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Project report form 
For 

AATCC Foundation Student Research Support Grant 
 

Student Recipient 
Abhishek Bhattacharjee 

Faculty Advisor 
Yan Vivian Li 

Institution name and address where research was conducted 
School of Advanced Materials Discovery, 
Colorado State University, Fort Collins, CO, USA.  
Type of project (M.S. Thesis, PH.D. Dissertation, or other) 
Ph.D. dissertation 
Date award was received 
11/13/2020 

Project completion date 
Ongoing  

Title of project (underline) and brief abstract 
Title: Development of a SARS-CoV-2 biosensor using colorimetric polydiacetylene nanofiber composite. 
Abstract: SARS-CoV-2 is an enveloped novel virus which is responsible for an ongoing pandemic around 
the world, causing COVID-19 disease for more than 276 million people worldwide with 5.3 million 
deaths as of 23 December 2021. To stop the spread of this deadly virus, research work is ongoing 
globally to understand the morphological, physical and behavioral characteristics of this virus, hopefully 
resulting in effective vaccine and medical treatment in near future. In addition, rapid identification of 
the virus is of utmost necessity for global COVID-19 prevention and treatment. There is a great deal of 
effort on developing different identification techniques. However, identifying SARS-CoV-2 in the 
environment and on surfaces is still a challenging problem causing high risks for healthcare providers. 
The proposed project will focus on developing a SARS-CoV-2 biosensor using polydiacetylene (PDA) 
nanofiber composites that demonstrate colorimetric transition properties in response to external 
stimuli, such as pH, temperature, bacteria, and virus. Previously in our lab, a nanofiber-based PDA 
composite was prepared successfully to detect Escherichia coli bacteria and the mechanism of the 
colorimetric transition was investigated. Building upon previous experience, PDA nanofiber composites 
will be prepared and modified for the purpose of identifying SARS-CoV-2 via colorimetric transition. The 
primary objective is to incorporate a molecular receptor of SARS-CoV-2 antibody to the PDA 
macromolecules. The molecular receptor is expected to create interactions between the viral particle 
and the PDA molecules. The interactions will trigger a conformational change in the PDA 
macromolecules, resulting a colorimetric change visible to the naked eyes. The research will provide an 
opportunity to develop nanofiber-based biosensors that are able to detect SARS-CoV-2. 
 
How were results communicated (i.e., thesis, dissertation, report, presentation, journal article, or 
other)? Please give specific citations. 
Journal article under peer review. Journal name: Sensor & Diagnostics. 
 
Current position and address (optional) 
Ph.D. student at School of Advanced Materials Discovery, 
Colorado State University, Fort Collins, CO, USA. 
 
Signature of recipient 
 
 
 

Date 
12/28/2021 
 



Page 2: Name of Recipient: Abhishek Bhattacharjee 
 

Title of project (underline) and summary of research objectives, experimental procedures, and 
important results. 
 
Title: Development of a SARS-CoV-2 biosensor using colorimetric polydiacetylene nanofiber composite. 
 
Research Objectives:  
1. Prepare PDA nanofiber composite with matrix polymer polyurethane (PU) via electrospinning and 
UV irradiation along with incorporation of viral protein receptors (Nucleocapsid antibody protein, anti-
N) via chemical functionalization of PDAs and incubation of the PDA nanofiber composite with antibody 
solutions. 
2. Analyze nanofiber morphology and chemical composition before and after anti-N receptor 
incorporation. 
3. Test colorimetric transition behavior of the PDA nanofibers against the spike (S) protein of SARS-CoV-
2. 
 
Experimental procedures: 
1. Chemical functionalization of PDA monomer: 10, 12- pentacosadiynoic acid (PCDA) monomer was 
chemically functionalized to create a binding site for the anti-N. 1g PCDA, 337.5 mg N-
Hydroxysuccinimide (NHS), and 615 mg 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 
(EDC) were mixed with 10 mL dichloromethane (DCM). The mixture was stirred until a homogeneous 
solution was achieved. Then, the solution was kept inside a chemical hood to allow solvent evaporation, 
and an off-white powder was collected. 1g of the collected powder was mixed with HPLC grade water 
and extracted with ethyl acetate (EA) using a layered funnel tube. The organic layer from the top of the 
tube was collected and the remaining water was extracted using MgSO4 anhydrate. The solution was 
filtered using filter paper to exclude the remaining MgSO4. Then the solution was kept inside the hood 
to allow solvent evaporation and PCDA-NHS powders were collected after the solvent evaporation. 
 
2. PU-PDA-NHS nanofiber preparation: 2 g PU, 1 g PCDA-NHS, and 0.5 g PCDA powders were mixed 
with 8.5 mL tetrahydrofuran (THF) and stirred overnight at 1200 rpm and 55º C. Then, the mixture was 
added to 8.5 mL N, N-dimethylformamide (DMF) and was stirred overnight until a fine pink 
homogeneous solution of PU-PCDA-NHS was yielded. A customized electrospinning apparatus was used 
to produce PU-PDA-NHS nanofibers. The apparatus primarily consists of a Gamma High Voltage 
Research ES50P power supply and a Harvard PHD 2000 syringe pump. During electrospinning, PU-PCDA-
NHS solution was loaded in a syringe and was injected by the syringe pump at a constant speed of 0.12 
mL/h and a 17-kV electrical force generated by the power supply. The spinning time was 60 min for 
each nanofiber mat. The nanofibers were collected on an aluminum collector plate placed at a 
collection distance of 17 cm. A non-woven mat consisting of colorless PU-PCDA-NHS nanofibers was 
obtained. The nanofiber mat was exposed to a UV light at 254 nm for 3 min to photopolymerize PCDAs 
in the fiber into PDAs. The color of the PU-PDA-NHS nanofiber turned blue after the photo-
polymerization. PU-PDA-NHS nanofiber mats were stored in the dark to avoid any unwanted 
continuous photo-polymerization for future tests. 
 
3. Receptor conjugation to PU-PDA-NHS nanofibers: PU-PDA-NHS fiber mats were incubated with a 
solution containing 2µg/mL anti-N protein for 48 h at 4°C. Then, the anti-N conjugated PU-PDA-NHS 
fiber mats (PU-PDA-NHS-anti) were taken out from the solution and dried. The PU-PDA-NHS-anti fiber 
mats remained blue and were kept at 4°C away from light. 



4. Incubation of PDA nanofibers with S protein: PU-PDA, PU-PDA-NHS, and PU-PDA-NHS-anti fiber 
samples were washed using sterile water and PBS before they were incubated in SARS-CoV-2 S protein 
solution (1 µg/mL) using a low attachment 48-well plate. Color-changing behavior of the fibers was 
observed during the incubation time and photographs were recorded. 
 
5. Characterization: PCDA, PCDA-NHS powders and PU-PDA, PU-PDA-NHS, PU-PDA-NHS-anti fibers 
were chemically characterized via Attenuated Total Reflection (ATR)- Fourier Transform Infrared 
spectroscopy (FTIR). Scanning Electron Microscopic (SEM) images were taken for the PU-PDA, PU-PDA-
NHS, PU-PDA-NHS-anti fibers before and after incubating with S protein. For fiber diameter analysis, 
ImageJ software was used to measure fiber diameter from the SEM images. To evaluate statistically 
significant differences in the fiber diameters, ANOVA and Tukey’s Honest Significant Difference (HSD) 
tests were performed. 
 
Results: 
1. Chemical analysis: 
The FTIR spectra of PCDA-NHS powders had a peak at wavenumber 1723 cm-1 that corresponds to 
ester bond (-COO-). This peak was not found in PCDA powders. The PCDA powders showed a peak at 
wavenumber 1689 cm-1 corresponding to carboxylic acid (-COOH) stretching typical in PCDA [14]. A 
similar trend was found in the PU-PDA and PU-PDA-NHS fibers. PU-PDA fibers showed a peak at 
wavenumber 1691 cm-1 (-COOH) that was not present in PU-PDA-NHS fibers. Instead, a new peak at 
wavenumber 1725 cm-1 (-COO-) was observed in PU-PDA-NHS fibers (Figure 1). The results confirmed 
the esterification of PCDAs as a binding site for the anti-N protein [14, 17]. PU-PDA-NHS-anti fiber was 
obtained after anti-N conjugation to the PU-PDA-NHS fibers. In the FTIR spectra, no significant 
difference was found between the two fibers (Figure 1).  

 
Figure 1. FTIR spectra of PDA fiber and powder samples 

5001000150020002500300035004000
Wavenumber (cm-1)

PCDA

PCDA-NHS

PDA-NHS

PDA-NHS-anti

PU-PDA

PU-PDA-NHS

PU-PDA-NHS-anti



To confirm the anti-N conjugation occurring to the PU-PDA-NHS fibers, FTIR spectra were collected for 
PDA-NHS powders without PU. PCDA-NHS powders were photopolymerized and then UV irradiated at 
254 nm for 3 min, resulting in PDA-NHS powders. The PDA-NHS powders were incubated with anti-N 
and FTIR spectra were taken before and after the incubation. The result showed a significant increase 
in the N-H stretching peak (3360 cm-1), arising due to the presence of nitrogen (N) in anti-N protein 
composition. The presence of N-H stretching peak confirmed the successful anti-N conjugation with the 
PDA-NHS (Figure 1).  
 
2. Morphological analysis 
The morphological analysis of the fiber surfaces using the SEM images showed that PU-PDA fibers had 
a scale-like structure on the fiber surface which confirmed the attachment of PDAs on the PU fibers 
[11-12] (Figure 2a). PU-PDA-NHS fibers had a similar morphology on the surface (Figure 2c). The PU-
PDA-NHS-anti fibers had a similar structure but had some dot-like structures on the surface, which 
might be the anti-N proteins because this fiber was incubated for 48 h in the anti-N protein solution 
(Figure 2e, inset). The size of these dot-like structures varied from 50 nm to 700 nm, indicating different 
degrees of coagulation of antibody protein on the fiber surface.  
After 24 h of incubation with S protein, the PU-PDA fiber morphology remained the same, suggesting 
no chemical reaction between the fiber and S protein (Figure 2b). In comparison, the PU-PDA-NHS and 
PU-PDA-NHS-anti fibers showed a very rough surface after incubation with S protein (Figure 2d, 2f). 
Larger scale-like structures were observed in the fibers. The results indicated the topographical changes 
in the fiber morphology might be due to the interaction between the fibers (PU-PDA-NHS and PU-PDA-
NHS-anti) and S protein.   

 
Figure 2. SEM images PDA fibers before and after incubation with S protein. (a, c, e) before incubation 
images of PU-PDA, PU-PDA-NHS, and PU-PDA-NHS-anti respectively, (b, d, f) after incubation images 
of PU-PDA, PU-PDA-NHS, and PU-PDA-NHS-anti respectively. (e inset) Higher magnification image of 

PU-PDA-NHS-anti fiber before incubation. 
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3. Fiber diameter analysis: 
The fiber diameter analysis (Figure 3) indicated that there was no significant difference between PU-
PDA fibers before and after S protein incubation, which is in good agreement with the morphological 
observation of the fibers. The diameters of the PU-PDA-NHS and PU-PDA-NHS-anti fibers were reduced 
after S protein incubation, which was likely due to the interaction between PDA fibers and S proteins. 
However, the diameter reduction in PU-PDA-NHS fiber after S protein incubation was not statistically 
significant. In addition, statistical analysis indicated that the diameters of PU-PDA-NHS and PU-PDA-
NHS-anti fibers were significantly reduced than PU-PDA fibers.  

 
Figure 3. PDA fiber diameter before and after incubation with S protein (*, ***, and **** indicates 
p£0.05, p£0.001 and p£0.0001). 
 
4. Colorimetric behavior analysis 
When the PU-PDA-NHS-anti fiber was incubated with S-protein at room temperature, the fiber started 
changing color from blue to red after 4 h of incubation. The color of red became bright after 24 h of 
incubation (Table 1). In addition, PU-PDA and PU-PDA-NHS fibers were incubated with the S protein. 
No color change was observed in PU-PDA fibers as expected, which was in good agreement with the 
morphological observation and fiber diameter analysis. Furthermore, a significant color change was 
observed in PU-PDA-NHS fiber after 24 h of incubation with S protein (Table 1). That was because the 
PU-PDA-NHS fiber had open ester groups (-COO-) on macromolecules and hence some S protein might 
have been able to conjugate to the PU-PDA-NHS fiber, resulting in a color change. Additionally, all the 
fibers were incubated with the buffer media that was used to prepare the S protein solution and no 
color change was observed. The vivid blue to the red transformation of the PU-PDA-NHS-anti fiber 
suggested an interaction between the S protein and the anti-N protein might have been responded by 
a perturbation in the electron cloud of the PDAs and resulted in a color change. The preliminary results 
have demonstrated that the antibody conjugated PDA nanofibers have the potential in creating 

0

0.5

1

1.5

2

2.5

PU
-P

D
A

 b
ef

PU
-P

D
A

 a
ft

PU
-P

D
A

-N
H

S 
be

f

PU
-P

D
A

-N
H

S 
af

t

PU
-P

D
A

-N
H

S-
an

ti 
be

f

PU
-P

D
A

-N
H

S-
an

ti 
af

t

Fi
be

r d
ia

m
et

er
  (
µ) *

***
****



wearable devices and personal protective equipment such as facemasks and medical gowns for real-
time detecting and monitoring SARS-CoV-2 contamination and contraction on a daily basis as well as in 
a healthcare setting. Further investigation will focus on sensitivity, selectivity, and biosafety of PDA’s 
colorimetric responses to S protein, which are critical in proof-of-concept of using PDAs in SARS-CoV-2 
detection techniques. Additional studies such as comparability and durability of the flexible PDA 
nanofibers should be considered with the textile materials commonly used in personal protective 
equipment such as facemasks and medical gowns.    

 
Table 1. Photographs of PDA fibers, aluminum, and control before and after incubation with S protein 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fiber samples

Before incubation with S protein After incubation with S protein

Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3
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PU-PDA-NHS-anti
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samit chakraborty
Samit Chakraborty

samit chakraborty
Dr. Lisa Parrillo-Chapman; Dr. Marguerite Moore

samit chakraborty
Screen Printing Lab, Digital Printing Lab, Texturization Lab, Pilot Testing Lab and Physical Testing Lab Wilson College of Textiles, North Carolina State University

samit chakraborty
Laboratory Experimemt

samit chakraborty
November 13, 2020

samit chakraborty
November 30, 2020

samit chakraborty
Title: Predicting the print quality of ink-jet printed cotton fabric by analyzing the impact of pre-treatment factors.

Abstract: Padding mangle has been popular and widely used method to pretreat cotton fabrics for digital textile printing. However, pretreatment through padding mangle may require excessive liquor or paste due to lack of control over the pressure of the mangle. On the other hand, pretreatment using screen can also be a potential alternative alternative to the padding mangle method. Nevertheless, no previous study explored on the potentiality of fabric pretreatment using screen method. Therefore, the purpose of this research is to assess the print quality of ink-jet printed cotton fabric by analyzing the impact of pretreatment methods (padding and rotary screen).

samit chakraborty
Chakraborty, S., Saha, K., Chapman LP (2021 November). Comparison of Digital Printed Fabrics’ Colorimetric Attributes Based on Pretreatment Methods. In International Textile and Apparel Association Annual Conference Proceedings. �

samit chakraborty

samit chakraborty
12/16/2021
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Title of project (underline) and summary of research objectives, experimental procedures, and important results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

samit chakraborty
Title: Predicting the print quality of ink-jet printed cotton fabric by analyzing the impact of pre-treatment factors.

Summary:


Summary:



samit chakraborty
Research Objectives: The objectives of this research are to conduct an in-depth study of the chosen factors and their effect on digital print quality and analyze how image quality changes with the change of pretreatment methods.

Experimental Procedures: Scoured and bleached 2/1 twill 100% cotton (200 grams per square meter, end per inch 96 and picks per inch 48) were pretreated with a typical pretreatment recipe. (table 1). Fabric dimensions were (14 inch ×14 inch) and 20 inches width for screen and padding mangle method, respectively. Two different pretreatment application methods were used in this study, which were pretreatment using screen and padding mangle. Two types of mesh, white mesh (lower mesh thickness 125.7 micron) and yellow mesh (higher mesh thickness 230.48 micron), were used in the screen method. The pretreated substrate was dried at 212°F (100°C). Spot colors (Cyan, Magenta, Yellow and Black) were printed on the pretreated substrates with commercially available reactive inks using Mutoh 1938TX printer. The steaming was done at 220°F followed by the printing in a vertical steamer. The printed colors were measured with a X-rite i1-pro reflectance spectrophotometer (illuminant D65 and 10 degree observer function) for the colorimetric measurements (L*, a* and b* values). The amount of thickener, urea, soda ash and water used to prepare the print paste were 300g, 25g, 10g and 265g. The proportions were selected based on the previous studies.

Experimental Results: The colorimetric measurements, L*, a* and b* of printed individual colors found that the pretreated fabrics irrespective of the pretreatment application methods showed reduction in the lightness (L*).  Between white and yellow mesh, the L* value was higher than the yellow mesh in screen pretreatment method. The results found a similar trend for magenta, and black printed colors. However, for yellow color, the difference in L* values between treated and untreated were negligible irrespective of the pretreatment application methods. The a* value was more positive for magenta color for padding method and b* value was less negative for the padding mangle compared to screen methods. Colorfastness to dry and wet crocking (Crockmeter Method) were also adopted using AATCC TM 8 method. The results showed that fabric pretreated with padding mangle showed better dry rubbing fastness on average (4-5) compared to fabric pretreated with white lightweight mesh screen (3-4) and fabric pretreated with yellow heavyweight mesh screen (3). The results also showed that fabric pretreated with padding mangle showed better wet rubbing fastness on average (3-4) compared to fabric pretreated with white lightweight mesh screen (2-3) and fabric pretreated with yellow heavyweight mesh screen (1-2). The reason behind the better results in padding mangle method could be more uniform distribution of pre-treatment chemicals across the fabric compared to the screen method. Overall, this study can recommend that to achieve deeper shade, padding mangle provide better performance than the screen method. However, it should be also noted that mesh with lower thickness provided better results compared to screen having high mesh thickness.




PROJECT REPORT FORM  

FOR  
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Student Recipient  

 Katarina Goodge 

  

Faculty Advisor  

 Margaret Frey 

Institution name and address where research was conducted   

  

Cornell University 

Ithaca, NY 14850  

Type of project (M.S. Thesis, PH.D. Dissertation, or other)  

  

 PhD Dissertation 

  

Date award was received  

  

 November 13, 2020 

  

Project completion date  

  

 December 31, 2021 

Title of project (underline) and brief abstract   

Original Title: Durability to Laundering of Single and Multi-Layer Cloth Face Coverings 

Subsequent Paper Title: Cloth Face Coverings: Effect of Decontamination Method on Fabric 

Performance 

 Cloth face masks help control the spread of respiratory viruses but have not been optimized for 

effectiveness and reusability after repeated cleaning. Guidance specifically for cloth face 

coverings has recently been developed in response to Covid-19 (AATCC M14-2020 and ASTM 

F3502 2021). A few studies have compared types of cloth or cloth facemasks and other studies 

have demonstrated the effectiveness of several methods to decontaminate fabrics of bacteria and 

viruses, but none to date have investigated the impact of decontamination on the filtration 

efficiency (FE) and air permeability (AP). This study characterized a broad range of fabric types 

(3 knit, 7 woven, and 3 nonwoven) before and after 40 decontamination cycles by home laundry, 

microwave steam, or dishwasher. AP was quantified following ASTM D737, and FE was 

assessed using NaCl aerosol in a simulated breathing system. While most fabrics maintained or 

improved their FE after 40 decontamination cycles, the AP of many fabrics decreased due to 

detergent buildup, fiber breakage, and structure changes. Tightly woven cotton fabrics had 

unacceptable AP and FE performance. Knit and nonwoven structures had the best balance of 

properties, and although they  are not recommended for use in single-layer masks, they have 

potential use in multilayer masks.  

  



How were results communicated (i.e., thesis, dissertation, report, presentation, journal article, or 

other)?  Please give specific citations.  

  

Results were submitted to the Herman and Myrtle Goldstein Graduate Student Paper 

Competition where I came in third place. The next step is to submit the revised paper to the 

AATCC Journal of Research as well as be included as a chapter in my PhD dissertation.  

 

Current position and address (optional)  

 

PhD Student, Fiber Science 

Human Ecology Building, Cornell University (37 Forest Home Dr, Ithaca, NY 14850) 

Signature of recipient  

  

  

Date  

 12/20/2021 

Page 2:  Name of Recipient: Katarina Goodge 

  
Title of project (underline) and summary of research objectives, experimental procedures, and important results.  
  

 Cloth Face Coverings: Effect of Decontamination Method on Fabric Performance 

  

In this study, thirteen conventional fabrics (three knit, seven woven, and three nonwoven) were 

evaluated for use and reuse in cloth face coverings. Each fabric underwent decontamination up to 

40 cycles by home laundering (AATCC LP1), dishwasher sterilization, and microwave-generated 

steam (two minutes with 50 mL deionized water per cycle). Their breathability and filtration 

efficiency of submicron salt particles were assessed following ASTM D737-18 air permeability 

method and using a simulated breathing apparatus, respectively. Sodium chloride solution was 

aerosolized into polydisperse particles, and the size range monitored at 0.3, 0.5 and 1 µm 

particles which are relevant to the transmission of viral and bacterial diseases, including 

Covid-19. The air permeability, filtration efficiency, salt capture, and moisture capture were 

analyzed in combination to identify which fabrics were not only effective at source control but also 

would allow for extended duration of comfortable wear. The results of this study can be used in two 

ways. For one, designers or homemade mask makers can use the results to select fabrics that are 

durable to reuse and compatible for masks with multiple layers of varying composition. Otherwise, 

consumers can use these results to choose a commercial mask based on the mask’s fiber content 

and fabric structure and estimate the service life of that mask. 

 

Overall, home laundering and dishwasher sterilization had larger effects on the fabrics’ air 

permeability and salt capture due to the buildup of detergent residue, fiber breakage, and yarn 

relaxation. Additionally, a tradeoff was observed for both home laundering and dishwasher samples 

between an increase in filtration efficiency and a decrease in air permeability. Dishwasher residue 

and its effect thereof can be reduced by using less detergent or putting masks in with a full load of 



dishes opposed to a load of only face masks. Microwave-generated steam, however, did not involve 

detergent or agitation, so this method had little to no effect on fabric performance. While 

household microwaves are common and easy to use, this method is for sanitation not cleaning 

purposes and does not remove dirt, oil, etc. like dishwasher and home laundering do. Additionally, 

caution must be taken to ensure masks with any metal pieces, such as nose wires, are removed 

before microwaving.   

 

Another tradeoff was observed for fabric structure. Knit fabrics generally had higher breathability 

but lower filtration, whereas woven fabrics typically had lower breathability and higher filtration. 

The nonwoven samples balanced this tradeoff. Further, fabric structure was found to have a larger 

impact on breathability and filtration efficiency than fiber content. The performance difference for 

fiber content is weak for single layer masks; most fabrics were moderately good at trapping 0.5 and 

1.0 μm particles, but most had low to no capture of 0.3 μm particles. While the fabrics with poor to 

near-threshold breathability had an increase in filtration efficiency, the low breathability means that 

air would rather flow around fabric (through gaps in mask) instead of through the cloth filter media. 

That is, the samples in this study are perfectly sealed, and filtration efficiency will decrease 

depending on the fit of the actual mask. This underscores the need for multilayer masks to 

sufficiently capture 0.3 μm particles without diminishing the composite breathability or encouraging 

particle leakage. Further study is needed on whether the effects observed in single layers of fabric 

are additive or not for multilayer face coverings. Based on this study, no single-layer fabrics 

simultaneously meet the particle capture and air permeability thresholds, but K2, N1, K1, N3, W4 

are recommended for further testing in multilayer masks. 
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and Yiqi Yang <yyang2@unl.edu>) 

 
Student Recipient 

Faqrul Hassan  

Faculty Advisor 

Yiqi Yang 

 

Institution name and address where research was conducted  

Department of Textiles, Merchandising & Fashion Design at University of Nebraska-Lincoln. 234 HECO, UNL, 

Lincoln, NE 68583-0802 

 

Type of project (M.S. Thesis, Ph.D. Dissertation, or other) 

Ph.D. Dissertation 

 

 

Date award was received 

1/1/2021 

 

 

Project completion date 

12/31/2021 

 

 

Title of project (underline) and brief abstract  

Continuous spinning of 100% kafirin fibers on pilot-scale from Sorghum DDG 

 

This project is to develop regenerated protein fibers with high quality from sorghum DDG. To achieve continuous 

spinning of sorghum-derived protein fibers, we successfully selected solvent systems which desirably dissolved, 

stretched and entangled the sorghum protein molecules, and determined the composition of coagulation bath which 

ensured fast solidification of protein and required fiber drawability. The regenerated sorghum protein fibers had a 

breaking strength of 85 MPa and breaking elongation of 6%.   

 

 

 

 

 

How were results communicated (i.e., thesis, dissertation, report, presentation, journal article, or other)?  Please give 

specific citations. 

The results will soon be developed into a journal paper.  

 

Current position and address (optional) 
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Page 2:  Name of Recipient: Faqrul Hassan 

 
Title of project (underline) and summary of research objectives, experimental procedures, and important results. 

 

Title: Continuous spinning of 100% kafirin fibers on pilot-scale from Sorghum DDG 

 

Research objectives 

 

To optimize the stretch and alignment of kafirin molecules, establish disulfide crosslinkages, and improve the 

spinnability and overall properties of the fibers.  

 

Experimental procedures 

Selection of solvent systems 

The principle for choosing dissolution system is to cleave crosslinkage and stretch protein chains sufficiently to 

achieve desirable polymer entanglement and protein spinnability. Sorghum proteins are highly hydrophobic. The 

previous solution systems, such as ethanol/water dissolved sorghum protein by exposing hydrophobic groups to the 

solvent. As a result, the protein chains could not stretch to a desirable extend. Therefore, the final properties of 

sorghum protein products were not good. Considering the properties of sorghum protein, three systems are 

investigated. 

 

Aqueous system: The aqueous-based system is developed by our group previously for other densely crosslinked 

proteins. Weak alkaline conditions are used in this system to maximize reducing efficiency of reducing agents for 

disulfide cleavages and preservation of sorghum protein backbones. Due to the solubility parameters of sorghum 

proteins, the aqueous system has a high chance to unfold protein molecules to a very high extend with swelling 

agents and molecular stretching agents.  

 

Water/alcohol system: This system could easily dissolve sorghum protein (kafirin part) and form a transparent 

solution. However, because of the discrepancy in solubility parameters between sorghum protein and water/alcohol 

solvents, sorghum protein remained in folded globular with only hydrophobic side groups exposed to solvents. 

Therefore, we will screen various additives to improve degrees of protein stretchability.  

 

Acetic system: Some organic acids were also widely used to extract proteins. In addition, acidic conditions usually 

brought fewer damages to protein structures than alkaline conditions. Acetic acid was selected among organic acids 

due to its environmental harmlessness and low cost. Inorganic reducing agents were also used in this system due to 

their high reducing efficiency under acidic to neutral conditions. We will investigate the effect of various additives 

on the stretchability of protein chains and spinnability of spinning dope and determine the feasibility of using acetic 

system.  

 

Degree of dissolution and conformation change of sorghum protein molecules in each system will be analyzed. 

Effects of swelling agent concentrations, reducing agent concentration, acid/alcohol concentration, liquor ratio, pH 

and temperature on the conformation change of sorghum protein will also be investigated. 

 

Particle size of sorghum protein in solvent systems 

The average diameters of the aqueous droplets in semi-stable emulsion at different time were measured on a Delsa 

Nano C Particle Analyzer (Beckman Coulter Inc. Brea, CA). 

 

Rheology 

The rheological analysis was carried out on a rotational rheometer, R/S plus (Brookfield, U.S.A.). A coaxial 

spindle/chamber geometry (CC 25) was used. Shear viscosity and shear stress were measured as a function of shear 

rate in the range of 0-1000 s- l. 

 

Important results 

Determination of solvent systems 

Table 1 shows particle sizes of sorghum protein in various solvent systems. The results show that aqueous solvent 

system with alkali pH ensured the desirable dissolution. Three solvent systems, acetic acid, ethanol/water and 



aqueous with surfactants were compared. The particle sizes of sorghum protein reached 118 nm in aqueous system, 

similar to average length of stretched single sorghum protein molecules. The particle sizes of sorghum protein in 

other solvent systems, such as acetic acid and ethanol/water, were substantially larger, indicating a remarkable 

aggregation of sorghum proteins.  

 

Table 1 Particle sizes of sorghum proteins in different solvent systems 

Solvent systems Particle sizes (nm) 

Acetic acid 178.5 

70% Ethanol/30% water (w/w) 198.7 

70% Ethanol/30% water (w/w) with 10% sodium 

dodecyl sulfate based on the weight of sorghum protein 

186.1 

Water with 10% sodium dodecyl sulfate based on the 

weight of sorghum protein at pH of 7.5 

1664 

Water with 10% sodium dodecyl sulfate based on the 

weight of sorghum protein at pH of 10.5 

118 

10% reducing agent based on the weight of sorghum protein was added in each solvent system, which contained 

0.2% sorghum proteins.  

 

 

Table 2 shows the rheological properties of sorghum protein solution from different solvent systems. The results 

show that aqueous system with surfactants ensured the highest degree of entanglements of sorghum proteins.  

 

Table 2 Rheological properties of sorghum protein solutions  

Solvent systems K value (Pa·sn) N values 

Acetic acid 15.6 0.93 

70% Ethanol/30% water (w/w) 12.5 0.94 

70% Ethanol/30% water (w/w) with 

10% sodium dodecyl sulfate based 

on the weight of sorghum protein 

13.4 0.92 

Water with 10% sodium dodecyl 

sulfate based on the weight of 

sorghum protein at pH of 7.5 

21.7 0.97 

Water with 10% sodium dodecyl 

sulfate based on the weight of 

sorghum protein at pH of 10.5 

18.4 0.83 

Water with 30% sodium dodecyl 

sulfate based on the weight of 

sorghum protein at pH of 10.5 

19.2 0.76 

K is the consistency coefficient, directly proportional to polymer viscosity. n is the flow behavior index. The smaller 

value of n indicates better molecular entanglement. 

 

Determination of coagulation bath 

Table 3 shows the solidification of sorghum proteins solutions and drawability of solidified sorghum protein fibers. 

Results shows coagulation batch containing potassium chloride ensured fast protein precipitation and desirable fiber 

drawability. Since spinning dope contained high amount of sodium dodecyl sulfate, proteins in solutions were 

difficult to be solidified quickly. Therefore, we developed a coagulation bath ensuring precipitation of proteins and 

sodium dodecyl sulfate simultaneously. Replacing sodium ion in sodium dodecyl sulfate with potassium remarkably 

reduces the solubility of surfactants and thus the precipitation speed of sorghum proteins.  

 

Table 3 Formulations of different coagulation baths for sorghum protein solidification and drawability  

Coagulation baths Good solidification Good fiber drawability 

15% Na2SO4, 1.5% ZnSO4, 10% 

Acetic acid 

Cannot solidified within 5 min Yes, after protein solidification 

10% Na2SO4, 5% KCl, 1.5% 

ZnSO4, 10% Acetic acid 

Solidification took place within 1 

min 

Yes 



5% Na2SO4, 10% KCl, 1.5% 

ZnSO4, 10% Acetic acid 

Solidification took place within 15 

seconds 

Yes 

15% KCl, 1.5% ZnSO4, 10% 

Acetic acid 

Solidification took place within 5 

seconds 

No 

Ethanol with 10% acetic acid Solidification took place within 30 

seconds 

No 

The composition of spinning dope for sorghum proteins: 25% sorghum proteins, 30% sodium dodecyl sulfate based 

on the weight of proteins, 2% mercaptothion based on the weight of proteins, pH 10.5. 

 

Spinning of sorghum protein fibers 

Figure 1 shows the regenerated fibers from sorghum DG. The fibers had average diameters of 20-25 µm, breaking 

strength of 85 MPa and breaking elongation of 6%.  

 
Figure 1. Wet spun protein fibers from sorghum DG. 
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Cellulose Nanofiber as Mask/ PPE Surface Agent for Enhancing Antiviral Performance

Objectives:
Primary objectives of this research include: (1) to use cellulose nanofiber from wood pulp and lignocellulose
biomass; (2) to concoct a spray containing an enzyme by adding it to the CNF emulsion directly; (3) to assess the
strength of our spray in various conditions. This research procedure includes the steps of producing cellulose
nanofibers through nano fibrillation, spray concoction formation, and product testing/application.

Experiment Materials and Methods:

Creating the CNF-based emulsion water-soluble spray
Previous samples of cellulose nanofibers were extracted from raw cellulose and prepared using TEMPO-mediated
oxidation before my experimental procedures. These samples were used to create the CNF-based emulsion
water-soluble spray with the IKA RW 20 to evenly spread out the cellulose nanofibers at constant speed. To create
this mixture, a previously recorded ratio of 0.00926 g cellulose nanofibers/ 1mL H2O is used to allow for the CNF
to disperse evenly. A cellulose identification stain of Shirlastain D is applied to highlight the CNF on the fabric
surfaces for microscopic examination. Once the mixture was produced, it was transferred to a standard spray bottle
and kept in the refrigerator at 4 °C.

Addition of Poly-vinyl alcohol (PVA) water-soluble synthetic polymer
Poly-vinyl alcohol was chosen as the water-soluble synthetic polymer to increase tensile strength, flexibility, and
adhesion properties in our textile experimental samples. To apply the PVA to our CNF mixture, the PVA with the
molecular weight of 85,000-124,000, and 95.5-96.5% hydrolyzed was utilized. 5 grams of the PVA was measured,
and heated on a hot plate for 45 minutes. The resulting PVA with water evaporation increased crystallinity was
transferred to the CNF mixture, ensuing a 16.67% of PVA to the overall solution. This mixture was kept in a dark,
concealed bottle at room temperature at 20 °C.

Nylon and Polypropylene Fabrics
Nylon and Polypropylene were the main fabrics used in property testing. By both resembling synthetic fabrics,
there was an easily identifiable contrast between the biodegradable CNF and synthetic fibers in the experimental
samples. Both fabrics are of the most abundant and easily attainable textiles, which added further reasoning to
continue with experimental testing, and they can both additionally endure machine laundering. To ensure a proper
comparison between surgical and commercialized masks, Polypropylene was tested because it is the primary
synthetic fiber used in surgical mask fabrics. Compared to polypropylene, nylon was utilized because it is one of
the most well known synthetic fabrics in the clothing industry, with its fibers being strong, elastic and resistant to
abrasion.

VCA Optima/ Optical Microscope/ Scanning Electron Microscope/ Machine Laundering
Various testing procedures were used to find a positive correlation of decreased aerosol transmission through the
extensive testing of nylon and polypropylene fabric samples. Obvious contrasts were observed between control
fabrics and experimental fabrics sprayed with cellulose nanofibers through optical microscope in the Institute for
Cellular Molecular Biology (ICMB) and Scanning Electron Microscope (SEM) in the Texas Materials Institute
(TMI); Measuring contact angle through VCA Optima; and Evaluating the CNF spray washability with a
laundering machine called Launder-O-Meter.



Results:

1. Surface Contact Angles for Nylon and Polypropylene Fabric Samples

Table 1  Mean values of measured contact angles (°)

In this table of the contact angle measurements using the VCA instrument, the average of three individual values
was taken to congregate a mean value of both the right and the left angle measurement. A demonstration of the
measures taken can be noted below.

2. VCA Optima Contact Angle Photos

Nylon No Spray

Nylon CNF/PVA Sample Post Laundering



3. SEM Photos for Nylon: Taken in the Texas Materials Institute (TMI)

Nylon control



Nylon with CNF

Nylon with CNF/ PVA



Summary:

In summary, various testing of polypropylene and nylon fabrics have been conducted to test for a positive
correlation of decreased aerosol transmission with various instruments: VCA optima, SEM, and Optical
microscope. Regarding the VCA optima, the contact angle of the liquid to the fabric measures the wettability of a
solid surface by a liquid. The tests were repeated multiple times regarding control and experimental samples to
achieve the most consistent results presented in the data graphs. The results are modified based on the surface
tension of the fabric affected by the presence of CNF and PVA. With the right and left contact angles of the
experimental samples being lower than the control samples, this indicates there is stronger adhesion in the CNF
samples due to the hydrophilic nature of cellulose and PVA. Post-laundering shows that the contact angles of both
the nylon and polypropylene experimental samples did not have a significant reduction in comparison with the
pre-laundering contact angles, indicating that washing may not cause a dramatic surface tension change for those
fabrics applied with the CNF/PVA coating spray. In this study we confirm that cellulose nanofibers influence each
type of fabric differently, but reject our hypothesis that machine laundering plays a role in impacting the fabric
surface tension formed by the CNF/PVA spray the fabric surface. Regarding the optical microscope and SEM,
these were both used to view the surface texture of the fabric samples. A visual representation of the SEM results
between the control, CNF, and CNF/PVA samples can be viewed above. There is a clear visual distinction between
each of the photos viewed at the same micrometer viewpoint, and the CNF/PVA solution demonstrates increased
visual adhesion.

In addition, a grant of $1000 has been received from the University of Texas at Austin as an Undergraduate
Research Fellowship to fund the Bacterial Filtration Efficiency (BFE) testing.  BFE will determine the
effectiveness mask’s provide against exterior bacteria. This testing determines the effectiveness a mask provides
against exterior bacteria, and it measures the efficiency of the cellulose nanofiber sprayed fabric itself comparable
to someone wearing a mask. These results are aligned with the applicable standard numbers for the United States
(ASTM F2100 and ASTM F210). These results are essential for the conclusion of my project to determine if this is
a reliable method to suggest to consumers.
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Analysis of Physiological Effects of Compression Gear on American College and Pro-Level Football Athletes  
 
Introduction 
Football players often experience a great deal of injury and muscle soreness due to the large amount of time spent in 
practice, lifting weights, and playing games. The NFL reported 3,455 injuries from 2012 to 2019; these numbers, 
however, only include large scale injuries such as concussions, MCL tears, and ACL tears (NFL Player Health and 
Safety, 2020). When considering lower-body soft tissue injuries such as hamstring tears, there are a total of 
approximately 1000 injuries occurring each year in the NFL (Battista, 2020). Girdles are claimed to ensure optimum 
protection while keeping padding in place (How to put pads on football pants, 1968). Physiological benefits include 
improvement of joint awareness, increased blood flow, increased sweat rate, increased muscle oxygenation, reduced 
perception of fatigue, reduced swelling, reduced muscle oscillations, and decreased post-muscle soreness while 
having no negative impact of performance (Walker, 2020). However, there remains a large gap in scientific 
literature regarding compression girdles and their physiological effects on the body for performance athletes.   

 
Therefore, the purpose of this research was to determine the hypothalamus temperature (THY), skin blood flow 
(SBF), skin temperature (TSK), sweat rate (SWA), temperature sensation, and comfort perceptions of the male 
human body when wearing a compression girdle. This research will provide valuable feedback to football garment 
manufacturers and propose revisions for practice attire to aid the prevention of injury and reduce muscle soreness in 
football athletes. It will inform college and pro level football players of the physiological benefits of using a girdle 
and/or compression pant; guide football manufacturers for design improvements of gear; and aid coaches when 
considering changes to garment practice protocols in a way that reduces muscle soreness and prevents injures in 
football athletes.  

  
Methods 
Using a state-of-the-art dynamic sweating thermal manikin, physiological measurements were collected under 
constant ambient conditions (32°C) under which football games and practice commonly occur. The compression 
girdle was first compared to a control (boxer briefs) and another common base layer configuration: compression 
shorts + compression tights. Once tested alone, each base layer configuration was tested in both practice (with 
regular athletic shorts) and play (with football uniform pants) settings.  
 
Sample/Test Garments 
3 garment configurations were tested and analyzed including base layers, practice attire, and play attire. For each of 
these, researchers explored the impact of wearing a girdle alone, in conjunction with compression tights, and 
compared to a control ensemble including only boxer briefs. The manikin was dressed with a compression tank, 
socks, and cleats for the base layer configuration. For the practice attire, athletic shorts were donned on top of the 
briefs, girdle, or girdle + compression tights. For the play attire, football uniform pants and jersey shirt were worn 
on top of the base layer configuration. The compression tank was not worn under the jersey shirt for the play attire 
setting. 
 
 
 



A)  

                             B)   C)  
Figure 1. A) Base layer configuration consisting of compression tank, socks, and cleats plus girdle + compression 
tights, girdle only, or boxer briefs only, B) Practice attire consisting of compression tank, socks, cleats, and athletic 

shorts worn over one of the three base layer configurations, and C) Play attire consisting of football jersey shirt, 
socks, cleats, and football jersey pants worn over one of the three base layer configurations (minus the compression 

tank). 
 
Testing Procedures 
Testing procedures included using ANDI, a state-of-the-art dynamic sweating thermal manikin which includes 35 
zones and 140 sweat pores. A ManikinPC² human thermal model plug in was utilized within the ThermDAC 
software to replicate physiological responses in real time (Thermetrics, 2021). Each test repetition took place in a 
controlled environmental chamber with ambient conditions of 32o C, 65% relative humidity, and 0.4 m/s windspeed. 
The MET rate selected for the physiological protocol was based on the 2011 Compendium of Physical Activities for 
a wide receiver. A met rate of 4.0 was selected to replicate warm up activities, 8.0 METs for play time, 1.0 MET for 
time out periods, and 2.0 METs was used to replicate cool down activity. Table 1 illustrates the 2.5-hour test 
protocol replicating the game play of a wide receiver.  
 

 



 
Table 1. Physiological protocol of game play for a wide receiver based on the 2011 Compendium of Physical 

Activities (Ainsworth et al., 2011). 
 
Measurements 
ManikinPC’s purpose is to simulate physiological and thermoregulatory human responses in dynamically changing 
environments. For the purpose of this experiment, the variables listed below were set and measured in accordance 
with environmental conditions of an American football game (Measurement Technology Northwest, 2015). 

• Activity level is measured in METs where one MET is defined as one kcal kg-1 h-1. For an average male, 
one MET is equivalent to the energy consumption used while sedentary. 

• Comfort is measured on a scale from -4 (very uncomfortable) to 4 (very comfortable). 0 represents a 
“comfortable” state. 

• Sensation is based on a scale from -4 (cold) to 4 (hot) with 0 resembling that the manikin does not feel any 
sensation of hot or cold. This is a measure of how hot or cold the environment is based on skin temperature. 

• Skin temperature (TSK) is measured in degrees Celsius which is read directly from each of the 35 zones of 
the manikin. 

• Hypothalamus temperature (THY) is measured in degrees Celsius. This is computed based on the modeled 
respiratory, cardiac, and brain temperature. 

• Active sweating (SWA) is measured in the amount of sweat generated by active thermoregulation in 
grams/minute. 

• Skin blood flow (SBF) is measured in liters per minute and is representative of 
vasoconstriction/vasodilatation state (Measurement Technology Northwest, 2015).  

 
Statistical Analysis 
To determine the statistical significance of the measured differences in THY, SBF, TSK, SWA, temperature 
sensation, and comfort perceptions, single factor, one-way ANOVAs were performed using the basic Excel 
statistical analysis tool-pak plug-in. A p-value of <0.05 was selected to indicate significance. Two sample T-tests, 
assuming equal variance were performed if the ANOVAs from each garment configuration (base layer, practice, and 
play ensembles) indicated significant differences between them.  
 



It should be noted, measurements for comfort and temperature sensation perceptions were analyzed only for the 
twelve lower body zones including lower back, upper thighs, lower thighs and calfs. THY, TSK, SBF, and SWA 
were whole body average measurements, as provided by the human thermal model plug-in.  
 
Results and Discussion 
The average hypothalamus temperature, skin blood flow, and skin temperature for the 2.5-hour protocol for each 
garment configuration are reported in Figure 2 below. These results demonstrate an improvement in SBF when 
wearing the compression girdle either alone or with tights in both the practice and play ensembles compared to 
wearing traditional boxer briefs. Results for THY and TSK indicate that compared to boxer briefs, wearing a 
compression girdle in combination with multiple layers, such as with compression tights and practice shorts or 
football pants, significantly increases THY and TSK across the 2.5 hour protocol. Yet, these maximum increases of 
0.27°C degrees in THY and 0.94°C degrees in TSK are likely not meaningfully significant. These findings are not 
surprising as the wearer is donning additional layers of clothing which increases insulation and therefore quickens 
the rise in skin and core temperature during physical activity. When looking at statistically significant differences for 
SBF, TSK and THY, results demonstrate significant differences between the boxer briefs and girdle+tights garment 
ensembles in practice and play settings.  
 

 
Figure 2. Average THY, SBF and TSK for base layers, practice, and play garments. 

 
Differences in SWA followed similar trends when the compression girdle was layered with tights, practice shorts, 
and football pants (Figure 3), however, overall, sweat rates between garment configurations were negligible from a 
statistical significance standpoint which is not surprising given the intense level of physical activity being simulated 
by the model. Significant differences (p<0.05) were found between garment configurations for the comfort and 
temperature sensations. Temperature sensation was lowest when wearing the compression girdle alone in the base 
layer configuration and highest when combining the compression girdle with tights along with practice shorts or 
football pants for play and practice scenarios. In terms of subjective comfort, the model indicated wearing the boxer 
briefs alone, or in combination with practice shorts or football pants was the most comfortable. This makes sense as 
the boxer briefs are the thinnest base layer compared to the compression girdle, however, the benefits of increased 
SBF for muscle recovery are non-existent without the compression girdle. Wearing the compression girdle only, 
without tights, is the most comfortable, after the boxer briefs, followed by the compression girdle+tights.  
 
 



 
Figure 3. Average SWA, sensation and comfort perceptions for base layers, practice, and play garments. 

 
Findings from the above manikin testing indicate that compression girdles and tights significantly increase SBF 
leading to faster muscle recovery. For muscles to recover, oxygen is needed (Murphy, 2017). An increase in blood 
flow carries oxygen molecules to the muscles therefore leading to efficient muscle recovery times (Murphy, 2017). 
When worn alone, with no other layers, the compression girdle is the most comfortable in terms of THY, TSK, 
SWA, and temperature sensation. Wearing the compression girdle in combination with tights leads to the greatest 
skin blood flow, however, it is the least comfortable for both thermal comfort physiological responses and comfort 
perceptions. This is expected as layering clothes adds additional fabric layers and air insulation leading to increased 
heat transfer resistance from the body to the external environment, creating a warmer clothing microclimate. This in 
turn leads to lower comfort perception levels and a faster rise in core temperature, skin temperature, and sweat rate 
(Havenith, 1999; Havenith, 2001).  
 
Conclusion 
The primary objective of this research was to determine whether compression girdles have the positive effects on 
skin blood flow claimed by manufacturers and others in the professional athlete industry.  Under the specific 
ambient conditions, physiological protocol, and garment ensembles tested in this study, an increase in SBF was 
found for compression girdles which may lead to more efficient muscle recovery. However, results also show that an 
additional or thicker base layer such as a padded compression girdle, comes at the cost of decreased thermal comfort 
as increases in THY, SWA, and TSK were found along with lower comfort perceptions.  
 
Limitations of this study include the inability to analyze SBF, SWA, THY, and TSK measurements for the lower 
body manikin zones only. Unfortunately, due to limitations in the current ManikinPC2 software, only a single whole 
body (35 zone) average is provided for these data points. Future research should continue to evaluate compression 
garments and their effects on athletes to further the development of products to decrease injuries in sports. 
Specifically, incorporating materials that allow for compression yet, eliminate movement restriction and allow for 
ventilation and breathability will increase thermal comfort and prevent quicker onset of heat stress.   
 
 
 
 
 
 
 
 
 
 
 



 
References  
Ainsworth, B., Haskell, W., Herrmann, S., Meckes, N., Bassett, D., Tudor-Locke, C., Greer, J., Vezina, J., Whitt-

Glover, M., & Leon, A. (2011). 2011 Compendium of Physical Activities. Medicine & Science in Sports & 
Exercise, 43(8), 1575–1581. https://doi.org/10.1249/mss.0b013e31821ece12  

Andi Thermal Manikin. Thermetrics. (2021, June 2). Retrieved December 24, 2021, from 
https://thermetrics.com/products/manikin/andi/  

Battista, J. (2020, January 23). NFL reveals 2019 injury data, hopeful rule changes are working. Retrieved 
September 25, 2020, from https://www.nfl.com/news/nfl-reveals-2019-injury-data-hopeful-rule-changes-
are-working-0ap3000001098679  

Eckstein, J. (2020, August 28). How the NFL Makes Money: TV is King, Streaming and Gambling on Horizon. 
Retrieved September 25, 2020, from https://www.investopedia.com/articles/personal-finance/062515/how-
nfl-makes-money.asp  

Havenith, G. (1999). Heat balance when wearing protective clothing. The Annals of Occupational Hygiene, 43(5), 
289-296. doi: 10.1093/annhyg/43.5.289 

Havenith, G. (2001). The interaction of clothing and thermoregulation. Exogenous Dermatology, 1(5), 221-230. 
How to put pads on football pants: Proper Way to Install Football Pads. (1968, January 1). Retrieved December 22, 

2021, from https://kingstonyouthlacrosse.org/about-all/how-to-put-pads-on-football-pants-proper-way-to-
install-football-pads.html#Reasons_to_Wear_a_Football_Girdle  

Measurement Technology Northwest. (2015). ManikinPC: Internal Technical Manual. Seattle, WA: MTNW  
Murphy, M. (2017, August 9). How to recover after exercise: Muscle Recovery. VFA Learning. Retrieved 

December 22, 2021, from https://vfalearning.vic.edu.au/muscle-recovery/  
NFL Player Health and Safety. (2020). Injury Data. Retrieved September 25, 2020, from 

https://www.playsmartplaysafe.com/newsroom/reports/injury-data/  
Walker, O. (2020, July 15). Compression garments. Science for Sport. Retrieved December 22, 2021, from 

https://www.scienceforsport.com/compression-garments/#top  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



PROJECT REPORT FORM 

FOR 

AATCC FOUNDATION STUDENT RESEARCH SUPPORT AWARD 

 
Student Recipient 

Fan Zhang 

Faculty Advisor 

Martin W King 

Institution name and address where research was conducted  

North Carolina State University Wilson College of Textiles 

1020 Main Campus Drive, Raleigh, NC 27606 

 

Type of project (M.S. Thesis, PH.D. Dissertation, or other) 

Ph.D. Dissertation 

 

Date award was received 

Jan 1, 2021 

Project completion date 

Dec 31, 2021 

 

Title of project (underline) and brief abstract  

 

Textile-Reinforced Composite Vascular Graft 
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cellular response and retard the regeneration process. On the contrary, natural polymer-derived hydrogels have long 

been considered as viable materials to encourage tissue regeneration and revascularization, but their use was limited 

by their inferior mechanical properties. In this study, a composite vascular prosthesis is fabricated using a knitted 

poly(lactic acid) textile reinforcement and gelatin methacryloyl hydrogel matrix sealant. The textile reinforcement 

provided sufficient mechanical properties. At the same time, hydrogel supported cellular activities. The 

incorporation of hydrogel also sealed the large pores of the textile conduit and eliminated fluid leakage through the 

graft, so as to positively regulate hemodynamic to make a more clinically secure and successful vascular prosthesis. 
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Textile-Reinforced Composite Vascular Graft 

 

At the present time, there is no successful synthetic, off-the-shelf small-caliber vascular graft (< 6 mm) for the repair 

or bypass of the coronary or carotid arteries. Hydrogel has long been considered as a viable material to encourage 

cell recruitment, tissue regeneration and revascularization, but its clinical success has been limited by its inferior 

mechanical properties.  

 

We previously reported a circular-knitted vascular graft using hybrid yarns of collagen and poly (lactic acid) (PLA), 

which showed significant endothelial cell recruitment and proliferation compared to pure PLA scaffold [8]. The 

mechanical properties were also improved compared to the previously reported collagen vascular graft [9], and more 

importantly the graft matched the mechanical properties of native blood vessels with regard to bursting strength and 

compliance, making it a viable material to fabricate vascular prosthesis. However, there were still limitations 

including fluid leakage through the vessel wall due to the porous feature of textile, which undermines its potential 

for clinical translation.  

 

In this study, by compositing textile and hydrogel, we leveraged the superior mechanical properties of textile 

material with excellent cytocompatibility and microporous feature of hydrogel to make it toward a clinically 

successful vascular prosthesis. The utilization of the textile-reinforced composite structure (a) retained the excellent 

mechanical properties of knitted PLA textile conduit, (b) reduced fluid leakage through the vessel wall due to the 

incorporation of the microporous GelMA hydrogel; (c) maintained a high cell viability and cell density in vitro. In 

summary, this preliminary study proved that the textile-reinforced composite vascular prosthesis possessed both 

excellent mechanical properties and cytocompatibility, and therefore is worthy for further evaluation as a potential 

prototype candidate of small-diameter vascular graft. 
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Retrofitting a Low-Cost 3D Printer to Facilitate Fabrication of Textile-Based Assistive Devices
Wearable assistive devices have garnered interest recently due to their benefits in safe and comfortable human-robot interaction, yet progress has 
relied significantly on devices constructed from bulky elastomers. Heat-sealable textiles (HSTs) are a promising alternative to elastomers that 
consist of a textile laminated with a thermoplastic polymer, which allows adhesion to itself and other surfaces when heat and pressure are applied. 
Although HSTs have potential to enable inexpensive and scalable wearable assistive devices, the current and most common method of fabrication 
precludes intricate, small-scale geometries and scaled-up manufacturing due to reliance on manual alignment.

An improved method is proposed herein through reconfiguring a commercially available 3D printer into a computer numerical controlled (CNC) 
thermal bonder. With simple, low-cost modifications to a 3D printer, we prove the efficacy of this method of fabrication by creating compact 
devices with a significantly reduced time cost and less human effort than previously required with manual methods. To more fully realize this 
tool, we characterize the strength of the heat-sealed bond as a function of the pertinent spatial, temporal, and thermal parameters. This research 
aims to lower the barrier of entry for developing wearable assistive devices to support activities of daily living in an ever-growing population of 
persons with disabilities.
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Results are being documented internally in the form of weekly meetings with presentations of slide decks as the project continues. The final data, 
methods, and results will be submitted to a peer-reviewed journal or presented at a conference in the future. 
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Retrofitting a Low-Cost 3D Printer to Facilitate Fabrication of Textile-Based Assistive Devices
Background and Significance:
     Wearable assistive devices can be made from heat-sealable textiles (HSTs), fabrics laminated with thermoplastic that can bond to surfaces 
through the application of heat and pressure via heat pressing. Bonded and non-bonded regions between stacked HSTs are typically defined by 
inserting an intermediate non-stick layer to prevent adhesion of the HSTs. This patterned layer allows formation of internal bladders where 
pressurized fluid can flow in order to selectively inflate certain regions for actuation or control schemes. These fluidic components can be 
integrated within a complete system to create wearable assistive devices to better assist in therapy, activities of daily living, and overall further 
the abilities of humans. 
     Current fabrication methods of textile-based wearable technology are limited due to the inability to create small-scale geometries, the 
difficulty in aligning intricate intermediate patterns, and the impedance of fluid flow when the intermediate layer is introduced. These difficulties 
can be eliminated by developing a computer numerical controlled (CNC) thermal bonding process that delivers precise, automated, localized 
bonding directly to HSTs, without the need for an intermediate non-stick layer.

Objectives:
     Successful implementation of a CNC thermal bonder results in a lateral resolution of at least one millimeter for the thermal bond and the 
ability to bond HSTs with comparable strength of conventional methods (e.g., non-localized heat pressing). To develop a deeper understanding 
of this method, we employ quantitative empirical analysis of the relevant parameters of the CNC thermal bonder (such as pressure, velocity, and 
temperature of the hot-end) on the strength of the heat-sealed bond. Ultimately, this research will provide an automated approach to fabricating 
textile-based wearable assistive devices from low-cost, commercially available components. Our approach will consequently enable a lower 
barrier of entry into wearable robotics, reduce waste, increase efficiency, and further the capabilities of researchers in their pursuit of enhancing 
day-to-day life for humans with impairments to mobility and many other clinical impediments.

Methods:
     3D printers have become low cost, polyfunctional tools. Multi-axis actuation and built-in heating elements in the extruding nozzle, i.e., “hot-
end,” are both desirable characteristics for reconfiguration into a CNC thermal bonder. We chose to use the Creality CR-10S Pro V2 as the 3D 
printer for its relatively low cost (< $1,000), open-source (and thus modifiable) firmware and software, and large bed size (300 mm x 300 mm). 
We note that less expensive alternative 3D printers may be capable of providing similar results for a cost of around $200 (e.g., Creality’s “Ender” 
series). 
     The designs for bonding were created in a scalable vector graphics editor and exported to a "slicer" software (Cura Slicer). Within the slicer, 
we are able to control the velocity, temperature, and vertical offset (which can be related to force or pressure) of the hot-end. The design and 
controllable parameters were then exported to the printer that sealed thermoplastic polyurethane (TPU)-coated nylon taffeta that was placed on 
top of a temperature-resistant silicone mat.

Results: 
     The printer was capable of providing thermal bonds that are quantitatively equivalent to bonds made with a large-scale heat press (DK25S). 
The bonds were tested in a universal testing machine (Instron) and exhibited failures in the fabric before the thermal bond failed (at a force of 
over 300 N), which is characteristic for a heat-pressed bond of TPU-coated nylon taffeta. The bonds exhibited a dependence on temperature, with 
a local maximum strength of bond around 240° C and a monotonic dependence on velocity beyond 1 mm/s; velocities below 1 mm/s exhibited 
failure at the material level before the bond failed, yet we used 2 mm/s for a two-fold increase in speed with less than a 10% reduction in the 
strength of the bond. The vertical offset is still in the preliminary stages of characterization, but we expect there to be an optimal vertical offset 
and thus pressure with which to bond these textiles. 
     From our CNC thermal bonder, we have developed a multitude of devices that are able to be fabricated on the order of minutes rather than 
hours, as is typical with the conventional methods of bonding HSTs that use an intermediate non-stick layer. We have further taken advantage of 
the 3D printer's capabilities by employing the ability to print material onto our textile substrate. The CNC bonder is not only capable of quickly 
and reliably replicating actuators representing the state of the art but is also able to create yet-to-be-realized sheet-based devices with the addition 
of extruded layers of flexible filament (Ninjaflex TPU) on one side, creating an anisotropic stiffness which causes the actuation to change 
drastically and adds to the overall degrees of freedom of our actuators (e.g., bending, twisting, and jointed actuation rather than only biaxial 
contraction). As a consequence, we have created not only "pouch motors" but also various grippers and monolithic and bilithic devices with 
anisotropic stiffnesses. Furthermore, by negating the use of non-stick layers, our CNC bonder enables the creation of bistable inflatables and 
other devices with complex topologies and underlying geometries that would not otherwise be feasible to fabricate with a heat press or other 
conventional methods for textile-based devices.
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Fabrication and Evaluation of Auxetic Designed Weft Knitted Poly(ε -caprolactone) Resorbable Scaffolds for 
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ABSTRACT:  
Hemifacial microsomia is the second most frequent congenital malformation in the world. about 1 in 3700 newborns 
in the USA suffer from the deformity. The deformity is characterized by underdevelopment of head and neck tissue 
on one or both sides of the face which frequently results in functional and psychological problems such as difficulty 
to chew, breath, and smile.  
Current treatment involves removal of defective tissue, correction of jawbone and filling the defects with autologous 
biological grafts. The autologous grafts are associated with donor site morbidity and inability to completely restore 
form and function. 
This study provides an alternative approach by developing a synthetic, biocompatible and biodegradable textile 
scaffold with the ability for in vitro regeneration of facial skeletal muscle and brain tissue using mature autologous 
precursor cells.  
The study includes four steps: 1. Fabrication of novel auxetic designed weft knitted scaffolds using elastomeric 
poly(ε-caprolactone) filament yarn and a comparison of the properties with that of the non-auxetic scaffold samples. 
2. Surface modification of the hydrophobic polymeric scaffolds using plasma surface activation, acrylic acid 
grafting and type 1 collagen coating to render them hydrophilic 3. To evaluate the improvement in biocompatibility 
of the surface modified scaffolds in a static in vitro culture system with C2C12 mouse muscle cells and PC-12 rat 
nerve cells. 4. To evaluate the effect of the auxetic design of the scaffolds in a dynamic mono- and co-culture system 
on the regeneration of functional skeletal muscle tissue.  
The scaffolds were fabricated using weft knitting technology and the physical and mechanical characteristics were 
evaluated. The surface modification was evaluated using surface characterization techniques including FTIR, XPS 
and SEM with elemental analysis (EDS). The improvement in hydrophilicity was evaluated using water contact 
angle measurements with a goniometer. Preliminary biocompatibility of the scaffolds was established with a 10-day 
in vitro study involving the cell culture of C2C12 mouse myoblasts on the scaffolds under static conditions and 
analysis of cell viability and metabolic activity using assays such as alamarBlue and live/dead assays with confocal 
microscopy. 



The next steps include further evaluation of the biocompatibility of scaffolds involving a monoculture in vitro study 
of PC-12 rat nerve cells and a co-culture of C2C12 and PC-12 cells. In addition, the auxetic properties of the 
scaffolds will be evaluated in dynamic cell culture systems. 
How were results communicated (i.e., thesis, dissertation, report, presentation, journal article, or other)?  Please give 
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The study is ongoing and we have reached the stage of evaluating the biocompatibility of the scaffolds under static 
culture conditions. These results were communicated in April 2021 as part of the research proposal presented during 
an oral preliminary exam for doctoral candidacy. The final results will be communicated in the form of a doctoral 
dissertation. 
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Fabrication and Evaluation of Auxetic Designed Weft Knitted Poly(ε -caprolactone) Resorbable Scaffolds for 
Craniofacial Muscle Regeneration and Treatment of Hemifacial Microsomia 
 
The ultimate goal of this research project is to demonstrate viable textile technologies to fabricate a scaffold which is 
capable of regenerating soft facial tissue to replace autologous biological grafts. This involves fabrication of auxetic 
designed scaffolds from poly(ε-caprolactone) multifilament yarn using weft knitting technology and improve its 
hydrophilicity by atmospheric plasma induced surface modification and collagen immobilization. Further, the research 
objectives include evaluation of the physical and mechanical properties and biological performance of the fabric 
scaffold samples in monoculture and co-culture systems using C2C12 mouse myoblasts and PC-12 nerve cells and 
demonstrate in a dynamic bioreactor environment with mechanical stimulation that the auxetic designs of the scaffold 
influence the regeneration of a functional skeletal muscle tissue.  
Two auxetic designs and one simple weft rib structure were selected for knitting the narrow width scaffolds on a 
Shima Seiki Model SIR123 18 gauge weft knitting machine. To enhance the dimensional stability of the auxetic 
designs, elastomeric biodegradable 100% poly(ε-caprolactone) a 160 denier 36 multifilament yarn was used. After 
knitting, the samples were scoured with Triton X-100 nonionic detergent and heat set under relaxed conditions at 45o 

C.  
A plasma induced surface modification technique was used in order to change the surface characteristics of the 
scaffolds without altering the scaffold structure and its physical and mechanical properties. Collagen immobilization 
was performed to improve the cytocompatibility of the scaffolds. The narrow width scaffold samples were treated 
with ionized plasma containing 99% helium and 1% oxygen for 60 seconds on both sides. Immediately after plasma 
treatment the samples were subjected to UV induced acrylic acid surface polymerization. The samples were then 
surface activated by the crosslinking agent 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) at 
4o C and finally treated with type I bovine dermal collagen solution. The samples were then washed with phosphate 
buffered saline solution. Collagen was then immobilized on the scaffold surface after surface activation by plasma 
treatment and acrylic acid grafting to ensure the durability of the collagen coating. 
The evaluation of the physical and mechanical properties involved the measurement of total porosity and pore size 
distribution, calculating the Poisson’s ratio and comparing the ratio between that of the two auxetic derived and the 
conventional scaffold samples, and evaluating the ultimate bursting strength and elongation at break for the treated 
and untreated samples. The total porosity of the two auxetic designed scaffolds was higher than 80% while that of the 
non-auxetic structure was approximately 75%. The average pore size lay between 207 to 278 microns for all the treated 
and untreated samples with normally distributed pore size range and maximum 37% CV. At 25% elongation, the 
Poisson’s ratio for the non-auxetic structure was +0.1 while that for the auxetic structures was 0 which means that at 
25% extension there was no change in apparent width of these narrow width scaffolds. The ultimate bursting strength 
and elongation at break were evaluated according to the standard guideline ISO 7198:2016, “Cardiovascular Implants 
and Extracorporeal Systems”. A stainless-steel puncture probe of 3mm diameter was mounted on an MTS tensile 
tester with a 5kN load cell and 50 mm/min cross-head speed was used to puncture the specimen. The average ultimate 
bursting strengths for the two auxetic designed collagen-treated samples were 408.89 and 423.95 kPa, which were 
comparable to the strength of a native skeletal muscle fiber, which is approximately 440 kPa.  
Evidence of the effect of surface modification and collagen immobilization was determined using surface 
characterization techniques including water contact angle measurement, FTIR and XPS spectroscopy and SEM with 
EDS spectroscopy.  
The biocompatibility of the scaffolds was evaluated with respect to cell attachment and proliferation of C2C12 mouse 
myoblasts in a 10-day cell culture. The alamarBlue and live/dead cell staining assays showed improved cell attachment 
and metabolic activity on the collagen coated scaffold samples compared to that on the untreated scaffold samples. 
Future steps include evaluation of the biocompatibility of the scaffolds with PC-12 nerve cells, and then evaluation of 
the effect of co-culturing C2C12 & PC-12 cells on the scaffolds under static and dynamic cell culture conditions with 
mechanical stimulation so as to determine the extent of in vitro regeneration of skeletal muscle. 
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