the capture antibodies on the
fiber surface.
The yarn pieces that were incubated with the
targeted rabbit anti-bovine IgG antibody turned
green upon addition of substrate solution yielding a
positive readout. The fiber yarns that were exposed
to the control antibodies remained not colored
(negative). At least 4 replicates per test were
conducted with the fiber-based devices proving the
reproducibility of results. The detection limit in the
fiber-based devices was found to be much lower
than that provided by the conventional method and
estimated to be around 0.015 fmol per fiber yarn.
CONCLUSIONS
A rapid semi-quantitative fiber-based ELISA test
was developed and tested using the model analyte
system. Modified fiber yarns showed concentration
detection limit comparable to the conventional
ELISA method but this test needed only trace
amount of liquid for analysis. Fiber yarns could be
used for the development of standard point-of-care
devices that will possess higher sensitivity compare
to existing tests.
FUTURE WORK
Future work will be focused on the application of
developed fiber-based sensors in more clinically
relevant models such as detection of anti-HIV
antibodies in human serum samples. This will help
us to establish protocols for experiments and
develop semi-quantitative rapid tests for detection of
HIV in patients.
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yarn arranged horizontally and vertically under three
levels of force. A polarization imaging system was used
for computing angular profiles of specular and diffused
light from the images, as well as that of the gloss and
chroma bands. Twenty persons at random estimated the
color depth of each sample. The rank location (Pm) of
each sample was calculated by the lowest score as 1 to the
highest one as n.
RESULTS AND DISCUSSION
SEM images in Figure 1 show the surface condition
differences that could affect surface reflection and the
color perceived by human eyes.

Figure 1. SEM and optical images of NCCS PET fabrics.
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APPROACH
The specifications of NCCS filaments and its black dyed
5/3 weft satin fabrics are in Table I. Blue dyed knitted
sample K2 was made of Y2 yarn while undyed K1 and
K2 with Y1 yarn.
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INTRODUCTION
The color indexes described in RGB and CIE can be
affected by variation caused by gender and age of
participants. The instrument sees only light reflected from
a limited solid angle, while the human eye is influenced
by multidirectional illumination. A typical model
developed for analysing the color of fabrics consists of a
parallel array of isotropic cylinders of equal diameter with
uniform dye distribution, surrounded by a transparent and
continuous medium. This proves to be effective only for
dyed circular fibers and fabrics, taking the ring dyeing
phenomenon and internal scattering into consideration.
But, it neglects the reflection-refraction pattern of
neighboring fibers, synthetic fiber translucency, dye
distribution, unique numerical simulation method] and
moisture conditions. Other experiments have shown that
depth of shade depends on fiber denier, inherent colors of
the fiber, its surface and geometry. This would be
changed as the cross-section shape varies. Doubts have
been expressed about its universality for other noncircular cross-section (NCCS) fibers. However, this
model can be reconstructed to match the real or quasiactual conditions of different NCCS fibers, yarns and
even fabrics. Polarization is a well known technique to
analyze independently diffused and reflected light that
can be used for characterizing hair luster and color
vibrance, fiber orientation and birefringence. Here, light
and color performance of dyed fabrics with NCCS PET
fibers was investigated to characterize the color
information. Subjective evaluation was done on the
polarization imaging posted images to explore the
consistency with instrumental results.
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Figure 2. GP curves of horizontally (a) and vertically (b)
mounted single fibers with varied tensions.
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SEM and opical images of cross-sections of NCCS PET’s
were done by using frozen section techniques.
Goniophotometer (GP) measured the reflectance of the
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Table I. Specifications of NCCS filaments yarn.
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Figure 3. GP curves of horizontally (a) and vertically (b)
mounted yarns with varied tensions.
GP curves in Figure 2 show the reflection curve is
profoundly influenced by the tension applied on the H and
V type fibers. Less significant results are indicated by

Figure 3. Figure 4a and 4c indicate that the specular and
shine distributions of the F2 were much different from the
others, confirmed by images in Figure 6. Figure 4b shows
that different woven fabrics had different diffused light
even though they were dyed the same way. Figure 4d
indicates the color of these woven fabrics was the same
because the chroma values were so overlapped.
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Figure 6. The processed non-normalized images of the
interwoven (left) and knitted (right).
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Figure 4. Angular distribution of the images on blackdyed woven NCCS PET fabrics: (a) specular, (b)
diffused,(c) shine,(d) chroma.
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Figure 5. Angular distribution of the images of the dyed
and undyed knitted fabrics: (a) specular, (b) diffused, (c)
shine, (d) chroma.
The polarization processed non-normalized images in
Figure 7 shown that all of these images recorded the
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The curve shapes in Figure 5a for specular values was
similar to that of Figure 5c in shine values, which means
that the specular component contributed much to the shine
values of the fabrics. Figure 5c showed white samples K1
and K3 show much higher diffused light component but
none in K2. This may be due to its dark color compared to
the white samples. Both Figure 5b and 6d indicate that
there are not so much differences in diffused and chroma
values as might be expected from the fineness differences
in the fibers as well as in their yarns. The color dyed will
affect the diffused and chroma values much more
significantly than the specular and shine values. Figure 5b
suggested that the diffused value of the K2 sample was
close to zero at all angles. While, the chroma value of the
K2 sample at all angles was a little more than those of the
other two samples.

Figure 7 showed the relationships of visual rank location
(Pm) to the mean Intensity and Chroma values in
polarization imaging testing results. Figure 7b showed
clearly that there is a higher consistency of the visual rank
Pm to the values of chroma on deep-coloring of NCCS
PET fabrics when compare to that of round PET fabrics
but Figure 7a not. This indicated that color will be
changed by using some PET fibers with special crosssections, and shown same trend between subjective
evaluation and objective testing results.
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normal intensity and its corresponding diffused reflection,
the former represent what human eyes could see and the
latter one showing the depolarized light. The subjective
perceived colors seem different from the results indicated
from Figure 4 to Figure 6.
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Figure 7. Relationships of the visual rank Pm to the
Intensity (a) and Chroma (b) values
CONCLUSIONS
The light and color performance on deep-black-coloring
of fabrics made of NCCS PET were investigated by using
GP and polarization imaging as well as subjective
evaluation. The GP curves showed that the surface
reflectance of single NCCS fibers was profoundly
affected by the forces in horizontal and vertical directions.
Optical and SEM images showed that the unique surface
characters of the NCCS PET give unpredictable effects on
the light and color perceived. Polarization imaging of
black-dyed woven fabrics indicated that higher specular
and chroma values will affect their deep-coloring effect.
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INTRODUCTION
The clothing microclimate volume is one of the key
parameter accounted for the thermal insulation of clothing
ensemble. The trapped air between human body skin and
clothing ensemble provided additional insulation to the
clothing ensemble. However, the thermal insulation
would decrease as further increase in air volume because
of higher convective heat lost, especially in windy
condition. The simplest method for estimating the
clothing microclimate volume is using garment size.
However, it is less accuracy and not reliable. In fact, a
further increment in garment size will not only lead to
increase in volume, but also will cause more folding,
concave and convex area. Eventually, increase in garment
size will only cause an increase in surface area instead of
volume. As a result, garment size is not a good predictor
for clothing microclimate.

twill weave trousers was made of 63% cotton, 25%
polyester and 12% rayon. In respect of the quantification
of clothing micro-climate volume, TC2 body scanner
(white light non moving scan head method) was used. The
scanner was calibrated by a given size of cylinder and
balls before scanning of samples. For the thermal
insulation and evaporative tests, the environment
temperature was 20ºC ±0.5 ºC; the environment relative
humidity was 65% ±5% and the wind speed was 0.1 m/s.
The mean skin temperature of the manikin was controlled
as constant 35ºC ±0.15ºC.

To quantify the clothing volume, past researches used 3D
body scanning [1, 2], vacuum suit [2, 3, 4] and
circumference model [2, 5] methods. In terms of accuracy,
the 3D body scanning method has been recognized with
highest accuracy and reproducibility [2]. For studying the
relationship between air volume and clothing thermal
insulation, earlier work [1] used 3D body scanning
(phase-shifting moiré topography) method to measure the
air volume between dressing dummy and clothing, and
compared the resultant air volume with clothing thermal
insulation using thermal manikin under mild wind
condition (0.79 m/s). Since the size and shape of dressing
dummy was different from thermal manikin, the result
would deviate from real situation.

TABLE 1. The results of clothing microclimate volume, thermal
insulation, evaporative resistance of 5 clothing ensembles.
Evaporative
Thermal
Total Volume
Resistance
Insulation
Size
3
(cm )
(Pa m2 W-1)
(°C m2 W-1)

RESULTS AND DISCUSSIONS
TABLE 1 shows the result of 3D body scanning, thermal
insulation and evaporative resistance of 5 clothing
ensembles. FIGURE 1 shows the 3D body scanning
images of 5 clothing ensembles.
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XL

119253710.3

0.2576

35.46
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75466710.8

0.1088

12.33

The aim of this research is to investigate the relationship
between clothing microclimate volume and the resultant
thermal insulation and evaporative resistance. In the first
place, A TC2 3D body scanner (white light non moving
scan head method) (http://www.tc2.com/) was used to
obtain the clothing microclimate volume based on thermal
manikin body – Walter [6, 7, 8]. In the second place, the
thermal insulation and evaporative resistance was
measured by the thermal manikin.
EXPERIMENTAL
5 polyester man jackets with different size and same
trousers were put on the thermal manikin for 3D body
scanning. The jackets were made of 100% polyester. The
sizes ranged from XS to XL (XS, S, M, L and XL). The

FIGURE 1. Scanned image of 5 clothing assembles (XS, S, M, L and
XL from left to right)

As shown in FIGURE 2, in general, the thermal insulation
increase as volume increase. However, further increase in

volume only leads to relative small change of thermal
insulation because of higher convective heat loss through
larger air gap. Pass research’s finding [1] showed that the
thermal insulation even decreases as volume increase.
In respect of evaporative resistance, initially, it increases
as clothing size increases (shown in FIGURE 3). It is
because the additional air gap is relative small and mainly
contains still air. The evaporative resistance starts to
decrease with further increase of clothing size. It is due to
the air gap is large enough for air to move with higher
ventilation (chimney effect).
FIGURE 4 shows the relationship between total volume
of clothing ensemble and evaporative resistance. There is
a strong correlation between the total volume and
evaporative resistance (r2 = 0.98).
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FIGURE 4. Relationship between evaporative resistance of clothing
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CONCLUSIONS
This research has studied the effect of microclimate
volume on thermal insulation and evaporative resistance
using 3D body scanner and thermal manikin. By using
same thermal manikin for body scanning with clothing
ensembles and for thermal insulation and evaporative
tests, the discrepancy between dressing dummy and

thermal manikin was eliminated. Based on experimental
results as shown in FIGURE 4, a prediction model with
R2 = 0.98 was obtained. However, the sample of this
research is limited to polyester man jacket and one layer
clothing ensemble. In future, it is recommended to include
different types of garments with single and multilayer, as
well as in windy condition.
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OBJECTIVE
The main objective of this project is to manufacture textile substrates (filaments and woven fabrics) for vehicle
interiors from renewable resource based fibre blends. The
woven fabrics are to substitute polyester fabrics that are
currently used in seat covers and must, therefore, fulfill
the requirements by the automotive industry.
INTRODUCTION
An average car uses approximately 40 to 50 m2 of fabric,
which weighs an estimated 9 to 10 kg. The most popular
application for textiles in an automobile is the seat cover.
The textiles used in automotive interiors have to face the
ever increasing demand of the customers in terms of technical as well as aesthetic requirements. The most important requirements are the high abrasion resistance and
the resistance to UV degradation. The fabric must not
only last for more than years but also appear to be visually in good conditions for at least two years to maintain a
good resale value. The various factors affecting the abrasion resistance of the fabric are the type of yarn and its
construction. Owing to its excellent UV degradation resistance, good abrasion resistance and low price, polyester
is the most popular polymer for textile applications in
automotive interiors. Furthermore, polyester fabrics have
high tear strength, good resistance to mildew, low water
absorbency, excellent crease resistance and resilience.
The fabrics used for the automotive textiles are woven,
weft and warp-knitted fabrics mainly used for upholstery
and panel applications. Upholstery applications consist of
textile in combination with laminates and backings
whereas panel and insert applications have unlaminated
textiles. Tufted or nonwoven fabrics with laminates and
backings are used for carpet applications. Of these 51 %
of the textiles produced are woven fabrics. Furthermore,
32 % of this share is taken by dobby weaves for applications in seat wings, bolsters, rear covers of the seats
whereas 18 % of this share is taken by jacquard weaves
for seat and seat covers.
The current work is a part of the EU Project BIOFIBROCAR – Melt spun fibres based on compostable biopolymers for application in automotive interiors. The project
partners are Asociación de Investigación de la Industria
Textil (ES), Perchados Textiles, S.A (ES), AVANZARE
Innovación Tecnológica S.L. (ES), Addcomp Holland BV
(NE), Asociación de Investigación de Materiales Plásticos
(ES), A. Weyermann Söhne GmbH & Co KG (DE),
CANATUR Projektentwicklungsgesellschaft mbH (DE),
Institut für Textiltechnik der RWTH Aachen (DE),
Saechsisches Textilforschungsinstitut e.V. (Saxon Textile
Research Institute) (DE)

APPROACH
Polylactid acid (PLA) polymer was blended with 2 %
polyhydroxybutyrate (PHB) polymer. The PLA-PHB
compounds were then melt spun into filaments. The
filaments were textured with the Taslan air-jet texturing
machine. The polymer compounding, melt spinning and
texturing of the PLA-PHB filaments were carried out at
AITEX.

Fig. 1. Spinning trials of PLA-PHB blends
The analysis of the weaving process is the main task of
ITA. The design of experiments was planned with the
goal to reduce the number of weaving trials to a
minimum. The first weaving trails took place on a Jakob
Müller NH2 narrow loom with needle rapier weft
insertion. Most international standard test methods can be
carried out on the produced narrow fabrics.

Fig. 2. Weaving trials of PLA-PHB filaments
A creel setup with single bobbin brakes was chosen.
Weaving parameters such as weave and yarn densities
were defined based on a reference setup provided by an
automobile tear 1 supplier.
RESULTS AND DISCUSSION
The PLA-PHB filaments obtained have a round cross
section. The air-jet textured PLA-PHB obtained had a
titre of 660 dtex (144 filaments), with a tenacity of 2.23 g
/ den and elongation of 28 %.

For a good processability during the weaving process
three main factors are relevant to achieve a sufficient
fabric quality and a high weaving speed:
1. Stress/strain behavior
2. Friction

Filament behavior (of a multifilament yarn)

All three aspects were tested in comparison to the existing
polyester reference fabric. Regarding point 1 it turned out
that the PLA yarn had an equal processing behavior even
though the stiffness was a lower than that of the polyester
yarn.
The yarn friction and filament behavior did not show
obvious differences. The filament stayed in the yarn formation and did not tend to break.
The fabrics itself had an optical comparable looks. The
double weft insertion naturally changed the appearance of
the fabric.
The results of the tensile tests are represented in Fig 3.
The tensile strength was calculated according to the following equation.
Specific Tensile Strength σ Nm /g

Maximum Force F
N
g
Areal weight M m

The results show the PLA-PHB fabric’s tensile strength is
about 40 % lower than that of the polyester reference
fabric. The tensile modulus was calculated with the following equation
Textile Modulus E Nm /g

Spec. Tensile Strength σ Nm /g
Maximum Elongation є %

Tensile Strength σ [Nm2/g]

The polyester fabrics show a 30 % higher stiffness as
PLA-PHB fabrics. Furthermore, the tearing strength of
polyester fabrics is 10 % higher than PLA-PHB fabrics.
This shows that further work has to be done to improve
the mechanical properties of PLA-PHB fabrics to be accepted in the automotive industry.
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CONCLUSIONS
PLA-PHB blends were successfully spun into filaments
and further woven into narrow fabrics. Furthermore, the
mechanical properties were compared to polyester reference fabrics which are used as seat covers in automotive
industry. The tensile strength and modulus of PLA-PHB
material has to be improved so that it can meet the requirements of the automotive industry.
FUTURE WORK
In the project BIOFIBROCAR, work is being done to
achieve the required specifications viz. mechanical,
odour, flammability, abrasion resistance, colour fastness.
This is done by compounding additives with the PLA
polymer and by treating the polymer with specific chemicals.
The narrow weaving process with needle rapier weft insertion has the advantage of a quick setup due to a limited
number of warp yarns. However, the optical and mechanical properties of a needle woven fabric differ from a
normal rapier or air-jet loom. Therefore, the next weaving
trials will take place on a flexible rapier loom with segmented warp beams, so that only one warp beam can be
equipped with the new material.
KEYWORDS
Automotive interiors, biopolymer, polylactic acid, weaving, meltspinning
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