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ABSTRACT 

Developments in bioactive chitosan fibre production have recently allowed chitosan 

to be applied to surfaces of nonfunctional fabric bases in its pure form or as a blend 

with other materials. Because of new technology, chitosan can be spun into fibre and 

blended with inactive fibre material. Consequently, chitosan can now be used without 

requiring further treatment or finishing processes. The durability and permeability of 

bioactive textiles can be significantly improved while preserving the advantages of 

fabric structures.  

In this study, biofunctional textile materials containing chitosan were fabricated and 

tested for assessing their suitability for wound care. For the chitosan fibres tested in 

this article, both mechanical properties and bio-performance were found related to 

chitosan's core parameter degree of deacelation, which is also reflected in appearance 

and handfeel. Therefore, it is possible to quickly identify single-component functional 

fibres through systematic testing and classification. It is important to note that even if 

the raw material is the same, the nature of the material and fibre can be different 

depending on the form in which the fibre takes. Through the test of the fibre in solid 

and solution form, it can be found that the antimicrobial properties tested from the raw 

material under the commonly used system does not reflect the antimicrobial properties 

of the fibre products. Therefore, new testing method was developed based on textile 

testing standards.  

To solve the problem of chitosan fibre lapping in the process of yarn production, I 

developed prototypes and conducted trials in spinning factory. The results revealed 

that the carbon nanotubes/NBR composite material preparation for the conductive 

roller effectively reduced fibre lapping on the roller during textile manufacture. The 

resulting yarn products were tested, and it was also found that other than antimicrobial 

properties exhibited in chitosan fibre form, the chitosan textile considerably improved 

the proliferation of fibroblast cells.  
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During my study, it was found that fibre distribution in yarn structure influences the 

functional properties of my functional textile products, but methods for characterising 

this distribution remain limited. Therefore, two methods for quantifying fibre 

distribution uniformity were proposed and evaluated. The window variation method 

(WVM), based on cell counting, randomly selects windows and quantifies the 

uniformity of one type of fibre in a yarn cross section by calculating the variation of 

the fibre ratio in each window. The other method is the dilation method (DLM), which 

quantifies uniformity according to the dilation area of the targeted fibres. Compared 

to Hamilton index, my methods can better predict the performance of yarn by its cross-

sectional distribution of fibres. 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Biobased fibres differ from traditional synthetic fibres; biobased fibres are sourced from 

biodegradable and sustainable materials, while conventional synthetic fibres are sourced 

from petroleum. They are widely used in biomedical, military, and astronomical 

applications. Chitosan is a copolymer of glucosamine derived using the alkaline 

deacetylation of chitin, which is a natural polysaccharide obtained from the shells of 

crustaceans such as crabs and shrimps. Because of the rapid development of fibre 

technology, the production of chitosan fibre has recently attained industrial maturation. 

Chitosan fibre possesses numerous advantages, such as biodegradability, nontoxicity, 

and unique antimicrobial properties and wound accelerating effects, over other biobased 

fibres. However, secondary pollution during production processes requires consideration, 

and material use should be minimised while maintaining the desirable levels of 

performance, due to the high cost of the material.  

Technological developments have altered the role of textiles from that of a 

supplementary material to that of a primary material. Success in chitosan and fibre 

production has allowed chitosan to be applied on the surfaces of nonfunctional fabric 

bases; moreover, chitosan can be used as a blend with other materials or used alone in 
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its pure form. This development allows chitosan to perform its desired functions without 

the need for any further treatment or finishing processes. The literature on the 

antimicrobial performance of chitosan is extensive. However, few studies involve 

chitosan in its fibre form, not to mention in high-content chitosan-blend yarn forms or in 

fabric forms. Because of the complex production process, physical and chemical changes 

in chitosan may alter its antimicrobial performance; this phenomenon requires further 

investigation. Furthermore, existing testing methods are based on the medical method of 

minimum inhibitory concentration (MIC) or textile methods demonstrated in standards 

such as AATCC100. However, these methods are not applicable to wound conditions 

with fluid leakage. Disagreement and uncertainty exists in the industry concerning 

testing standards suitable for this new product with unique characteristics; this study is 

an attempt to solve the uncertainty regarding testing standards.  

This study aims to develop a chitosan-based, multifunctional, and daily wound care 

textile system that possesses excellent antimicrobial properties, while preserving the 

advantages of textile structure, such as high elasticity, air and water permeability, 

comfort, and durability. These products can be applied to conditions of daily wear and 

as functional textiles for wound healing acceleration. The proposed study not only 

focuses on developing wound-care textiles but also on achieving cost-effectiveness and 

discovering proper antimicrobial testing methods for chitosan-based textiles, particularly 

for wound care. The findings will help patients with skin disorder and skin-related 

complications, such as chronic wounds and bed sores. Furthermore, the findings are 
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expected to assist producers and consumers to select appropriate material inputs in 

production and distribution and facilitate the development of appropriate industrial 

testing standards for antimicrobial wound-care textiles, particularly for functional 

textiles based on insoluble materials. 

The objectives of the study include the following:  

(1) production of chitosan/cotton yarns and fabrics for medical care, 

(2) testing the proposed chitosan-based textile material, 

(3) designing, prototyping, and optimizing the proposed products considering 

bioperformance and material costs. 

1.2 Chitosan 

1.2.1 Origin and applications of chitosan 

Chitosan is a cationic polysaccharide that results from the alkaline deacetylation of 

chitin, which is a natural polysaccharide obtained from shells of crustaceans, such as 

crabs and shrimps as depicted in Figure 1-1. It is nontoxic, biodegradable, and 

Figure 1-1. Processing of raw material to end product in chitosan textile industry. 
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biocompatible. Therefore, chitosan and its derivatives are known to be promising 

materials for various applications in areas such as food processing, drug delivery, and 

environmental pollution.  

1.2.2 Two Important Factors in Chitosan: Degree of Deacetylation and Molecular 

Weight 

In terms of health care, two chitosan parameters draw the most attention from both 

researchers and the industry. The first one is the degree of deacetylation (DD). Because 

chitosan is derived from chitin through alkaline deacetylation, the DD is the key factor 

in differentiating between chitosan and chitin. Although complete deacetylatation of 

chitosan is possible, it is not practical in reality; therefore, chitin with a DD of more 

than 35% is defined as chitosan. The bioperformance of chitosan is unanimously agreed 

to result from the presence of the nitrile group, and DD indicates the number of nitrile 

group. Therefore, DD is considered a key factor. The other relevant parameter of 

chitosan is its molecular weight (Mw). Studies on the biological performance of 

chitosan and chitin of varied Mw are discussed in the literature review.  

1.3 Textile method of blending 

Textile technology is one of the most ancient technologies that involve fibre, yarn, and 

fabric. Compared with other similar structures such, as film, fabric has advantages such 

as high strength, elasticity, and permeability. These characteristics are vital for 
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applications involving human skin. In the biotextile industry, active materials are 

usually coated on ready-made fabrics as finishing; however, the coating may not firmly 

bind with the fabric and can easily become unattached and lose its function.  

Blending is a commonly used technology in the textile industry. In this process, fibres 

are mixed either before or during the spinning process. If the active material can be 

spun into fibre and blended with inactive fibre material, durability and permeability can 

be significantly improved, while preserving the advantages of fabric structures.  

Figure 1-2. Process of textile production (upper); the strict requirements of textile production heavily restrict the applicable 

material list (chitosan as an example). The rich structural capability and stability of biofunctional textiles render them versatile. 

 

Figure 0.1 Figure 1-2. Process of textile production (upper); the strict requirements of textile production heavily restrict the applicable 

material list (chitosan is an example). 
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1.4 Bacterial and Antimicrobial Activity 

1.4.1 Microorganisms and Bacteria 

Microorganisms are tiny living organisms invisible to the naked eye. They constitute 

more than 60% of the Earth’s living matter and play crucial roles, such as fixing gases 

and breaking down the dead bodies of plants and animals into simpler substances and 

supporting the life cycles and processes on earth. It has been estimated that two to three 

billion species share the planet with humans. Microorganisms possess a remarkable 

variety of forms and are often divided into six groups, namely bacteria, viruses, fungi, 

protozoa, algae, and the most recently discovered archaea.  

Bacteria are single-celled microorganisms. Unlike human cells, the genetic information 

of bacteria is stored in a single loop of DNA and in an additional circular structure 

Figure 1-3 Inner structure of gram-negative and gram-positive bacteria. 
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known as plasmid. A common classification of bacteria was developed by Hans 

Christian Gram in 1884 with a two-step staining technique using crystal violet and 

safranin. Bacteria are first stained using crystal violet, which binds to peptidoglycan 

found on the cell wall. After washing away the unbound dye, the bacteria are stained 

by safranin in red. Gram-positive bacteria are stained in purple because the 

peptidoglycan (chemical dye) reacts with the second dye, while the lipid-based outer 

membrane of gram-negative bacteria does not bind with safranin and the bacteria 

remains red.  

The classification method by Gram can effectively distinguish bacteria based on the 

nature of their membrane. The nature of membranes is crucial for studies on 

antimicrobial activity. Typical strains of the two groups are mostly included, as for 

antimicrobial substances, the target on membrane is unique and vital.  

1.4.2 Antimicrobials 

Antimicrobials refer to substances that kill or suppress the reproduction of bacteria. 

Some antimicrobials also inhibit fungi and protozoans but are usually ineffective 

against viruses. Products containing antimicrobial have been developed and are 

commonly used in the treatment and prevention of bacterial infection. Although 

antimicrobials are available, the risk of bacteria evolving rapidly to develop resistance 

to the antimicrobial is high if it is used constantly.  
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Common antimicrobials, such as tetracycline, erythromycin chloramphenicolum, and 

the penicillin family have high bacteria-killing rates; however, they have side effects 

when applied topically on wounds continuously. For example, the use of popular 

antimicrobials containing silver results in silver or silver sulphide particles in the skin, 

which causes grey discoloration on the skin known as argyria (Lansdown, 2006). 

Furthermore, the indiscriminate use of antibiotics has been hypothesised to alter host 

microbiota and eventually result in chronic disease (Thacker & Artlett, 2012) . 

Therefore, development of nontoxic antimicrobials with less adverse effects on hosts 

remains crucial. 

1.5 Skin Wound Healing 

The wound healing process consists of four continuous and overlapping phases: 

haemostasis, inflammation, proliferation, and remodelling. Cells function 

cooperatively; consequently, delay in any one of the phases can affect subsequent ones.  

Haemostasis, the first stage of the healing process, involves coagulation that form clots 

and stops bleeding. It limits the damage to the skin and prepares the wound for later 

processes. Inflammation is a fundamental nonspecific self-defence mechanism of the 

human body designed to protect the subject from various inflammatory substances. Its 

aim is to restrict, reject, or eliminate foreign agents and cells dead from the wound. 

Proliferation and remoulding include rebuilding of the wounded tissue.  
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Skin, as the frontline of the human body, defends the body against harmful inorganic 

and organic substances and protects tissues and organs. Millions of people have wound 

healing disorders and experience low quality of life; moreover, these disorders can even 

threaten their lives. Some of these disorders are incurable and need special daily care. 

Antibiotics, in such cases, are inappropriate and may worsen conditions. In normal 

cases, the continued use of antimicrobial dressing beyond the time required to reduce 

bacterial levels actually delays healing because of negative effects on host cells, 

particularly when the dressings contains toxic substances such as silver ion. 

Wounds can be categorised on the basis of wounding, shape or form, and conditions of 

contamination. In wound-related studies, animal models are created according to the 

aim of study and method of testing. Many factors may affect wound healing, including 

locational factors such as humidity, oxygen content, and infection, as well as systemic 

factors of the host such as age, stress, diabetes, and medications (Guo & DiPietro, 

2010) . 

In my study, I mainly considered the relationship between infection and the wound 

healing process, because chitosan influences both infection and wound healing. 

Infection is found commonly on wounds. When the barrier of stratum corneum breaks 

down, bacteria on the surface will be able to invade and multiply. Wounds with 

bacterial concentrations higher than 105 in tissue are usually considered infected; 

however, in a colonised wound, bacterial numbers can be as high as 108. The number 
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can vary depending on the wound location and condition of the host, and the definition 

is a continuum. Colonisation is most likely to occur in the early stages of wound 

healing, as the tissue is weakest during this time, and the healing process will remain 

the inflammatory phase because of colonisation.  
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CHAPER 2 LITERATURE REVIEW 

2.1 Chitosan and Antimicrobial Activity 

The antimicrobial property of chitosan is one of its most recognized biological 

characteristics. It has high killing rates at low concentrations for common species of 

bacteria, yeast, and fungi. Furthermore, because of its low toxicity and biodegradability, 

chitosan is considered safe and promising. The antimicrobial properties of chitosan 

have been investigated extensively; however, the results of these studies vary and are 

sometimes mutually contradictory. In contrast to most antibiotics, the mode of action 

for chitosan differs fundamentally with different environment factors such as pH level, 

properties of chitosan material, such as DD and Mw, and species of microorganisms. 

Mode of action by chitosan: Solid or solution 

Survival of most bacteria requires moisture, and because chitosan, which contains long 

chain structures is insoluble in water; the hydrophobic nature of chitosan limits its 

antibiotic activity. In previous studies, researchers have improved the solubility of 

chitosan by lowering its Mw (Mellegård, Strand, Christensen, Granum, & Hardy, 2011) 

and adding additional chemical groups (Qin et al., 2006) . From a textile perspective, 

making chitosan soluble in water would reduce the desired textile functions of the fabric. 

Literature regarding chitosan in soluble state are numerous. Although no conclusions 

on the nature of chitosan’s mode of action in inhibiting microorganism have been 

established, studies have suggested that the interaction of chitosan molecules with cell 
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membranes causes disruption of functions of the outer and/or inner membranes and 

leakage of intracellular components. Studies have also reported that the chitosan 

molecule enters the cell body and interacts with bacterial DNA, which leads to improper 

function of genetic expression and interferes with the nutrient supply. The second action 

is unlikely to occur with chitosan in its solid state because the molecule is extremely 

large and condensed and will not penetrate the cell membrane and enter the cell body. 

Naive chitosan with relatively higher Mw (chitosan with Mw lower than 10kDa is 

usually called chitosan oligomer) is not soluble in water.  

Key Conditions Affecting Antimicrobial Performance: pH 

According to (Qin et al., 2006), the solubility of chitosan decreases considerably at pH 

higher than 6, and as previously mentioned, studies have demonstrated that chitosan is 

more soluble in aqueous acetic acid than in pure water. In addition, its solubility 

Figure 2-1 Chitosan as treatment and blended fibre in fabric (left) and mode of action by chitosan on bacteria (right). 
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decreases as its Mw increases, which explains why chitosan with small Mw generally 

exhibits high solubility. The most common pH environment for antimicrobial 

performance for chitosan ranges between 5.8 to 6 (João C Fernandes et al., 2010; No, 

Park, Lee, & Meyers, 2002), as it is a requirement of the MIC assay, widely adopted in 

antimicrobial tests, to use a liquid testing material. However, acidic environments 

influence bacterial growth. Liu (2006) conducted a comprehensive study on the 

antimicrobial effect of acetic acid against Escherichia coli, and the results indicated that 

acetic acid with concentrations over 0.01% displayed an inhibition effect on E. coli, and 

acetic acid with concentrations over 0.02% killed all the bacteria. In the preparation of 

chitosan solutions, 1% acetic acid is usually used to achieve chitosan concentration of 

1%, and NaOH is usually used to adjust the pH to between 5.6 and 5.9. Therefore, it is 

expected that the concentrations of acetic acid and chitosan are similar in the final 

testing dilution. The MIC of chitosan varies due to the difference of Mw, the DD, 

species of microorganisms and conditions, but generally range from 0.025% to >0.2%, 

which exceeds the 0.02% threshold concentration. In a study by (No, Park, Lee, & 

Meyers, 2002), the effect of pH (4.5 to 5.9) on bacterial species, including 

Staphylococcus aureus (S. aureus) and E. coli, was evaluated using a 0.03% chitosan 

solute in similar concentrations of organic acid and acetic acid. E. coli had 8.93 viable 

cell log numbers at 4.5 pH, and 9.54 at a pH of 5.9. The effect on S. aureus was even 

less (8.53 at 4.5 pH and 8.50 at 5.9 pH). Many studies have proven that low-pH chitosan 

solutions displayed improved antimicrobial performance. However, whether the 
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promotion effect is merely due to the lowering of pH or interaction between chitosan 

and acetic acid remains uncertain.    

Apart from articles relating to chitosan solution with a pH of less than 6, few studies on 

chitosan in solid state have been conducted. Compared with chitosan in the solute state, 

chitosan in solid state possesses only limited conformation contact with the medium of 

microorganisms. (Kong, Chen, Xing, & Park, 2010) stated that the mode of action of 

chitosan in the solid state might differ from that of chitosan in solution form. 

Hydrophobic and chelating effects are relevant in solid states; however, the dominant 

electrostatic effect is relevant in the solute states.  

Key Factor in Chitosan: Mw 

The biofunction of chitosan material has drawn the attention of the textile industry since 

the discovery of its antimicrobial properties in 1979 by Allan and Hadwiger(Allan, CR, 

& LE, 1979). Fernandes et al. (João C Fernandes et al., 2010) conducted a 

comprehensive experiment on chitosan in solution and padded on cotton fabric. They 

included three types of chitosan with high to low Mw (averaging 591, 628, and 107 

kDa) and two types of chito-oligosaccharide (Mw: <5 and <3 kDa) for gram-negative 

bacteria. Lower Mw chitosan was found to have higher inhibition performance, and the 

results were the reverse in the case of gram-positive bacteria. Such results may be due 

to the structural difference between the two groups. The oligomer more easily 

penetrates the cell wall of gram-negative bacteria.  
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Although it is expected that chitosan used as a treatment on textiles does not alter the 

chemical structure of the textile material (and thus the treatment has a negligible effect 

on its biological performance), the production process of fibre, yarn, or fabric may 

affect the key parameters and thus affect performance.  

Testing method in medical content: Minimum Inhibitory (MIC) and Minimum 

Bactericidal Concentration 

MIC is defined as the lowest concentration of an antimicrobial that prevents the 

visible growth of bacteria over a defined period (usually less than 1 h); the minimum 

bactericidal concentration is the lowest concentration of an antibacterial agent 

required to kill a bacterium over a defined period (usually 18 or 24 h). Such methods 

are relatively quick and inexpensive; however, they are only effective in soluble 

antibacterial with strong killing effect. 

2.2 Chitosan and Wound Healing 

Chitosan has been reported to exhibit positive effects in every phase of the wound 

healing process by enhancing functions and promoting proliferation of responsive cells 

such as polymorphonuclears (PMNs), macrophages and fibroblasts, and inhibiting the 

growth of microorganisms. Studies have been conducted with different forms of 

chitosan: gel (Shinde, Khade, Kadam, & More, 2011) and solution (Ueno et al., 2001); 

these studies all demonstrated the ability of chitosan to accelerate wound healing in 

several aspects throughout the wound healing process. A number of factors complicate 
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horizontal comparisons. Wound healing is an extremely complex process; the methods 

of characterisation vary, and the form of chitosan used and wound type and size also 

vary widely. The literature related to chitosan’s ability to accelerate wound healing is 

listed in Table 2-1 according to wound type and form, key chitosan parameters, and 

type of animal model. 

As can be seen in Table 2-1, the most popular animal model and wound type is the rat 

model and circular excision on the back, probably due to its high availability and 

difficulty of modelling. The most common form of chitosan was gel, as chitosan can be 

easily dissolved in acetic acid to automatically form a gel. However, such a form has 

obvious practical limitations, as it is common to apply special dressings in clinical 

practise, but it is impossible to apply gel on wounds in certain situations. However, 

some studies have introduced multi-ingredient material with Ag or antibiotics.  

The side effects of the treatments appear to be understudied; furthermore, control 

groups for comparison are often absent. The two reports most related to textiles(Abou-

Okeil, Sheta, Amr, & Ali, 2012; Ueno et al., 1999) include chitosan print on nonwoven 

fabric and in fibre fabric; however, one report contained Ag particles, and the other had 

a highly limited number of tested specimens. None of the two tested chitosan specimens 

in textile forms have sufficient data to support their effectiveness. It has already been 

mentioned previously that the DD considerably affects the biological performance of 

chitosan; however, many reports have failed to test this hypothesis. In Ueno’s study, 
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chitosan with low DD was used, and such material was more likely to be categorised as 

chitin.  
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Table 2-1 In vivo studies on wound healing efficacy of chitosan. 
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The methodology used in wound healing studies varies. The relevant in vitro tests are 

related to viability and proliferation of responsible cells, namely HFFF2 cells, and 

secretions, such as growth factors and extracellular matrix produced by macrophage 

and fibroblasts, respectively. Tests on bacterial inhibition also exist. The in vitro tests 

are easier to conduct; however, in vivo tests provide more precise information on the 

progress occurring in the skin tissue. The literature can also be categorised according 

to the main phases in wound healing; namely, the inflammation, proliferation, and 

remodelling phases. In the inflammation phase, the test was limited to MPO activity 

and only found in one article. Compared with the large volume of literature on 

antimicrobial activity of chitosan in skin wounds in in vitro experiments, there exist 

little information of its performance in in vivo studies. This situation might be due to 

difficulties in controlling the process of wound contamination; thus, wound 

contamination can be fatal to animals and the variation between groups can be highly 

large. The subsequent wound healing processes may be delayed or stopped.  
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M ethod of test  A rticle

HFFF2 cells

by MTT and 3H

methyl thymidine

assay

Design and characterization of a chitosan

physical gel promoting wound healing in mice

TNF-α and Wnt

expression

Design and characterization of a chitosan

physical gel promoting wound healing in mice

inhibition zone
Wound dressing based on nonwoven viscose

fabrics

plate count

Development and characterization of cotton,

organic cotton flat knit fabrics coated with

chitosan, sodium alginate, calcium alginate

polymers and antibiotic drugs for wound healing

Evaluation effect of chitosan for the extracellular

matrix production by fibroblast and the growth

factors production by macrophages

Evaluation effect of chitosan for the extracellular

matrix production by fibroblast and the growth

factors production by macrophages

plate count N/A

N/A

MPO activity
Design and characterization of a chitosan

physical gel promoting wound healing in mice

N/A

collegen type
immunohistochem

ical staining

Accelerating effects of chitosan for healing at

early phase of experimental open wound in dogs

collagen

content
HPX level

Design and characterization of a chitosan

physical gel promoting wound healing in mice

haemoglobin (HB)

level

Design and characterization of a chitosan

physical gel promoting wound healing in mice

granulation

tissue
tissue amount measure depth

Accelerating effects of chitosan for healing at

early phase of experimental open wound in dogs

count
Accelerating effects of chitosan for healing at

early phase of experimental open wound in dogs

area of wound

Wound healing efficacy of achitosan-based film-

forming gel containing tyrothricin in various rat

wound models

histological

observation

(qualitative)

Preparation of water-soluble chtosan/heparin

omplex and its application as weound healing

accerator; Accelerating effects of chitosan for

healing at early phase of experimental open

wound in dogs; Wound dressing based on

nonwoven viscose fabrics

strength of

healed wound
breaking strength

Wound healing efficacy of achitosan-based film-

forming gel containing tyrothricin in various rat

wound models

measure area of

lesion

Design and characterization of a chitosan

physical gel promoting wound healing in mice

healing rate

remodelling phase

O bject of test

in vivo

proliferation phase

chronic wounds formation

bacterial inhibition

collagen

related

activity

neovascularization

lasting time

inflammation phase

cell viability and proliferation

ulcer formation

effectiveness

of healing

polycytosis

in vitro

bacterial inhibition

extracellular matrix production by fibroblast

growth factors production by macrophages

cellular response

collagen generation

Table 2-2. Methods for testing effects of chitosan on wound healing. 
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(Cont.) Methods for testing effects of chitosan on wound healing.   
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plate count
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polymers and antibiotic drugs for wound healing

Evaluation effect of chitosan for the extracellular

matrix production by fibroblast and the growth

factors production by macrophages

Evaluation effect of chitosan for the extracellular

matrix production by fibroblast and the growth

factors production by macrophages

plate count N/A

N/A

MPO activity
Design and characterization of a chitosan

physical gel promoting wound healing in mice

N/A

collegen type
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Accelerating effects of chitosan for healing at
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Design and characterization of a chitosan

physical gel promoting wound healing in mice

granulation
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tissue amount measure depth

Accelerating effects of chitosan for healing at

early phase of experimental open wound in dogs

count
Accelerating effects of chitosan for healing at

early phase of experimental open wound in dogs

area of wound

Wound healing efficacy of achitosan-based film-

forming gel containing tyrothricin in various rat

wound models

histological

observation

(qualitative)

Preparation of water-soluble chtosan/heparin

omplex and its application as weound healing

accerator; Accelerating effects of chitosan for

healing at early phase of experimental open

wound in dogs; Wound dressing based on

nonwoven viscose fabrics

strength of

healed wound
breaking strength

Wound healing efficacy of achitosan-based film-

forming gel containing tyrothricin in various rat

wound models

measure area of

lesion

Design and characterization of a chitosan

physical gel promoting wound healing in mice

healing rate

remodelling phase

O bject of test

in vivo

proliferation phase

chronic wounds formation

bacterial inhibition

collagen

related

activity

neovascularization

lasting time

inflammation phase

cell viability and proliferation

ulcer formation

effectiveness

of healing

polycytosis

in vitro

bacterial inhibition

extracellular matrix production by fibroblast

growth factors production by macrophages

cellular response

collagen generation



22 

 

It has been reported in previous studies that chitosan has a positive effect on 

angiogenesis. Blood vessels carry oxygen and nutrition, and because oxygen content is 

one of the key factors in the wound healing process, chitosan may have a positive effect 

on healing wounds.  

Infection has a key role in the healing process; however, this role is not usually 

recognized; instead, infection is seen as a reflection of wound healing quality or wound 

healing acceleration. Because chitosan exhibits excellent antimicrobial inhibition, it is 

worthwhile to investigate the relationship between infection control and wound healing 

acceleration.  

2.3 Chitosan and Textile 

Several aspects of chitosan applications in textiles have been studied, including surface 

coating, dyeing, finishing, nanoparticles, and nanofibres. Chitosan has been reported as 

one of the safest and most effective antimicrobial agents. Chitosan fibre, the ‘star’ 

textile material in recent years, has numerous advantages over metal-based and 

antibiotics-based antimicrobial textiles because of its lower toxicity, higher cyto-

compatibility, and durable antimicrobial performance.  

The applications of chitosan fibres are mainly in the apparel industry and medical-

hygiene fields. For apparel application, chitosan fibre usually ends in woven or knitted 

fabric with a 10/90 blending ratio. Shortcomings of chitosan fibre, such as high 
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electrostatic generation and poor mechanical properties, restrict the application of 

chitosan on yarn-based textile production technology, which explains the lack of 

literature on high-percentage chitosan spinning, weaving, and knitting technology. In 

the medical and hygiene fields, the main end products are wound pads, which consist 

of spunlaced or hot-blast nonwoven fabrics. Most common blends in the nonwoven 

category include 15/85 chitosan/Viscose and 15/85 chitosan/Tencel. However, chitosan 

percentages in these blends can reach as high as 30%, 50%, or even 100%. The weight 

per square meter of chitosan nonwoven ranges from 35 to 80. On the one hand, hot-

blast nonwoven fabric offers low-cost identity; on the other hand, spunlaced nonwoven 

fabric offers better handling and softness and is the most common material for wound-

care products. Chitosan fabric is chosen for medical functions mostly in nonwoven 

structures because the nonwoven technology makes prototype production easier and 

has higher production efficiency and lower cost.  

Sufficient literature and data are available on both animal testing and in vivo testing that 

supports the use of chitosan in nonwoven fabric; however, few studies have focused on 

chitosan being used for woven or knitted fabric. Nonetheless, such a challenge if met 

could create opportunities. Once the properties of chitosan fibre are well-studied, the 

advantages of woven or knitted fabric in terms of structural capacities and layering 

systems with properties such as elasticity, sustainability (durable for laundering), and 

comfort will be confirmed as additional advantages of chitosan material and help 

broaden the usage of chitosan fibre in the medical field.  
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2.4 Spinning of Chitosan Yarns: The Problem of Static Electricity 

Textile materials are usually poor conductors of electricity because they have a high 

surface resistivity. In the spinning process, when material fibres contact each other or 

any other objects, the resulting friction causes electrification. The charges are 

transferred to the fibre surface, and strong surface resistance provides greater ability to 

impede the rapid escape of the charge than its own electrical resistance. This process 

finally causes the fibres to generate electrostatic energy. There are many problems 

caused by static electricity throughout every process of textile production (Figure 2-2). 

There are also many methods to solve this particular problem. In the textile production 

process, destaticisers are added in most cases. However, it is not an appropriate solution 

for producing chitosan because it will also directly affect chitosan’s antimicrobial 

function. 

 

Figure 2-2. Fibre lapping during the spinning process is the main problem in chitosan yarn spinning. 

In the textile machinery industry, rollers usually indicate rotating cylinder parts that 

feed, draft, or output yarns or semi-finished yarns. The drawing roller is one of the most 
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important parts in the machinery and consists of two parts: the top roller and bottom 

roller. The two parts hold and simultaneously draft the roving to form a yarn. The 

quality of rollers directly affects the quality of yarn in terms of strength, evenness, 

hairiness. 

In the current machinery, to firmly and evenly hold fibres without harm to the fibre, 

elastic material is always used on the roller surface. The most popular choice of material 

is nitrile rubber. Because of the significant work function gap between roller and fibre 

materials, electrostatic force can be accumulated at high levels. If the electrostatic force 

is not exported in time, the fibre will wind on the roller and cause yarn unevenness and 

sometimes pauses in production. The principal of this phenomenon is demonstrated in 

Figure 2-3. During the spinning process in my chitosan study, I encountered serious 

cases of chitosan fibre lapping on the roller. To ensure that the spinning process was 

successful and continuous, modification of the nitrile rubber was necessary.  

  

Figure 2-3. Principal of electrostatic generation and elimination on roller. 
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CHAPTER 3 CHITOSAN FIBRE 

3.1 Production of Fibre 

Functional fibres, such as the chitosan fibre, are confronted with the challenge of 

translating fibre technology into a commercially salable product when promoted to the 

downstream. Therefore, building a systematic testing methodology is extremely 

important as it will allow the downstream and the terminal better understanding of the 

value of the fibre and educate downstream enterprises on the method of selecting high-

quality raw material fibres amongst uneven qualities. With understanding, the 

advantages of the materials can be further promoted through the structure technology 

of the downstream. With this focus, this study systematically compares and analyzes 

six chitosan fibres, and proposes suitable methods for industrial testing to serve the 

industry, to enable the public to further enjoy the benefits of new materials.  

In this study, chitosan fibre was derived from natural material and processed with wet 

spinning technology. The preparation process of chitosan fibre is mainly based on 

conventional wet spinning process. Dissolution, deaeration and filtration of the chitosan 

are performed before the spinning. Then the semi-finished fibres are refined, dried and 

post-finished.  
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3.2 Characterization of Chitosan Fibre 

The testing methods include the following aspects for manufactory needs 1) content and 

key factor confirmation; 2) functional performance; and 3) non-functional (mechanical) 

performance. Such approach has also been adapted by previous study on effect of 

demineralization on degradable chitosan fibre (Liu, et al., 2006). Other articles involve 

bioperformances such as cell growth (J. Li, Wu, & Zhao, 2016) and emission (No, Park, 

Lee, & Meyers, 2002) promotion, acid resistance (Mellegård, Strand, Christensen, 

Granum, & Hardy, 2011; Muzaffar, Bhatti, Zuber, Bhatti, & Shahid, 2016), chemical 

extraction (Hosseinnejad & Jafari, 2016). Articles in anti-microbial performance of 

chitosan are mostly in solution state, therefore in this study I conducted chitosan’s anti-

microbial performance test in both its fibre and solution state.  

3.2.1 Morphology  

Scanning Electron Microscope (SEM) 

Figure 3-1. Proposed evaluation process of functional fibres. 
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Observation under SEM shows that appearance differences viewed by the raw eye, can 

be explained by morphology difference under SEM. Fibres with better shine has 

smoother surface under microscope, and the fibres with softer handle are found to have 

smaller radius. 

Figure 3-2. Photograph and SEM image of fibre sample i) FH900; ii) FH946; iii) FZ915; iv) FH922; v) FJ922; vi) FY902. 
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3.2.2 Molecular weight (viscosity average)  

Test by Ubbelohde Viscometer 

Indirect method of viscosity was applied to test average molecular weight of the chitosan 

material and fibres. Samples firstly solute in 0.1 mol/L and 0.2 mol/L CH3COOH, and 

viscosity were detected by Ubbelohde Viscometer. Based on the Mark-Houwink 

equation: 

[𝜂] = 𝐾𝑀𝛼̅̅ ̅̅  

Where [𝜂] is the intrinsic viscosity, 𝑀𝛼̅̅ ̅̅  is the viscosity average molecular weight, and 

K is a constant, the relative molecular weight was then calculated. 

In the production process, higher temperatures and longer reaction times results in 

shorter molecular chains and weaker fibres. Differences can be seen under a SEM and 

by the naked eye. Figure 3-4 shows the viscosity of six samples and figure 3-5 lists DD, 

Mw calculated by Ubbelohde viscometer results, and rotational viscosity that reassure 

the Mw results. Sample FH946 (Mw:345.1Da, DD:94.63%), FH922 (Mw:760.5Da, 

Figure 3-3. Constant K and α relate to DD. 
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DD:92.20%) and FJ922 (Mw:524.5Da, DD:92.23%), have less shimmer and more curl 

than the other three samples (visible to the naked eye), and they have more folds and 

unevenness on the surface (visible under a SEM). The handfeel of these three samples 

are stiffer and rougher, and they have a tendency to bunch together. Notably, sample 

FH946, FH922 and FJ922 have a DD higher than 92% (and sample FH946 has the 

highest DD of 94.63%). Sample FZ915(Mw:712.8Da, DD:91.55%) has a similar Mw 

with sample FH922, while the lower DD make the fibre smoother and straighter. As 

shown on Figure 3-2 b), fibre sample FH946 is covered with small particles that are a 

result of a high degree of deacetylation. 

Figure 3-4. Reduced viscosity and logarithmic viscosity of six samples. 
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Figure 3-5. Rotational viscosity tested by rotational viscometer. 

3.2.3 Deacetylation degree 

The Deacetylation degree was calculated by the amount of amino groups. 30 mL HCl 

solution (0.1 M) was added into 0.2 g fibre sample in 250 mL conical flask, stirred at 

room temperature until the fibre is well dissolved. 2-3 drops of methyl orange-aniline 

blue mixture indicator was further added. When the color of the solution changed from 

purple to colorless. And since the content of chitosan in material or fibre influenced by 

content of water, another three samples were drying at 105 ℃ until they reach constant 

weights to calculate the moisture amount. 

3.2.4 Mechanical properties 

Figure 3-10, 3-11, 3-12 shows the elongation at break, breaking strength, and stress-

strain curve of six fibre samples. The breaking strength of chitosan fibres range from 

0.5 to 2 cN/dtex, which is weaker than that of cotton fibres (1.8~3.1 cN/dtex). Sample 

FJ922 has the highest breaking strength (1.63 cN/dtex), and sample FH900 has the best 

uniformity of breaking strength. Sample FH946 has a special curve with a clear yielding 

point, and a significantly higher tensile modulus, which is due to the high degree of 
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deacetylation and the resulting high crystallinity (Facchinatto, et al., 2020). Although 

the molecular weight of sample FH946 is lower, the deacetylation degree factor seems 

to take on the force of more weight. Evidence of high crystallinity in sample FH946 is 

shown by the particles which appeared on the SEM photo (Figure3-2), and the flaw on 

the fibres explain the low uniformity of the same sample, as the fibres tend to break at 

crease point. Young’s modulus was not calculated since the fineness cannot be 

confirmed in this article. Yet fineness of the fibres is similar, therefore it is safe to say 

that FH946 has the highest modulus. 

In the yarn spinning process, frequent breakage of the fibre was an issue, while results 

of mechanical property tests revealed the reason for the difficulty in chitosan yarn 

spinning, poor yarn strength, yarn uniformity and material loss. Meanwhile, the 

elasticity of the fibre greatly affects to the handfeel of the fibre, as well as the resulting 

fabric product. Sample FZ915 has soft handfeel while FH946 has stiffer handfeel.  
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Figure 3-6. Elongation of fibre samples. 

 

Figure 3-7. Breaking strength of fibre samples. 
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Figure 3-8. Stress -strain curve of fibre samples 

3.3 Antimicrobial Test in Context of Textiles 

3.3.1 Testing methods  

Existing antimicrobial test standards in the context of textile differs in the method of 

contact, time of contact, sample–microbe ratio, microbial media, nutrition, reference 

strains, and evaluation method. The most significant difference is the contact method. 

The contact method involves samples being inoculated on solid medium; the absorption 
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method requires samples to be inoculated with liquid medium before being placed on 

solid medium; the transfer method requires samples to be inoculated using surface 

inoculated solid medium. The shaking method does not involve solid medium, and 

samples are directly placed in inoculated liquid medium.  

Contact method has minimum complexity in experimental operations but are mostly 

qualitative methods. In my study, I discovered that the transfer method and absorption 

method require significant reduction of microorganisms and were applicable to soluble 

antibiotics. However insoluble chitosan has a moderate inhibition performance, and the 

performance may be ‘overwhelmed’ by the fast-growing number of viable units. 

 

Table 3-1. Anti-microorganism testing method in textile content 

Method  Principle  Description Standard 

Contact Sample of 

contact agar 

in/onto 

which 

bacteria are 

incubated.  

 

Drawing parallel 

lines on nutrient 

agar with diluted 

incubated test 

bacterial 

inoculum in 

nutrient broth. 

Sample piece put 

on agar and the 

inhibition zone is 

measured after 

contact time. 

AATCC 

147-

2011; 

AATCC 

174-

2011 
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Nutrient agar 

spread on evenly 

with diluted 

incubated test 

bacterial 

inoculum in 

nutrient broth. 

Sample piece put 

on agar and the 

inhibition zone 

was measured 

after contact 

time. 

AATCC 

90-2011; 

ISO 

20645-

2004; 

FZ/T 

73023-

2006 

 

Incubated test 

bacterial 

inoculum is 

blended with 

nutrient agar. 

The sample piece 

is put on agar 

and the 

inhibition zone is 

measured after 

contact time. 

JIS L 

1902:20

08 

 

Incubated test 

bacterial 

inoculum is 

blended with 

upper layer of 

nutrient agar. 

Sample piece is 

put on the agar, 

and the 

inhibition zone is 

measured after 

contact time. 

GB/T 

20944.1-

2007 
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Absorption Bacteria are 

incubated 

on sample 

and contact 

to agar  

 

Bacteria are 

incubated on 

sample and 

contact to agar. 

Number of 

colonies is 

counted after 

contact time. 

Quinn 

Test; 

FZ/T 

73023-

2006; 

FZ/T 

62015-

2009 

Bacterial 

inoculum is 

absorbed by 

the sample  

 

Incubated test 

bacterial 

inoculum in 

nutrient broth is 

absorbed by the 

sample, and the 

reduction/inhibiti

on rate of 

bacteria after 

contact time is 

measured. 

ISO 

20743-

2007; 

FZ/T 

73023-

2006; 

FZ/T 

62015-

2009; 

GB/T 

20944.2-

2007 

Shaking Diluted 

bacterial 

inoculum 

contact 

sample by 

violent 

shaking 

 

Diluted test 

bacterial 

inoculum in 

nutrient broth 

immerse sample 

and measure the 

reduction/inhibiti

on rate of 

bacteria after 

shaking. 

ASTM E 

2149; 

GB/T 

20944.3-

2008; 

FZ/T 

73023-

2006; 

FZ/T 

62015-

2009 
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Transfer Transferring 

the bacteria 

to the 

sample 

from the 

agar spread 

with 

incubated 

test 

bacterial 

inoculum 

 

Nutrient agar is 

spread on evenly 

with diluted 

incubated test 

bacterial 

inoculum in 

nutrient broth. 

Sample piece is 

put on agar to 

transfer bacteria 

on sample. 

Reduction/inhibit

ion rate of 

bacteria is 

measured after 

contact time. 

ISO 

10743 

To reflect the performance of chitosan fibres, they were assessed quantitatively based on 

the principle of the AATCC-100 standard test method by using cultures of S. aureus 

(ATCC 6538, gram-positive bacteria) and Klebsiella pneumoniae (ATCC 4352, gram-

negative bacteria). The testing protocol was subject to minor revision in terms of the 

mass ratio of yarn samples and bacterial solution. The reason for this modification was 

that 99% antimicrobial of the effect could be achieved by 10% chitosan materials for a 

normal sample–solution ratio. However, in some circumstances, such as wound healing, 

the textile may be immersed in or exposed to secretion containing bacteria. Therefore, I 

aimed to test the antimicrobial performance in more severe situations, which had higher 

concentrations of bacteria than in standard cases.  

 

In brief, an incubated test bacterial inoculum in nutrient broth (LB broth obtained from 
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Sigma-Aldrich, St. Louis, MO, USA) was diluted with nutrient broth to give a 105 

CFU/ml. One millilitre of the diluted inoculum was then added to a 50ml centrifuge 

tube containing the testing yarn of 50mg, which was previously sterilised by 

autoclaving (add all equipment autoclaved in the beginning). The testing samples were 

incubated in the incubator for 24 hours at 37oC. After incubation, 20ml neutralising 

solution (0.05% Tween-80, 0.01g/L sodium thiosulphate were obtained from Sigma-

Aldrich, St. Louis, MO, USA; whereas 20g/L casein was purchased from B.D.H. 

Laboratory) was added to each of the testing samples in order to halt any effects of 

yarns to the bacteria. The 50ml tubes were then shaken rigorously for 1 minute. The 

solutions were diluted one in five with neutralising solution, and a serial dilution of 10-

1 to 10-3 with distilled water was performed. The serial dilution was performed in 

duplicate. Diluents from 10-1 to 10-3 of each sample were used and 100l of each diluent 

was added and spread evenly onto the agar plate (LB agar obtained from Sigma-Aldrich, 

St. Louis, MO, USA). The agar plates were incubated for 48 hours and the number of 

colonies was recorded. The antimicrobial activity was expressed as a percentage 

reduction of the bacteria after incubating with testing yarns compared to after 

incubation with control yarn group. 

Inhibition Rate =

           
𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑜𝑢𝑛𝑡 𝑎𝑡 24ℎ 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑓𝑎𝑏𝑟𝑖𝑐−𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑜𝑢𝑛𝑡 𝑎𝑡 24ℎ𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑎𝑏𝑟𝑖𝑐

𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑜𝑢𝑛𝑡 𝑎𝑡 24ℎ 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑓𝑎𝑏𝑟𝑖𝑐
× 100%  

Antimicrobial test by shaking (dynamic contact) method was performed in similar 
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procedure, and the inhibition rate was calculated by the same equation. Contact of 

chitosan fabric and bacterial by shaking method is to immerse the fabric in buffer 

containing bacterial. 

 

3.3.2 Results at Fibre state 

Three representative microorganism species of Staphylococcus aureus (StA), 

Escherichia coli (EsC) and Candida albicans (CaA) were tested against six fibre samples 

Figure 3-9. Workflow of antimicrobial test by shaking method. 
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with a dynamic contact method and contact time of 18 hours. All samples showed 

excellent inhibition effects over three microorganism species. Over contact time, the 

viable count of the microorganisms declined, except for sample FH900 on 

Stapphylococcus aureus. For all three strains, performance of FH946 and FH922 rank 

first and second, which can be explained by their high DD compared to the other samples. 

Sample FJ922, which has a similar DD to FH922, had a slightly worse reduction 

performance, as FJ922 (Mw:524.5Da) has a lower Mw than FH922 (Mw:760.5Da). 

Sample FZ915 (Mw:712.8Da) and FH922 (Mw:760.5Da) had similar Mw, but had 

significantly different anti-microorganism performance, as sample FH922 with higher 

DD performed better. Sample FH900 (Mw:1041.0Da, DD:90.04%) and FY902 

(Mw:1050.5Da, DD:90.20%) both showed similar Mw and DD, but FY902 had a 

Figure 3-10. Anti-microorganism test results of six samples at fibre state by three strains. 
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significantly higher microorganism killing rate on Stapphylococcus aureus and Canidia 

albicans, while FY902 had a slightly higher DD. Based on these results, the anti-

microbial properties of the chitosan fibre is more apparent on Escherichia coli if the 

differences need to be demonstrated quickly and concisely. 

 

Figure 3-11. Anti-microorganism test results of fibre samples by inhibition rate; relationship of microorganism count and Mw 

 

 

Figure 3-12. Anti-microorganism test results of fibre samples by inhibition rate; relationship of microorganism count and DD. 
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Molecular weight and deacetylation degree are both reported to have influence on the 

anti-microorganism performance of chitosan in its solution form. Previous studies 

produced contradictory results (Chung& Chen., 2008; Liu, et al., 2006; (J. Li, Wu, & 

Zhao, 2016; No, Park, Lee, & Meyers, 2002). Preparation of the fibre includes the 

deacetylation progress that reduces the chitosan molecule to shorter chains. Chitosan in 

six fibre samples showed a strong linear relationship between DD and Mw (Figure 3-

13). By calculating the coefficient of determination (denoted R2 or r2, the proportion of 

the variance in the dependent variable that is predictable from the independent 

variable(s)), we are able to compare the impact of DD and Mw of chitosan in fibre form 

for anti-microorganism functions. 

As shown on Figure 3-11, Figure 3-12, the relationship between the microorganism 

reduction rate and DD, and between the microorganism reduction rate and Mw show a 

strong linear relationship between DD and Mw: DD is positively correlated to the 

microorganism reduction rate while Mw shows a negative correlation. But comparing 

the two factors, DD ( R𝑆
2 = 0.7524 ; R𝐸

2 = 0.8506 ; R𝐶
2 = 0.3820 ) has a higher 

coefficient of determination than Mw (R𝑆
2 = 0.5578; R𝐸

2 = 0.6494; R𝐶
2 = 0.2548), 

which indicates that the differences in the anti-microorganism function amongst the six 

samples are more likely to be caused by their DD.  

The reduction rate of Canidia albicans shows less correlation to the DD and Mw of the 

chitosan fibre samples. Two pairs of samples (FH900 and FY902; FZ915 and FH922) 
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that had similar DD and Mw had a diverse reduction effect. Though FH900 and FY902 

also had diverse reduction performance on Staphylococcus aureus, the test results for 

the other samples are relatively closer to the fit line. 

3.3.3 Results at Solution state 

An anti-microorganism activity test was also administered on the chitosan/acetic acid 

solution of the chitosan fibres. Results show that the clear trend found in the fibre 

samples were not found in its solution state, and the results were inconsistent with 

previous study (No, Park, Lee, & Meyers, 2002) . The solution of sample FZ915 had 

significantly higher inhibition performance (inhibition factor 2.95), while solution of 

sample FY902 has significantly lower inhibition performance (inhibition factor 1.08). 

The other fibre solutions produced similar inhibition factors (FH900: 2.28; FH946:2.24; 

FH922:2.37; FJ922:2.09). Compared with the fibre state, the anti-microorganism 

activity of the fibre sample in solution state had little relationship with the DD or Mw 

Figure 3-13. Relationship of DD and Mw of chitosan fibre material in six samples. 
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of the chitosan material.  

 

Figure 3-14. Inhibition on Stapphylococcus aureus by fibre (FB) sample and fibre solution (SL) sample. 

Figure 3-15. inhibition on Stapphylococcus aureus by fibre (FB) sample and fibre solution (SL) sample. 
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The evaluation of functional fibres includes the evaluation of both functional and non-

functional properties. Studies with similar aim to evaluate performance of chitosan fibre 

s also state the important of both directions (Muzaffar, Bhatti, Zuber, Bhatti, & Shahid, 

2016; Hosseinnejad & Jafari, 2016) . As some functional fibres have more than one 

function, the evaluation system should include the main functional performance 

evaluation and the non-functional evaluation. For example, chitosan fibres often have 

major antimicrobial properties and additional functions that promote cell growth and 

wound healing. The main and secondary functions change depending on the application, 

so the fibre evaluation system should be adjusted according to the application. 

Similarly, for non-functional fibres, all kinds of performance evaluation should be 

included in the evaluation system of functional fibre. For example, in the case of yarn 

spinning, the yarn quality, difficulty of yarn spinning and fibre mechanical properties 

are to be tested. Other factors to evaluate may include dyeability, color-fastness, 

handfeel, hygroscopicity and comfort performance. Cost is also a factor that cannot be 

ignored in actual production. 

Whether it is a single-component functional fibre, or a functional component mixed 

functional fibre, a surface-modified or laminated functional fibre, there are parameters 

to adjust its functional performance. The functional components of multi-component 

functional fibres usually have poor mechanical performance or have a high cost. In 

production, functional and non-functional properties and costs should be equally 
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considered. For example, the deacetylation of single component chitosan fibre is the 

most important index affecting its biological function. Chitosan fibre with higher 

deacetylation degree has better anti-microorganism properties and higher strength, but 

the cost is higher, the handfeel harder, and the fibre strength uniformity is worse with 

more tendency for breakage. In actual production, the production demand and the 

terminal demand should be considered comprehensively in order to choose the 

appropriate fibre raw materials. For example, the fibre with chitosan film or chitosan 

particles needs to be tested not only for the content and functional properties of the 

active ingredients, but also for the durability after wash and wear. 

For the chitosan fibres tested in this study, both mechanical properties or bio-

performance are related to chitosan's core parameter degree of deacetylation, which is 

also reflected in appearance and handfeel. Therefore, it is possible to quickly identify 

single-component functional fibres through systematic testing and classification. It is 

important to note that even if the raw material is the same, the nature of the material 

and fibre may be different depending on the form in which the fibre takes. Through the 

test of the fibre in solution form, it can be found that the antimicrobial properties tested 

from the raw material under the commonly used system does not reflect the 

antimicrobial properties of the fibre products. Therefore, it is necessary to distinguish 

functional materials from functional fibres.  
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CHAPTER 4 CHITOSAN YARN 

4.1 Spinning of Chitosan Yarns: Conductive Roller Preparation 

4.1.1 Material 

Main materials used in the experiments are displayed in Table 4-1. Additives such as 

stearic acid, zinc oxide, sulphur, Antiager 4010 NA, and sulphide agent DCP are chem 

pure (Supplier names are listed in Chinese). 

 

Table 4-1. Main material used in the experiment 

Material Type Supplier 

Carbon Nanotubes L-MWNT-4060 深圳市纳米港有限公司 

Carbon Black T-80 天津金秋实化工有限公司 

Ketjenblack EC-300J 上海腾民实业有限公司 

Nitrile rubber X1.46 Lanxess 

Nitrile rubber(liquid) No.40 中国石油兰州石化公司 

Graphite 0.1um-0.2um 东莞市塘厦湘阳石墨制品厂 
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4.1.2 Equipment  

The Equipment used in experiments are listed in Table 4-2.  

Table 4-2. Equipment used in experiments 

Equipment Model Producer 

Rubber fining mixer SK-160 上海奇才液压机械有限公司 

Plate Vulcanization Machine XLB-D 上海奇才液压机械有限公司 

SEM S-4800 Hitachi Ltd., Japan 

Thickness gauge RG-F117 深圳瑞格尔仪器有限公司 

Universal testing machine XWW-20B 承德金建检测仪器有限公司 

Electronic balance BS 2202S 北京赛多利斯仪器系统有限公司 

Hardness tester 

Akron abrasion machine 

Surface resistivity tester 

TH210 

WML-76 

ZST-121 

北京时代之峰科技有限公司 

扬州市天发试验机械有限公司 

北京中航时代仪器设备有限公司 

4.1.3 Methodology 

Solid nitrile butadiene rubber was masticated using a rubber fining mixer for 1 h. Liquid 

nitrile butadiene rubber and MWNTs were mixed by stirring and ultrasonic process. 

The curing agent, other processing aids, composites comprised of MWNTs and liquid 

nitrile butadiene rubber were mixed with hydrogenated nitrile rubber in rubber fining 

mixer at 50°C to 60°C for 40 min. Then the compounds were vulcanized at 160°C in a 

compression mould for 20 min. 
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Step 1 

 

Step 2 

Step 3 

Step 4 

4.1.4 Roller prototyping 

The roller prototypes were made with support from Lanxiang Industry co., LTD using 

the normal roller production process.  

Key parameters settling 

Rubber curing temperature and time are crucial in ensuring the quality of rubber 

products. High curing temperatures can accelerate the vulcanization rate and increase 

Figure 4-1. Principles of rubber sample preparation. 
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production efficiency. However, if the temperature is too high, the rubber will be 

overcured, resulting in pyrolysis of the molecular chain and physical and mechanical 

performance degradation. Low curing temperature and low curing speed can easily 

generate additional polysulphur bonds and affect the stability of the rubber. Inadequate 

curing time is too short, sulphide, lead to rubber resilience and stability. Therefore, it is 

essential to settle the proper curing temperature and curing time for NBR in experiments. 
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Figure 4-2. Curing curve of NBR in the experiment. 

As shown in Figure 4-2, under different curing temperatures, mixed rubber exhibited 

different characteristics from vulcanization. The higher the curing temperature, the 

shorter the curing time. When curing temperature is 160°C, a long, flat vulcanizing 

period appears in relatively short time, and overcuring occurred in 20 mins; therefore, 

I choose the curing temperature of 160℃. Considering the actual operations and energy 
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consumption problem in the production process, the curing time was determined as 15 

min.  

A rubber vulcanizing agent dose considerably affects the mechanical properties of 

rubber. In my experimental formula listed in Table 4-3, the ratios of sublimed sulphur 

and accelerator 2, 2 - disulphide generation 2 benzothiazole (DM) and zinc oxide were 

0.3, 1.5 and 5, respectively. I mainly tested the effect of various quantities of dicumyl 

peroxide (DCP) on the rubber mechanical properties, based on the basic formula 

displayed in Table 4-1. Test results are displayed in Figure 4-3(a). When the DCP 

dosage was 2, the overall mechanical performance of NBR was higher. Hence, in the 

subsequent experiment, I adopted formula 3 (sublimed sulphur: 0.3 servings, DM: 1.5 

servings, DCP: 2, zinc oxide five servings). 

Table 4-3. Formula with different quantities of curing agents. 

Material Formula 1 2 3 4 5 

NBR 100 100 100 100 100 

Carbon black 30 30 30 30 30 

Stearic acid 1 1 1 1 1 

Anti-ager 445 1.5 1.5 1.5 1.5 1.5 

Sulphur 0.3 0.3 0.3 0.3 0.3 

ZnO 5 5 5 5 5 

Curing agent 

DCP 
1 1.5 2 2.5 3 

Accelerator DM 1.5 1.5 1.5 1.5 1.5 

Liquid NBR 10 10 10 10 10 

  * Curing temperature:160℃,pressure 10MPa, time 15 min. 
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Figure 4-3. (a) Effect of DCP amount on the mechanical properties of NBR.  

(b) Effect of graphite on conductivity in NBR 

 

Addition of graphite 

Conductive graphite is usually used during the conductive phase in rubber: This study 

chose two different particle sizes (1500 mesh: 9 μm, 15000 mesh: 0.9 μm) of conductive 

graphite as the conductive phase of NBR. Electrical conductivity and mechanical 
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properties of NBR/graphite conductive composite materials are depicted in Figure 4-

3(b). When the graphite content reached 60 phr (parts per hundreds of rubber), the 

conductivity of rubber composite material reached the lowest at 1.08×106 Ω·cm with 9 

μm-diameter graphite powder and displayed considerably better results than the rubber 

composite with 0.9 μm-diameter graphite powder (5600×106 Ω·cm). Therefore, simply 

adding 0.9 μm-diameter graphite powder was insufficient to produce highly conductive 

rubber composites.  

Figure 4-4 displays the change in mechanical properties of rubber composites with 

various quantities of graphite powder added. The abrasion resistance tests revealed that 

when graphite content reached 50 phr, the graphite composite consisting of two 

different particle sizes attained its best wear-resistant strength; however, the material 

volume resistivity was larger. It was difficult to meet the requirements of conductive 

rubber. Considering all the requisites of a textile roller, adding 60 phr of 9 μm-diameter 

graphite powder in rubber composite material is recommended. 
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Figure 4-3. Effect of added graphite on the mechanical properties in NBR 

Addition of carbon black 

Carbon black is the most commonly used conductive material in the rubber phase 

because it is cheap and has an obvious enhancement effect on rubber. I adopted two 

types of conductive carbon black on the market. Preliminary research results suggested 

that the EC-300-j carbon black conductive rubber exhibited desirable conductive 

stability. Therefore, in the following experiment, I used EC-300-j carbon black in my 

composite samples. As displayed in Figure 4-5, when the carbon black increased from 

5 to 10 phr, resistivity decreased considerably, reaching 9.6×104 Ω·cm at 10 phr. This 

result indicated that the percolation threshold for carbon black was 10 phr, which 

consisted of the formation of a conductive path between particles, the composite 
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material’s volume resistivity decreased sharply. When the amount increased from 10 to 

25, conductivity continued to decrease and reached 2.05×104 Ω·cm, which indicated a 

further shortening in the distance between particles and the composite material, thus 

obtaining improved conductivity through the electronic wave superposition. Further 

increase in the quantity of conductive carbon black did not result in any obvious 

increase in conductivity. Particles formed stable and continuous conductive chains 

between each other, and electrons perform directional movements in composite 

materials through these conductive chains; increasing the content of carbon black 

resulted in little change in volume resistivity.  

 

Figure 4-4. Effect of carbon black on conductivity in added NBR. 

Figure 4-6 demonstrated the trend of mechanical property change of NBR composite 

with increases in the carbon black content. When the amount of carbon black added 

reached 30 phr, the tensile strength and elongation at break and the wear resistance of 
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rubber were maximized. In addition, the hardness of the composite reached 22 degrees 

Shaw. Compared with graphite/NBR composite materials (Figure 4-4), carbon 

black/NBR composite materials have obvious advantages in terms of tensile strength, 

elongation at break, and abrasion resistance and conductivity. If the carbon black/NBR 

composite material should be used in roller production, adding 30 phr of carbon black 

is recommended. 

 
Figure 4-5. Effect of added carbon black on the mechanical properties of NBR. 

Addition of carbon nanotubes 

Carbon nanotubes are considered to be the ideal conductive polymer additives. It can 

be composited with other substrate material for high strength, elasticity, fatigue 

resistance, electrical conductivity, and isotropic in directions. There is always the need 

for improvement in the comprehensive performance of composite materials. Therefore, 
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research on carbon nanotubes/NBR composite materials for discovery of new types of 

composites with high conductivity, wear resistance, and stability for textile rollers is 

crucial. 

Figure 4-7 depicts the volume resistivity change of composite in the process of adding 

carbon nanotubes. When the amount of added carbon nanotubes reached 2 phr, volume 

resistivity displayed a minimum value of 9.68×103 Ω·cm, which is two scales smaller 

than the value of graphite/NBR composite material and at least one time more effective 

than carbon black/NBR composite. From the perspective of electrical conductivity, 

carbon nanotube/NBR composite materials demonstrate obvious advantages. 

 

Figure 4-6. Effect of carbon nanotube on conductivity in NBR. 

Figure 4-8 displays the change in carbon nanotubes/NBR composite mechanical 

properties with increases in carbon nanotube content. When the carbon nanotube 
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content was increased to 2 phr, the mechanical properties displayed the best values. As 

the content continued to increase, the mechanical properties began to decline. This trend 

may be explained by excess nano materials in NBR being unable to disperse evenly, 

leading to large numbers of reunions forming in the nitrile rubber matrix. 

 

 
Figure 4-7. Effect of carbon nanotube on the mechanical properties of NBR. 

Through my longitudinal comparison of several types of composite materials in terms 

of conductivity and mechanical properties, I discovered that the carbon nanotubes 

displayed obvious advantages compared with carbon black/NBR and graphite 

composite materials; therefore, these materials should serve as ideal coating layers for 

conductive rollers. However, if production costs are taken into consideration, carbon 

black/NBR composite material also offers a reasonably cheaper alternative.  
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4.1.5 Prototype production and testing of conductive rollers 

To solve the problem of fibre lapping on rollers in the process of production, my 

research group and China's largest producer of textile roller, Wuxi Lanxiang Industry 

Co. Ltd., developed a prototype and conducted trials in Jiangsu Wuxi Special Textile 

Spinning Factory. The results revealed that the carbon nanotubes/NBR composite 

material preparation for the conductive roller effectively reduced fibre lapping on the 

roller during textile manufacture.  

 

Figure 4-8. Roller prototyping: a) preparation process; b) prototype product; c) testing process. 
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4.2 Quantification methods for cross-sectional uniformity of functional 

fibre blended yarns 

 

Fibre distribution majorly influences the mechanical, aesthetic, and functional properties 

of textile products made from blended yarns. Recent advancements in image processing 

technology have facilitated the development of approaches to fibre recognition through 

microscopic imaging of yarn cross sections. Examination of fibre cross sections is crucial 

for determining the properties of yarns and fabrics, especially functional fibre blend 

yarns and fabrics (Krucińnska, 1988) .  

Although the importance of the fibre distribution of yarns is well known, methods for 

characterising this distribution remain limited. The uniformity of fibre distribution has 

mostly been quantified in terms of the migration index (MI) (Bogdan, Hader, & Alford, 

1970) , which describes the migration behaviour of a fibre from the core of a yarn to its 

edge or in the opposite direction. This method has been adopted widely because it can 

be explained using physical models ((Neckářa, Soni, & Das, 2006; El-Shiekh & Backer, 

1972; Zeidman, Sawhney, & Herrington, 2003), and the MI has been proven to be linked 

to several factors including fibre length, yarn tension during the drawing process, and 

spinning method (ring/rotor/jet). Before the widespread use of image processing, MI was 

measured manually by counting the number of blended fibres in a surrounding circular 

area of a yarn cross section. 
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In addition to MI-based methods, researchers have attempted to measure the uniformity 

of fibres in yarns using side-view images of yarns (Watanabe, Kurosaki, Konda, & 

Nishimura, 1992a; Watanabe, Kurosaki, Konda, & Nishimura, 1992b; Watanabe, Konda, 

Kurosaki, & Nishimura, 1995) under the assumption that fibres are aligned as in a pie 

chart along the cross section. However, in a study (Su, Leu, & Chern, 1999) that analysed 

200 cross-sectional images, uniform, wrapping, and core distributions were observed to 

be extremely common, in addition to asymmetric and segregated distributions. It is 

impossible to detect uniform, wrapping, or core distributions by studying side-view 

images.  

Quantification of distribution evenness has been considered in many studies pertaining 

to materials, especially studies of mixtures of materials in three-dimensional (3D) 

volumes. However, yarn structure has a few peculiarities. First, the cross-sectional area 

of a yarn is small relative to that of the unit (fibre). Therefore, certain sampling methods, 

such as the use of rigid grids in image processing, are not applicable. Second, the 

irregularities in a yarn are subtler than those in a normal 3D volume mix because a yarn 

is usually well mixed in the vertical direction. Consequently, the cut-and-weight method 

is not applicable either.  

In cases where knowledge of the distribution of one type of fibre in the outer or inner 

layer of a yarn is of paramount importance, MI can be used to effectively predict the 

mechanical and aesthetic properties of the yarn. However, MI is ineffective in cases 

where it is essential to determine whether the material is clustered or dispersed. For 
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example, chitosan is an expensive functional fibre with biological performance such as 

antibacterial and wound healing acceleration, and it is usually blended with other cheaper 

and stronger fibres to create products with a desired trade-off between price and 

mechanical properties. The biological performances of yarns with the same fibre content 

can vary depending on the clustering or dispersion of chitosan fibres. Therefore, it is 

crucial to introduce a more effective and versatile method for the quantification of cross-

sectional uniformity in blended yarns. Quantitative measurement of fibre distribution 

enables systematic studies of blending methods, blending variables, and interactions 

between fibre materials. 

In this study, I designed two methods to quantify the cross-sectional uniformity of 

blended yarns: the window variation method (WVM), which is based on cell counting, 

and the dilation method (DLM), which is based on the less popular practice of calculating 

the ‘effective’ or ‘free’ region (Pegel, Pötschke, Villmow, Stoyan, & Heinrich, 2009; 

Khare & Burris, 2010; Yourdkhani & Hubert, 2013) . The two methods were evaluated 

in terms of their correlation with the antibacterial performance of chitosan/cotton 

blended yarns.  

4.2.1 Material and Data 

Chitosan fibre 

Chitosan fibre (fineness 1.81 dtex, provided by Hismer Biotechnology Co., Ltd, 

Shandong, China) and cotton fibre that were dyed blue were spun into yarns using a 
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standard process. To achieve different levels of uniformity, three lengths of chitosan 

fibres and two blending methods were used. The chitosan fibres were tested according 

to testing standard ASTM E2149-10 Standard Test Method for Determining the 

Antimicrobial Activity of Antimicrobial Agents Under Dynamic Contact Condition, and 

its antibacterial function is proved.  

 

Yarn spinning 

Fibre blend samples were processed through carding and fibre blending on a carding 

machine, and sliver blend samples as well as the chitosan and cotton fibres were carded 

separately before 4-ktex slivers were formed. Eight chitosan/cotton mix slivers were then 

fed through two passages repeatedly with a drafting ratio of 8. The resulting 4-ktex 

slivers were further drawn to a 0.68-ktex roving sliver at 900 rpm and spun on a ring-

spinning machine at 620 rpm. I selected a low spinning speed because it is difficult to 

spin yarn with high chitosan content (S. Liu et al., 2015); this low speed also helped to 

avoid loss of function of the chitosan fibre resulting from the heat generated during 

spinning. Moreover, two chitosan/cotton ratios (30/70 and 50/50) were employed. 

Sample specifications are listed in Table 4-4. 

 

 

Table 4-4. Planning of yarn sample production 

Sample No. 

 

Chitosan fibre 

weight 

percentage(%) 

Chitosan 

fibre 

length(mm) 

Cotton fibre 

weight 

percentage(%) 

Cotton fibre 

length(mm) 

Blending 

method 
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0 CH038mm 0 / 100 38 / 

1 CH30B30mmS 30 30 70 38 Sliver 

2 CH30B30mmF 30 30 70 38 Fibre 

3 CH30B38mmS 30 38 70 38 Sliver 

4 CH30B38mmF 30 38 70 38 Fibre 

5 CH30B46mmS 30 46 70 38 Sliver 

6 CH30B46mmF 30 46 70 38 Fibre 

7 CH50B30mmS 50 30 50 38 Sliver 

8 CH50B30mmF 50 30 50 38 Fibre 

9 CH50B38mmS 50 38 50 38 Sliver 

10 CH50B38mmF 50 38 50 38 Fibre 

11 CH50B46mmS 50 46 50 38 Sliver 

12 CH50B46mmF 50 46 50 38 Fibre 

 

Figure 4-9. a) Yarn cross-section sampling with steel sheet, supplementary nylon fibres, and blade; b) yarn cross-

section image captured at 400× magnification; c) yarn cross-section image after binary processing. 
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Yarn samples measuring 0.6 mm in thickness were sliced at intervals of 1 meter, with 

two supplementary nylon filament yarns, and imaged at a 400× magnification with Nikon 

Optiphot-POL and Leica DFC290 HD digital cameras. The cross-sectional images were 

prepared using MATLAB (The MathWorks, Inc.) with image size of 1512 px × 1512 px. 

The background was eliminated under a red channel, and the image was subsequently 

converted into binary in the green channel through Otsu’s method (Jianzhuang, Wenqing, 

& Yupeng, 1991) . 

Antibacterial performance test 

To evaluate the quantification methods developed in this study, I conducted antibacterial 

performance tests on the yarn samples using the ASTM E2149-10 Standard Test Method 

for Determining the Antimicrobial Activity of Antimicrobial Agents Under Dynamic 

Contact Conditions.  

 

4.2.2 Quantification method 1: ideal simulation 

The preliminary results revealed that chitosan fabric might inhibit bacterial growth in 

solid form through its static force. Therefore, I proceeded with a simulation of the 

possible static field that complied with the antimicrobial test results. 

Virtual location of yarn cross section 

To simplify the model, I adopted open-packing arrangement by Schwarz (1950), which 

is widely accepted in the textile industry because the occupation of fibre in cross section 
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is approximately 0.75 near the real figure. I optimised the location of each circle of 

fibres to reduce the possibility of fibres being arranged in perfect lines, as electric field 

strength will be unrealistically high in some areas if fibres aligned in straight lines, 

which is unlikely to occur in real conditions (see Figure 5-1 for simulation results before 

fibre location optimisation). Based on the observation of a real cross section of 20Ne 

chitosan/cotton yarn, the diameter of two types of fibres are similar. I randomly picked 

fibres 𝐹𝑚
′  as chitosan fibres and the rest as cotton fibres 𝐹𝑛

′′. I set the number of layers 

to 8, so that the total fibre number was 173. The location of these 173 fibres are noted 

with coordinates in the system which is located in the centre of the yarn cross-section. 

Simulation of effective field 

 

Figure 4-10. Notations in equations. 

According to Gauss’ Law, 

Φ𝐸 = ∯ 𝐸 ∙ 𝑑𝑆 =
1

𝜀0
∑𝑞𝑖

𝑛

𝑖=1𝑆
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Consider a point 𝑝𝑖⃑⃑⃑  = (𝑥𝑖, 𝑦𝑖)  outside (defined as distance  r = |𝑝𝑖⃑⃑⃑  − 𝑝𝑚
′⃑⃑ ⃑⃑  ⃑| > R ) a 

chitosan fibre 𝐹𝑚
′ (𝑝𝑚

′⃑⃑ ⃑⃑  ⃑, 𝑅), the value of electric field E𝑖 is as follows: 

 E𝑖 ∙ 2πrl =
1

𝜀0
ρπ(2R ∙ ∆R − ∆𝑅2)l. 

Then E𝑖 =
𝜌

2𝜀0𝑟
∙ (2R ∙ ∆R − ∆𝑅2), and 𝐸𝑖

⃑⃑  ⃑ =
1

𝑝𝑖⃑⃑  ⃑−𝑝𝑚
′⃑⃑ ⃑⃑ ⃑⃑  

∙
𝜌

2𝜀0
∙ (2R ∙ ∆R − ∆𝑅2) 

Similarly, in a yarn with multiple chitosan fibres ( 𝐹1
′ … 𝐹𝑚

′ ), electric field at point 𝑝𝑖⃑⃑⃑  =

(𝑥𝑖, 𝑦𝑖) 

𝐸𝑖
⃑⃑  ⃑ =

𝜌

2𝜀0
∙ (2R ∙ ∆R − ∆𝑅2) ∙ ∑(

1

𝑝𝑖⃑⃑⃑  − 𝑝𝑗
′⃑⃑  ⃑

𝑚

𝑗=1

) 

Since the electrical field can be highly complicated in this case with hundreds of sources, 

it is reasonable to use the Mont Carlo method. To simplify, I note the strength of the 

electric field at a point near a single chitosan fibre with a distance of R as|𝐸𝑅
⃑⃑ ⃑⃑ | =

𝜌∙𝑅

𝜀0
∙

(2R ∙ ∆R − ∆𝑅2) , then|𝐸𝑖
⃑⃑  ⃑| =

1

𝑅
|𝐸𝑅
⃑⃑ ⃑⃑ | ∙ |∑ (

1

𝑝𝑖⃑⃑  ⃑−𝑝𝑗
′⃑⃑⃑⃑ 

𝑚
𝑗=1 )|; therefore, by computing values of 

|∑ (
1

𝑝𝑖⃑⃑⃑⃑ −𝑝𝑗
′⃑⃑⃑⃑  ⃑

𝑚
𝑗=1 )|

𝑅
 at each point of 𝐸𝑖 in a certain area, I can observe the distribution of the 

electric field. 

Programming structure 

A program (main steps shown in Table 4-5) based on MATLAB environment was 

developed. Considering the size of bacterial and fibre cross section, and the processing 

speed of the program, I set the step to 0.1 (meaning one tenth of the fibre cross section 

radius). 
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Table 4-5. Main structure of programming 

Step  Remark 

1 𝑚1 = [173𝑤] − 1 , 𝑚2 = [173𝑤] 

Where [𝑥] means the nearest integer that is bigger than x 

Finding the two 

chitosan fibre numbers 

near the target 

percentage 

2 𝑚 = 𝑚1 Set number of fibres 

(number of chitosan 

fibres as m) 

3 Randomly pick m pairs from 173 coordinates in file ‘fibre 

position’ defined as 𝑃𝑖
′ = (𝑥𝑖

′, 𝑦𝑖
′), i=1,2,3…m 

Position of chitosan 

fibre 

4 Define the rest n=173-m pairs as 𝑃𝑗
′′ = (𝑥𝑗

′′, 𝑦𝑗
′′), j=1,2,3…n Position of cotton fibre  

5 Define 𝑃𝑘 = (𝑥𝑠, 𝑦𝑡), where 

𝑥𝑠= -15.0, -14.9, -14.8 … 15.0, 

𝑦𝑡= -15.0, -14.9, -14.8 … 15.0 

(k = 1, 2, 3…90000) 

Position of random 

point, range (-15,15), 

step 0.1 

6 For all 𝑃𝑘, 

If 

[∏ (|𝑃𝑘𝑃𝑖
′| − 1)𝑚

𝑖=1 ][∏ (|𝑃𝑘𝑃𝑗
′′| − 1)𝑛

𝑗=1 ] =

[√(𝑥𝑠 − 𝑥1
′)2+(𝑦𝑡 − 𝑦1

′)2 − 1] ∙ [√(𝑥𝑠 − 𝑥2
′ )2+(𝑦𝑡 − 𝑦2

′)2 −

1] ∙ … [√(𝑥𝑠 − 𝑥𝑚
′ )2+(𝑦𝑡 − 𝑦𝑚

′ )2 − 1] ∙

[√(𝑥𝑠 − 𝑥1
′′)2+(𝑦𝑡 − 𝑦1

′′)2 − 1] ∙

[√(𝑥𝑠 − 𝑥2
′′)2+(𝑦𝑡 − 𝑦2

′′)2 − 1] ∙

… [√(𝑥𝑠 − 𝑥𝑛
′′)2+(𝑦𝑡 − 𝑦𝑛

′′)2 − 1] ≥ 0, and √𝑥𝑠
2 + 𝑦𝑡

2 ≤ 15 

Test if the random point 

is inside the fibre or 

outside the yarn 

(counted as 

meaningless)  

7 
Then output 𝐸𝑘 = (∑

1

𝑥𝑠−𝑥𝑖
′

𝑚
𝑖=1  , ∑

1

𝑦𝑡−𝑦𝑖
′

𝑚
𝑖=1 ), as well as 𝑃𝑘 =

(𝑥𝑠, 𝑦𝑡) 

If it is not inside, 

calculate Ek, record Ek 

and Pk 

8 If not  

9 Then output 𝑃𝑘 = (𝑥𝑠, 𝑦𝑡) If inside, only record 

point position Pk 

10 

|𝐸𝑘| = √(∑
1

𝑥𝑠 − 𝑥𝑖
′

𝑚

𝑖=1

)

2

+ (∑
1

𝑦𝑡 − 𝑦𝑖
′

𝑚

𝑖=1

)

2

 

Calculate the effective 

field strength of each 

point 

11 Set M = {(𝑃𝑘, |𝐸𝑘|)||𝐸𝑘| ≥ 0}  
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Complying with antimicrobial test results 

In standard AATCC100, there is no restriction requirement on the nutrition in 

incubation liquid, which may affect the antimicrobial function in fabric. In standard 

ISO20743, reporting the ‘growth factor’ which is equal to logarithm of B/A (normally 

should be no less than 2) is required. In my study, I adopted the idea of including growth 

factor, but defined as G =
𝐵

𝐴
, and I expanded the tolerance to exaggerate the differences 

between the data.  

During my research, I discovered a threshold content ratio in the antimicrobial activity 

of chitosan/cotton yarn, beyond which an increase in chitosan content does not have 

significant effects. For S. aureus, a typical Gram-positive bacteria used in antimicrobial 

test, 3% chitosan/cotton yarn exhibited an antimicrobial rate higher than 99.93%, and 

100% chitosan yarn displayed no significant advantage. 

In literature related to the nature of chitosan’s antimicrobial properties, it is well 

established that the electric field serves as a killing factor, although there is still 

uncertainty and conflicting analyses about how the electric field affects growth or 

reproduction of bacteria. However, there is scant literature investigating the critical 

electric field strength required to kill bacteria. One reason is that bacteria require moist 

environments in which they wander and are not still. Another reason is the difficulty of 

judging the viability of bacterial cells. For textile-based specimens, the usual initial 

dilution is 105 CFU/mL, which is too high for viewing under microscope, and 
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measuring under such circumstance is meaningless and unacceptable in terms of 

statistical analysis. In my study, by establishing a simulation model and complying with 

the experiment results, I estimated a critical distance under which the bacteria would 

lose viability.  

Because the fibre number in a yarn cross section is always an integer, the real content 

of chitosan in the specimen should fit the simulation. In my study, I selected the two 

nearest numbers of chitosan fibres and fitted them using the linear method.  

Processing of the simulation data 

Based on the understanding of the principles in antimicrobial testing on textiles, I 

prepared the data acquired from simulation using the following steps outlined in Table 

4-6 (target chitosan content 100 w%):  

Table 4-6. Main structure of programming (continued) 

12 𝑚1 = [173𝑤] − 1 , 𝑚2 = [173𝑤] 

Where [𝑥]means the nearest integer that is bigger than x 

Finding the two 

chitosan fibre number 

near the target 

percentage 

13 For 𝑚 = 𝑚1, generate M = {(𝑃𝑘, |𝐸𝑘|)||𝐸𝑘| ≥ 0} as 𝑀1 

For 𝑚 = 𝑚2, generate M = {(𝑃𝑘, |𝐸𝑘|)||𝐸𝑘| ≥ 0} as 𝑀2 

Set number of fibres 

(number of chitosan 

fibres as m) 

14 Set step for curve draft 

x = 0.1, 0.12, 0.14…0.5 

 

15 
For 𝑚 = 𝑚1, 𝑓1

′′(x) =
𝑐𝑎𝑟𝑑{(𝑃𝑘, |𝐸𝑘|) ∈ 𝑀1|𝐸𝑘 ≤ 𝑥}

𝑐𝑎𝑟𝑑{(𝑃𝑘, |𝐸𝑘|) ∈ 𝑀1|𝐸𝑘 > 0}
, 

For 𝑚 = 𝑚2, 𝑓2
′′(x) =

𝑐𝑎𝑟𝑑{(𝑃𝑘, |𝐸𝑘|) ∈ 𝑀2|𝐸𝑘 ≤ 𝑥}

𝑐𝑎𝑟𝑑{(𝑃𝑘, |𝐸𝑘|) ∈ 𝑀2|𝐸𝑘 > 0}
, 

Where card{𝐴} is the number of elements in set A 
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16 For each x, calculate means of 5 random position of 𝑓1
′′(x) 

and 𝑓2
′′(x), fit curve as 𝑓1

′(𝑥) and 𝑓2
′(𝑥) 

 

17 
For each x, 𝑓′(x) =

𝑚2−𝑚1

𝑚−𝑚1
∙ [𝑓1

′(𝑥) + 𝑓2
′(𝑥)] 

 

18 

Set membership function g(x) = {

𝐺 ∙ 𝑥,        𝑥 > 𝑡ℎ𝑟(−)
𝑥, 𝑡ℎ𝑟(−) ≤ 𝑥 ≤ 𝑡ℎ𝑟(+)

0, 𝑥 < 𝑡ℎ𝑟(+)
, 

Where G is the growth factor, thr(-) is the lower threshold, 

and thr(+) is the higher threshold 

 

19 f(x) = g(x) ∙ 𝑓′(x) is compared to experiment results in 

antimicrobial test 

 

I used a visualization method to attain qualitative results. The results revealed that the 

effective field was significantly related to the chitosan fibre ratio in yarn (Figure 4-12) 

and fibre distribution (Figure 4-13). 

 

 

Figure 4-11. Visualization of field strength with various chitosan content (m = 20, 40, 60, 80,100, 120, 150, and 173). 

Figure 4-12. Visualization of field strength with different fibre distribution patterns (m=10, chitosan content = 5.78%). 
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Furthermore, the effective field was closely related to the diameter of fibres in the yarn, 

because the electric field weakened as the diameter of chitosan fibres decreased. At 

each point in the yarn cross-session area, 
𝐸𝑖1⃑⃑ ⃑⃑ ⃑⃑ 

𝐸𝑖2⃑⃑ ⃑⃑ ⃑⃑ 
=

2R𝑓1∙∆R−∆𝑅2

2R𝑓2∙∆R−∆𝑅2 , where R𝑓1, R𝑓2 represent.  

Because ∆R represents the thickness of the surface layer of the chitosan polymer, 

which generated the electric field, ∆R ≪ R𝑓1, ∆R ≪ R𝑓2. Therefore, in the program 𝐸𝑖
⃑⃑  ⃑ 

at Rf’=x Rf was estimated to x𝐸𝑖
⃑⃑  ⃑. Results are illustrated in the subsequent text. When 

Rf dropped to 0.8 Rf, electrical field strength in most areas was lower than 0.5.  

 

4.2.3 Quantification method 2: Window variation method (WVM) 

Cell counting is a well-established method for quantification of uniformity in materials 

science (Zaccardi, Santonicola, & Laurenzi, 2018; Luo & Koo, 2008; Mandelbrot, 1977). 

In this method, uniform cells are drawn onto two-dimensional (2D) images and particles 

in each cell, and the coefficient of variation or standard deviation is used to evaluate the 

uniformity of particles in a given medium. An alternative approach selects random views 

and counts the particles in each view. The WVM was developed on the bases of the two 

Figure 4-13. Visualization of field strength with different fibre cross-section radius with m = 10 (Ry = 15, Rf = 1; 0.9; 0.8). 
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aforementioned approaches. The cross section of a yarn is unique in several ways: a) its 

area is small compared with the unit area (fibre cross-section area), which means 

counting the units on the cell edge is critical, and b) its area is generally circular, and 

cells on the yarn cross-section edge cover a small but valid area. Therefore, simply 

applying a grid onto a cross section is ineffective. WVM randomly places windows near 

the yarn cross section and calculates variations in the targeted fibre area. 

 

Figure 4-14. a) Randomly placed window on yarn cross section after binary processing; b) targeted fibre cross section 𝑨𝑾𝑭𝒏
; c) 

yarn cross-sectional area 𝑨𝑾𝒀𝒏
; and d) window area 𝑨𝑾. 

 

As shown in figure 4-15, in principle, n square windows with area 𝐴𝑊 cover more than 

a certain area, 𝐴𝑊𝑌𝑛 , of the yarn cross-section area; the targeted fibre cross section, 𝐴𝑊𝐹𝑛
, 

can be calculated, and its ratio to the yarn cross-section area is 𝑃𝑊𝑛
. Unevenness (𝑈𝑤𝑆𝐷) 

is measured in terms of the standard deviation of 𝑃𝑤. Because in some window areas on 

the edge, 𝜇𝑛 =
𝐴𝑊𝑌𝑛

𝐴𝑊
< 1, their weight is less than that of the areas in which μ𝑛 = 1, 

and the standard deviation of 𝑃𝑊𝑛
 is tuned accordingly. 

 

𝑈𝑤𝑆𝐷 = √
1

∑ μ𝑛
𝑛
𝑖=1

∑(𝑃𝑤𝑖
− 𝑃𝑤

̅̅ ̅)
2

𝑛

𝑖=1

∙ μ𝑛 
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where 

μ𝑛 =
𝐴𝑊𝑌𝑛

𝐴𝑊
，𝑃𝑊𝑛

=
𝐴𝑊𝐹𝑛

𝐴𝑊𝑌𝑛

 

and 

𝐴𝑊𝑌𝑛 ≥ μ𝑡ℎ ∙ 𝐴𝑊 

Variable 1: Window size 𝑨𝑾 

Window size may influence the quantified unevenness value, as in the case of the cell 

counting method (Khare & Burris, 2010). If the window is too large, all yarn areas and 

fibre areas are covered; thus, 𝑃𝑊𝑛
 is equal to 𝑃𝑤

̅̅ ̅, and the unevenness value 𝑈𝑤𝑆𝐷 is 

equal to 0, irrespective of the distribution of the fibres in the yarn. If the window is too 

small (smaller than the area of a single fibre), 𝑈𝑤𝑆𝐷 = √𝑃𝑤
̅̅ ̅(1 − 𝑃𝑤

̅̅ ̅)(1 + 𝑃𝑤
̅̅ ̅), which is 

unrelated to the distribution of fibres in the yarn. If the method is sensitive to window 

size (relative to fibre or yarn size), it is necessary to adjust the window size; this is not 

ideal. Therefore, I examined the method with different window sizes. As shown in Figure 

4-16(a), the distribution of 𝑃𝑊𝑛
 stabilises as the window width increases beyond 400 px, 

which is approximately 10 times larger than the targeted fibre cross-section diameter. 

Table 4-7 shows the correlation coefficient between 𝑈𝑤𝑆𝐷  and antibacterial 

performance under different window sizes. 
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Figure 4-15. a) Distribution of 𝑷𝑾𝒏

 with window widths of 100–800 px; b) windows with different widths in yarn cross 

section. 

 

 

  

Table 4-7. Correlation coefficient between 𝑼𝒘𝑺𝑫 and antibacterial performance under different window sizes 

window width 

100 200 300 400 500 600 700 

-0.508 -0.751 -0.807 -0.873 -0.841 -0.850 -0.874 

 

Variable 2: Threshold yarn area ratio 𝝁𝒕𝒉 

The threshold yarn area ratio, 𝜇𝑡ℎ, exerts little influence on the quantified irregularity 

value. If windows on the edge of the yarn area are treated the same as those in the centre, 
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Figure 4-16. 𝑼𝒘𝑺𝑫 with window widths of 300–800 px. 
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they automatically gain additional weight because they occupy a smaller area. However, 

μ𝑡ℎ can also be used as a threshold for separating the centre area from the edge area of 

the yarn. In cases where the outer layer is of relatively great significance (for example, 

for a special appearance), a series of threshold yarn area ratios 𝜇𝑡ℎ1
, 𝜇𝑡ℎ2

,…𝜇𝑡ℎ𝑛
 can be 

used to separate the outer and inner layers and examine them separately. The samples 

used in this study had relatively high evenness between the outer and inner sections; 

therefore, the threshold yarn area ratio had only a small influence on the quantified 

unevenness value of the chitosan/cotton blended yarn samples. 

Variable 3: Repeat number n 

The repeat number of random windows, n, is essential from the viewpoint of running 

time and the speed should be balanced with performance. A higher repeat number is 

expected to provide more accurate results, but it increases the computing time. 

Considering the accuracy with which the antibacterial result of the yarn was predicted in 

the results, the repeat number had little influence. 

 

Table 4-8. Correlation coefficient between 𝑼𝒘𝑺𝑫 and antibacterial performance for different repeat numbers. 

repeat      

20 100 200 500 1000 2000 

-0.878 -0.891 -0.865 -0.837 -0.873 -0.803 

 

4.2.4 Quantification method 3: Dilation method (DLM) 

The DLM is based on the binary DLM of image processing (Gonzalez, Woods, & Eddins, 

2004) . Similar method has been described in materials science studies (Pegel, Pötschke, 
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Villmow, Stoyan, & Heinrich, 2009; Khare & Burris, 2010; Yourdkhani & Hubert, 2013). 

Dilation of the original segmentation image A—the binary image of the targeted fibre 

and the background—by the structuring element B, which is a circle of radius of r, is 

denoted as A ⊕ B, which is defined through the following set operation: 

 

(A ⊕ B)(x, y) = {𝑧|(�̂�)
𝑧
⋂𝐴 ≠ ∅} 

where �̂� is the reflection of the structuring element B. 

The application of the DLM assumes that chitosan fibre kills bacteria in a surrounding 

area of radius r; and this effect is not influenced by nearby fibres, and the union of the 

aforementioned surrounding areas is related to the antibacterial performance of the 

chitosan yarn. 

Variable 1: Definition of effective area 

Because fibres are approximately cylindrical objects and bacteria cannot penetrate and 

live inside the fibres, it is reasonable to exclude fibre area from the definition of the 

effective area. As shown in Figure 4-18, efarall denotes all areas after the dilation of the 

Figure 4-17. a) Dilation of targeted fibre area (efarall); b) dilation of targeted fibre area excluding targeted fibre cross-sectional area (efarnoch); 

c) dilation of targeted fibre area excluding yarn cross-sectional area (efarnofb); d) dilation of targeted fibre area excluding partial yarn cross-

section area (efarcorr). 
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cross section of a chitosan fibre; efarnoch denotes the area excluding the cross-sectional 

area of the chitosan fibre; efarnofb denotes the area excluding the cross-sectional area of 

the yarn; and efarcorr denotes the area excluding the cross-sectional area of the chitosan 

fibre and including a certain proportion of the cross-sectional area of non-chitosan fibre 

area that considers the gap areas between fibres.  

Variable 2: Dilation radius r 

The dilation radius r influences the dilation areas. If r is too big, the fibres in only the 

outer areas contribute; if r is too small, there is no overlap between the dilated fibre cross-

sectional areas, and uniformity cannot be measured. According to the results, r can range 

from 1–3 times the fibre diameter (50–70 px). When r is too large, the dilated area may 

overflow the image area. As shown in Figure 4-19(d), the correlation between 

antibacterial performance and effective area, according to four definitions, becomes 

steady for r = 100–150.  
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Figure 4-18. a) Areas (px) with dilation radii of 0–100 px; b) image of dilated areas with dilation radii of 10–150 px; c) table listing 

correlation coefficients between effective area and antibacterial performance for different dilation radii and definitions of the 

effective area; d) line chart displaying correlation coefficients between effective area and antibacterial performance for different 

dilation radii and definitions of the effective area. 

 

Two methods for quantifying fibre distribution uniformity were proposed and evaluated 

using antibacterial performance tests. The WVM, based on cell counting, randomly 

selects windows and quantifies the uniformity of one type of fibre in a yarn cross section 

by calculating the variation of the fibre ratio in each window. Several variables—window 

size, repeat number, and threshold yarn area ratio—were set to different values. The 

results demonstrate that the relative uniformity of the samples was steady, implying that 
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the method is insensitive to these variables. For the data specifications, the correlation 

of the quantified value with the antibacterial test peaks corresponded to window sizes of 

400–700 px, which is approximately 10 times the targeted fibre diameter. Additionally, 

the repeat number, which is the number of windows selected, exerted only minor 

influence on the uniformity measure, and the repeat number can be as low as 100. 

Because speed is a crucial characteristic of a quantification method, the low repeat 

number evidences the efficiency of the proposed method. 

The other method tested was the DLM, which quantifies uniformity according to the 

dilation area of the targeted fibres, given uniform fibre diameter and similar fibre content 

in a yarn. The DLM calculates only once for each image, has a short code and a high 

computing speed, and the effective radius variable has a physical meaning. The results 

obtained through the DLM reveal that the definition of the effective area that excludes 

the cross-sectional area of chitosan fibre and includes a certain ratio of the cross-sectional 

area of non-chitosan yarn yields the most steady and accurate prediction. Additionally, 

the correlation between antibacterial performance and dilation area remains steady over 

the dilation radius range of 60–150 px, which is 1.5–3 times the targeted fibre diameter. 

Comparison of the two methods reveals that the WVM exhibits greater potential because 

the threshold yarn area ratio, 𝜇𝑡ℎ, and the weights of the corresponding windows can be 

programmed to achieve certain quantification goals (for example, assigning a greater 

weight to the targeted fibre on the outer section of the yarn); however, the DLM is simple 

and fast, with fewer variables than the WVM. The two methods are applicable to 
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combinations of fibres with different diameters. Compared with methods that use the 

counts and locations of fibres, my methods are more direct. However, if the fibres are of 

similar colours, fibre area must be computed through fibre detection. 
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CHAPTER 5 CHITOSAN FABRIC 

5.1 Cell Test 

Fibroblast cells play an important role in wound healing from the late inflammatory 

phase to the full epithelialization phase (Martin, 1997) . They migrate to the wound area 

under the regulation of injury-mediated factors and proliferate quickly to execute a 

series of key activities and to progressively change the wound healing environment. 

Therefore, studying the viability and growth rate of fibroblast cells could provide 

necessary information for the wound healing process. I incubated the fabrics with 

NIH/3T3 mouse fibroblast cells and calculated the viability and cell concentration 

under different treatment days. As illustrated in Figure 5-1 A, the initial concentration 

of NIH/3T3 was optimized as 105 cells/mL and incubated with fabrics on different 

intervals: first, third, and fifth (Figure 5-1 B). After removal of the fabrics and medium, 

the cell layer that was attached on the flask wall was rinsed twice using PBS to wash 

away extra FBS (Figure 5-1 C). Next, trypsin was used to obtain the cell suspension 

solution (Figure 5-1 D). This solution was mixed with trypan blue and poured into the 

haemocytometer, so that I could observe the cells under microscope. Dead cells without 

the protection of the intact cell wall could be easily stained by trypan blue; however, 

live cells were protected against the dye and displayed a normal light colour (Figure 3-

5 E). By counting the number of dead and live cells, I could obtain the cell viability and 

concentration after the chitosan fabric treatment after a certain number of days.  
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Figure 5-1. Detection process in cell testing. 

The NIH/3T3 cell line was obtained from ATCC (USA), and all the reagents of cell and 

animal tests were bought form Life Technologies (USA). Polyvinylsulphuric acid 

potassium salt (PVSK), acetic acid (HOAc), blutene and all other reagents were 

obtained from Sigma-Aldrich (USA). The water used in all the experiments was MilliQ 

water (18 MΩ cm, Millipore). 

The cells were cultured in DMEM and 10% fetal bovine serum (GibcoBRL, 

Gaithersburg, MD, USA) in a 5% humidified CO2 atmosphere at 37°C. NIH/3T3 cells 

with a concentration of 105 cells/mL were incubated with sterile fabrics in a 24-well 

culture plate. The culture medium was removed and discarded. The cell layer was 

briefly rinsed with PBS solution to remove all traces of serum that contained trypsin 

inhibitor. Three mL of 0.25% (w/v) trypsin and 0.53 mM EDTA solution were added 

to the flask and allowed to react for 3 min. After the addition of medium to end the 

reaction, cells were then collected and washed. The appropriate aliquots of the cell 

suspension were added to the new culture vessels. A pipette was used to draw up cell 

suspension containing trypan blue and the haemocytometer was filled by gently resting 

the end of the Gilson tip at the edge of the chambers. Using a hand tally counter, the 

numbers of live cells (light coloured) and dead cells (blue) were counted within the 16-
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square area of the haemocytometer using the microscope. From these cell numbers, the 

cell concentration and viability were calculated. 

Results 

As displayed in Figure 5-2, chitosan fabrics with higher chitosan ratios displayed more 

impressive viability. On Day 5, the viability rates 0.2 g of 0%, 5%, and 10% chitosan 

fabrics were 80.12%, 89.36%, and 91.55%, respectively. The cell concentration 

displayed the same relationship in Figure 5-2 B. On Day 5, the concentrations for 0.2g 

of 0%, 5% and 10% chitosan fabrics were 1.52×105, 16.15×105 and 24.30×105 cells/mL, 

respectively. Figure 5-2 C reveals that cell concentrations increased as chitosan content 

increased, with incubation time ranging from Day 1 to Day 9. On Day 9, the 

concentrations for 0.2g of 0%, 5% and 10% chitosan fabrics were 1.92×105, 22.35×105, 

and 27.03×105 cells/mL, respectively. I also studied the effect of fabric weight on cell 

growth. With the increasing fabric weight, the improvement effect of fabrics with 5% 

and 10% chitosan was clear compared with control fabric (Figure 5-2 D). When the 

weight was up to 1.0 g, the concentrations of 0%, 5%, and 10% chitosan fabrics on Day 

5 were 1.95×105, 22.60×105 and 26.11×105 cells/mL, respectively. Obviously, chitosan 

fabrics considerably improved the proliferation of fibroblast cells. 
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Figure 5-2. Cell test results (A) The viability and (B) concentrations of NIH/3T3 cells based on different chitosan fabric at different 

incubation time. (C) The effect on the concentrations of NIH/3T3 cells for different chitosan fabric ranging from Day 1 to Day 9. 

(D) The effect on concentrations of NIH/3T3 cells for different chitosan fabric with weights of 0.2, 0.4, 0.6, 0.8, and 1.0 g. 

Moreover, I used a green fluorescence dye to further observe the cell status, namely 

SYTO® 9 Green Fluorescence Nucleic Acid dye. This dye can only stain live cells and 

facilitates the observation of live cells and distinguishes them from dead cells. Figure 5-

3 depicts the cell images under the observation of a confocal microscope. Figure 5-3 A 

and D are the bright and fluorescent images of NIH/3T3 cells treated with 0.2 g of 10% 

chitosan fabrics on Day 5. Figure 5-3 B and E represent the cell incubated with 0.2 g of 

5% chitosan fabric. Figure 5-3 C and F are images of cells treated with 0.2 g of control 

fabric. The bright light image revealed that the cell density increased with the 

incremental increases of the chitosan content, and the green fluorescence image revealed 

that cell viability also increased with increased chitosan content. These results were 

consistent with the results of my previous experiment and further indicated that chitosan 
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fabrics even with low content of chitosan considerably improved NIH/3T3 cell growth. 

These positive results meant that animal testing could then be conducted to study the 

wound healing effects of chitosan. 

5.2 Wound Healing Test 

The materials for this experiment included an orifice, toothed forceps, a surgical blade, 

and pointed scissors, 75% alcohol, physiological saline and medical absorbent cotton. 

Healthy inbred albino Wistar strain 5-week male rats weighing 200 to 250 g were used 

for the study. Animals were periodically weighed before and after the experiment. The 

rats were anaesthetised using pentobarbital sodium prior to and during infliction of the 

experimental wounds. The surgical interventions were carried out under sterile 

Figure 5-3. The bright light image of stained NIH/3T3 cells incubated with 0.2 g of (A) 10% chitosan fabric, (B) 5% chitosan 

fabric and (C) 0% chitosan fabric on Day 5 of incubation. The corresponding fluorescence image of stained NIH/3T3 cells 

incubated with 0.2 g of (D) 10% chitosan fabric, (E) 5% chitosan fabric and (F) 0% chitosan fabric on Day 5 of incubation. 
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conditions. Animals were closely observed for any infection, and those that displayed 

signs of infection were separated and excluded from the study and replaced. 

Animals were anaesthetised prior to and during creation of the wounds. The dorsal fur 

of the animals was shaved with an electric clipper and the anticipated area of the wound 

to be created was outlined on the back of the animals with methylene blue, using a 

circular stainless-steel stencil. A circular excision wound 100 mm2 wide was created 

along the markings using the orifice, toothed forceps, a surgical blade and pointed 

scissors.  

The entire wound was then covered with either sample fabrics or control fabric. The 

animals were divided into three groups of two each. The wound closure rate was 

assessed and recorded by tracing the wound on Days 1, 6, 9, 12, and 18 after wounding, 

Figure 5-4. Main process of wound healing test. 
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using a transparency paper and permanent marker. Wound healing rate is calculated by 

the reduction rate of wound area. 

Results 

The wound healing test demonstrated that fabrics with chitosan content of 5% and 10% 

had similar accelerating effects, while 100% chitosan fabric had slightly better 

performance. The most significant effect was observed on Day 4. Similar findings were 

described in Ueno et al.’s study (Ueno et al., 1999) on dogs, with an explanation that 

infiltration was more active.  

The pattern indicated that chitosan fabric used as gauze may reduce pain during the first 

stage of wound healing. The accelerating effect weakened slightly in the middle stage 
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Figure 5-5. Results of wound healing animal test displaying wound healing rates. 
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and accelerated on Day 10 in the final stage of healing. For samples of 5% and 100% 

chitosan, the healing process was almost completed on Day 10 as the extent of PMN 

cell filtration increased. 
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Figure 5-6. Photos of wounds in the wound healing test (chitosan content 0%, 5%, 10%, and 100%). 
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CHAPTER 6 APPLICATION OF CHITOSAN TEXTILES 

AND THEIR FUTURE 

Fabric is typically not the final product. To achieve functional and nonfunctional goals, 

a product designer needs to explore the structural possibilities of the product and fabric 

components. Our research explored the application of chitosan textiles to several 

products. 

Functional textile-related design 

Product designs involving textiles are sometimes regarded as either fashion designs 

(without functions) or product designs (with functions). However, the development of 

textiles, particularly the development of functional textiles, has allowed them to become 

more than an artefact’s functional part or the component of a product that gives a soft, 

comfortable, or fashionable texture on the product surface. For example, a piece of fabric 

can be knitted with electrical circuits or heating sections. A heating knee pad can be 

designed by sewing a conductive fabric on a nonconductive pad and by wiring the 

controller and battery to the conductive fabric. A smarter approach is to knit the 

conductive and nonconductive section into one piece of fabric, so that no extra steps of 

attaching parts are necessary and wiring is minimised. The bulkiness and weight of the 

product are also reduced. In this case, the functional part is knitted inseparably into the 

product. 

Although similar, fashion design, including shoes design and bag design, is a different 

field from product design. Textiles are commonly used in both fields, but in the product 
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design field, the rich structure and other capabilities are not fully recognised and used. 

This is partially because of the long chains of textile production and its distance from 

other types of material such as film, sheets, bars, and other solid forms, but now these 

chains are shorter and quicker to respond. Designers have more choice for materials and 

techniques than before. The possibilities are abundant, as even if the fibre material is set, 

there can be changes in 1) fibre structure material types, 2) methods of mixing of fibre 

structure material, 3) yarn structure material types, 4) methods of mixing yarn structure 

material, 5) yarn forming methods, 6) parameters in the yarn forming process, 7) fabric 

forming methods, 8) parameters in the fabric forming process, 9) print and dye methods, 

and 10) other finishing methods. 

Product lifecycle stages pass faster than before and require quick responses to the market 

demand. New developments in upstream production need to be translated into products 

in short periods. Small volume production and lightening the product line are the trends 

in the product design industry. Advances such as 3D printing have become popular. 

Accordingly, advances in the textile field, such as digital printing, support rapid supply 

chains. In the design process, designers need to check these technological developments: 

new fabric structures (such as space fabrics), new finishing materials and processes (such 

as anti-UV and self-cleaning materials), digital knitting, embroidery, jacquard, and 

others. 

Interdisciplinary design 
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The relationship between textiles and other products is closer today, as many nontextile 

materials and parts are knitted or weaved onto textiles, and the functions of textiles have 

also broadened. In fashion, consumers seek garments or accessories with ‘something 

special’. As a result, interdisciplinary designer teams are the new trend. Communication 

in such teams is a great challenge. Design language including wordings and visual 

communication tools may represent barriers to communication among members without 

a similar background. Professional experience is also critical and influences decision-

making in the design process. Designers can ‘image’ the final product more effectively 

by seeing or knowing the materials and techniques. Studies have shown that such 

situations can be improved by applying ‘education’ during the design process. Other 

factors include the time devoted to the project (some team members only attend key 

meetings) and variations in aims and objectives. 

Different compositions of interdisciplinary design teams (fashion designers, product 

designers, or textile designers) lead to different views of the product’s design process. 

The team decides where to start or which part should be innovated: material, function, 

appearance, and others. The background of designers also influences the extent of their 

involvement in the textile industry and how they consider the potential of textile. The 

downstream textile production process has a shorter production cycle and fewer 

restrictions on materials; therefore, it is mostly considered by designers in nontextile 

fields. However, increasing advances in the upstream process facilitate decision-making 

that fundamentally influences product performance. 
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Consumer-centred? 

Advances in textile materials are foundational innovations to the industry and are 

adopted by the market. However, consumers do not regard such ‘needs’ as important; 

thus, ‘educating’ consumers is necessary. 

Conventionally, there has been a great need to become ‘consumer-centred’ over 

‘designer-centred’ or ‘expert-centred’. To delight clients and users, designers commonly 

present questionnaires to consumers. However, the results may not be as good as 

expected by the design team, and the team may not be satisfied by the options ‘approved’ 

by clients. Thus, an optimal result is not chosen, and the responsibility of an 

inappropriate selection can be attributed to both parties. The design team often uses 

images and prototypes that are beautified, and clients have little knowledge about the 

designer’s reasons to choose one option over another. Clients are confused and bothered 

by options with few differences. Early and frequent exposure of designs to clients reduce 

the excitement of seeing new appearances or functions. Therefore, managing the 

expectation of users is crucial. 

` 

Projects 

I conducted three design projects to explore the possible applications of chitosan textiles. 

The first project involved providing daily pyjamas to patients with epidermolysis bullosa 

(EB). The design stage was purely focused on a design’s appeal, with main 

considerations related to silhouettes and details such as collars, cuffs, fastenings, and 
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fabric patterns. Although complicated, these details still fell under normal apparel 

contexts, and the surrounding techniques are very mature. In addition, the expectations 

and reactions of users were partially predictable. However, the special needs of these 

users required more consideration for comfort and functionality than in normal consumer 

cases. To address these special needs, our team interviewed wearers, their parents, and 

nurseries. I also researched the disorder and found the greatest issue to be abrasions, 

followed by possible contamination of wounds. Chitosan fabric naturally has a 

contamination preventing function and a wound healing accelerating effect. Therefore, 

it was the perfect material for the product. However, it has some special characteristics 

that require special consideration. First, chitosan yarns are weak in strength compared 

with normal natural and synthetic yarns, particularly when the chitosan percentage is 

high. Second, chitosan material is sensitive to chemicals, pH conditions, and temperature. 

The normal finishing process after fabric formation may damage the chitosan fabric and 

affect its functions. 

 

As shown in Figure 6-1, EB is an inherited skin disorder that leads to skin fragility and 

blistering. This disorder typically occurs at birth or soon after. Due to the visibility of 

EB symptoms, patients not only suffer from physical pain but also from psychological 

burden. For newborn infants with EB, reducing body movement and preventing injuries 

are difficult; thus, the burden of care lies on their families and medical personnel. 

Because patients with EB cannot fully recover with current medical technology, the 
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condition lasts for life. Researchers have reported that some patients with EB 

experienced improvement as they aged. Nevertheless, many patients still suffer from the 

pain and inconvenience of EB (Figure 6-1). The prevention of injury becomes a lifelong 

issue. This study focused on interaction between ‘second skin’ clothing and skin for the 

development of skin protective apparel for patients with EB to reduce the chances of 

injury. 

 

Figure 6-1. EB types and children with EB. 

 

Chitosan is the perfect daily wear material for individuals with EB. However, it has 

several characteristics that require special consideration in the design process. First, 

chitosan yarn is mechanically weak. Chitosan is too weak for weaving processes in 

which yarns are stretched hard during operation, particularly for warp yarns. The 

abrasion between shuttle and yarn may break weak yarns. Bed knitting machines 

often generate thicker fabrics with rougher surfaces. Therefore, the chitosan fabric 

for EB patients’ daily wear involved circular knitting with larger gauzes. Second, 

chitosan is sensitive to heat and chemicals. Bleaching and colouration may involve 

acidic chemicals that degrade the chitosan and affect its function. Moreover, the 

leftover chemical may cause allergic reactions on wounded skin. Minimal 

chemicals were used in this project. The fabrics were printed without bleaching. 
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Furthermore, to minimise abrasions to the skin, several garment details such as 

seaming, hemming, fastening, and stitching were considered. (Figure 6-3) Wear 

trials revealed that both patients and their carers preferred lower thickness of cloth 

on the neck or wrist position, but decoration in other places was welcomed because 

the paediatric patients still had aesthetic needs. The results of the questionnaire 

indicated that designs A5 at the neck place and B5 on side seams were favoured. 

Light and small buttons were preferred as fastening over zippers, which were 

heavier and caused more abrasions. For other positions, no special preferences were 

indicated from the patients and their carers. 
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Figure 6-2. Project outcomes of chitosan garment design project. 
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Figure 6-3. Garment detail options for EB patients’ wear. 
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Figure 6-3. Garment detail options for EB patients’ wear (cont’). 
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The second and third projects involved nursing homes, and the aim was to provide 

beddings and daily supplies for elderly individuals, who are known to spend much of 

their time in bed and may suffer from bedsores that cause wounds on the back. Our textile 

products were designed with the goals of accelerating the healing of wounds and 

preventing infections. The caring personal claimed that their working place looked 

gloomy and lifeless. They described that colourful beddings that occupy large areas of 

the rooms would improve their mood. However, they could not describe in detail the 

Figure 6-4. Measures of beds for different purpose in nursing house 
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patterns they desired. In the first stage, designers provided several options that consisted 

of ‘traditional Chinese patterns’ that are related to positive meanings such as longevity 

for the elderly people and their carers. They all expressed dissatisfaction with the options 

because they were ‘still lifeless’ and looked like shrouds. In the second meeting, I 

brought designs by two groups of designers. The first group closely worked with the 

textile colouration industry, and the second group closely worked with graphic designers. 

Figure 6-5. Printing, fitting, and details of the bedding prototype 
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Designs by the first group had more contrasting colours and lines on the colour block 

boundary. The designer explained that because of difficulties in small volume production 

in the printing process, the colour was less accurate and the position less accurate. After 

going through all pattern options in the second set given by the two design groups, the 

elderly people and their carers chose patterns that they viewed as the most ‘striking and 

refreshing’.  

The third project was to provide bibs and handkerchiefs to elderly people living or dining 

in the nursing home. The handkerchiefs used patterns similar to those of the beddings, 

the caring personnel and design team decided to bring more creativity into the project. 

Because the bib had a sandwich structure with a polyester-woven outer layer that allowed 

Figure 6-6. Handkerchief designs for elderly with similar pattern designs with the beddings. 
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for digital printing, designers could include patterns with larger repetitions, more choice 

of colour (almost unlimited vs. 8–20 on the bedding cases), and smaller production 

volumes. The prototyping time and cost were also lower. 

Our project experience revealed that, first, the interdisciplinary team had advantages in 

communication between the involved parties, but they faced difficulties because of the 

lack of a common language, different expectations of visual results, and differences 

Figure 6-7. Pattern designs for bibs. 
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between target and effort inputs. Second, prototypes were key to communication 

between not only the design team and clients but more crucially among designers and 

producers. In the project, chitosan fabrics had dyeing and printing characteristics. During 

the multi-thread chain stitching practice, the dyeing and printing house needed trial 

material to test the colour and patterns before the chitosan fabric was ready. In such cases, 

I used a prototype fabric with similar colour, structure, and colouration property. 

Materials such as polyester fabrics may raise the clients’ expectations for colouration for 

the final product, possibly resulting in disappointment with the final product. Third, the 

elderly group had special aesthetic needs. In the first group of design proposals for the 

bedding project, although designers intended to use ‘auspicious patterns’, the elderly 

people strongly opposed these patterns because they are often seen in other products 

related to death. Instead of trying to find patterns that are ‘auspicious’, patterns without 

‘auspicious’ connotations were preferred. 

  

Figure 6-8. Pattern printed on fabrics prepared for sewing 
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CHAPTER 7 CONCLUSION 

The results of this research contributed to the knowledge base of functional textile 

fabrication, evaluation and application by developing chitosan textile products, exploring 

evaluation methods, as well as modifying yarn spinning roller for chitosan yarn spinning. 

While a good deal of practical research exists on chitosan material or chitosan gel applied 

on ready-made textile, this body of research is the first to study textile with chitosan as 

the base material. Meanwhile, it also adds knowledge to understanding of functional 

textile group which normally refer to high strength or conductivity.  

Summery 

The primary objective of this research is to fabricate chitosan yarns and fabrics for 

medical care applications. Outcome of this objective are production of chitosan/cotton 

yarns and fabrics for medical care; testing of the chitosan-based textile material; 

designing, prototyping, and optimizing the products considering bio-performance and 

material costs. The objectives were met by conducting a four-stage research project. 

Stage one involved exploratory research compromising a comprehensive literature 

review of chitosan material and textiles testing methods. This Literature review explored 

the available knowledge of chitosan in solution state and showed the gap of knowledge 

in chitosan in solid state or as fiber form. A review of existing methods of anti-microbial 

textiles testing further assisted in developing evaluation methods for stage two of the 

research.  

. 
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The literature review and the practice also showed the bottleneck of chitosan yarn 

spinning process is winding of chitosan fibers on spinning roller. It was determined that 

an adequate roller for chitosan yarn spinning was necessary and could be achieved by 

introducing innovative additive in the rubber material. In stage two the spinning rollers 

were developed, and yarn spinning were proceeded. The resulting textile materials were 

tested and analyzed. 

Results from stage one also assisted in developing the testing methods of chitosan textile 

for stage three. While stage one provided information about available methods of 

evaluating chitosan material and textile, stage three of the research used this as a base of 

knowledge to develop suitable test method for chitosan-based textile. I also developed 

methods to quantify the cross-sectional uniformity of blended yarns. In stage four I used 

chitosan/cotton blended fabric to develop several applications.  

Conclusion 

A result of this investigation was chitosan textile products that can smoothly river to the 

stream of conventional textile production in various stage. The progress allows viewers 

to see possible route of functional material application in textile other than finishing or 

coating on textiles.  

To solve the problem of chitosan fibre lapping on rollers in the process of production, 

the research group and China's largest producer of textile roller, Wuxi Lanxiang Industry 

Co. Ltd., developed a prototype and conducted trials in Jiangsu Wuxi Special Textile 

Spinning Factory. The results revealed that the carbon nanotubes/NBR composite 
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material preparation for the conductive roller effectively reduced fibre lapping during 

textile manufacture. When the amount of added carbon nanotubes reached 2 phr, volume 

resistivity displayed a minimum value of 9.68×103 Ω·cm, which is two scales smaller 

than the value of graphite/NBR composite material and at least one time more effective 

than carbon black/NBR composite. From the perspective of electrical conductivity, 

carbon nanotube/NBR composite materials demonstrate obvious advantages. 

Another outcome of the research was to establish test methods of chitosan-based textile 

and to give baseline of their mechanical and antimicrobial performances. Three 

representative microorganism species were tested against six fibre samples with a 

dynamic contact method. All samples showed excellent inhibition effects over three 

microorganism species. Over contact time, the viable count of the microorganisms 

declined, except for one on Stapphylococcus aureus. Chitosan in six fibre samples 

showed a strong linear relationship between Deacetylation degree (DD) and Molecular 

weight (Mw). By calculating the coefficient of determination, I am able to compare the 

impact of DD and Mw of chitosan in fibre form for anti-microorganism functions. DD 

is positively correlated to the microorganism reduction rate while Mw shows a negative 

correlation. But comparing the two factors, DD has a higher coefficient of determination 

than Mw, which indicates that the differences in the anti-microorganism function 

amongst the six samples are more likely to be caused by their DD. The reduction rate of 

Canidia albicans shows less correlation to the DD and Mw of the chitosan fibre samples. 

Two pairs of samples that had similar DD and Mw had a diverse reduction effect. Based 
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on these results, the anti-microbial properties of the chitosan fibre is more apparent on 

Escherichia coli if the differences need to be demonstrated quickly and concisely. 

An anti-microorganism activity test was also administered on the chitosan/acetic acid 

solution of the chitosan fibres. Results show that the clear trend found in the fibre 

samples were not found in its solution state, and the results were inconsistent with 

previous study. The solution of sample FZ915 had significantly higher inhibition 

performance (inhibition factor 2.95), while solution of sample FY902 has significantly 

lower inhibition performance (inhibition factor 1.08). The other fibre solutions produced 

similar inhibition factors. Compared with the fibre state, the anti-microorganism activity 

of the fibre sample in solution state had little relationship with the DD or Mw of the 

chitosan material. tested from the raw material under the commonly used system does 

not reflect the antimicrobial properties of the fibre products. Therefore, it is necessary to 

distinguish functional materials from functional fibres. 

It was also found that my chitosan textile considerably improved the proliferation of 

fibroblast cells. The bright light image revealed that the cell density increased with the 

incremental increases of the chitosan ratio, and the green fluorescence image revealed 

that cell viability also increased with increased chitosan ratio. These results were 

consistent with the results of my previous experiment and further indicated that chitosan 

fabrics even with low ratios of chitosan considerably improved NIH/3T3 cell growth. 

These positive results were further approved by animal test conducted to study the wound 

healing effects of chitosan. Healthy inbred albino Wistar strain 5-week male rats were 
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used for the study. The pattern indicated that chitosan textile may reduce time of the first 

stage of wound healing. The accelerating effect weakened slightly in the middle stage 

and accelerated on Day 10 in the final stage of healing. 

A further result of the investigation was two methods to quantify the cross-sectional 

uniformity of blended yarns: the window variation method (WVM), which is based on 

cell counting, and the dilation method (DLM), which is based on the less popular practice 

of calculating the ‘effective’ or ‘free’ region. The two methods were evaluated in terms 

of their correlation with the antibacterial performance of chitosan/cotton blended yarns. 

Comparison of the two methods reveals that the WVM exhibits greater potential because 

the threshold yarn area ratio, and the weights of the corresponding windows can be 

programmed to achieve certain quantification goals (for example, assigning a greater 

weight to the targeted fibre on the outer section of the yarn); however, the DLM is simple 

and fast, with fewer variables than the WVM. The two methods are applicable to 

combinations of fibres with different diameters. Compared with methods that use the 

counts and locations of fibres, my methods are more direct. 

Our research, in the end, also explored the application of chitosan textiles to several 

products and discussed the special concerns of the chitosan material being involved in 

real products. Garments, beddings, bibs and handkerchiefs were designed for caring of 

special groups. A framework of chitosan textile products design processes was draft. 

Further development of such methods and their presentation would be an interesting next 

step. 
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Future Work 

The scope of this thesis focused on chitosan’s application in textile and apparel field, yet 

only partial process of the product life circle was studied. Since chitosan material being 

sensitive to environment factors such as temperature and pH level, the latter half of the 

product life circle should also be studied in the future. Special treating chemicals and 

process shall be developed to lengthen the product life. At the same time, adjustments of 

settings in production may also affect the sensitivity of chitosan textile to environment 

and widen its application.  

In this study, different patterns of antimicrobial performance of chitosan material and 

fibre were found, which indicates the different mode of action between these two forms. 

Such hypothesis needs more support in theory and experimental results. Meanwhile, 

other findings in this thesis need further support as well. For example, the outstanding 

volume resistivity reduction of NBR composite material by adding carbon nanotubes 

needs theoretical support; cell proliferation effect needs to be proved on more cell lines; 

and wound healing acceleration process needs to be characterized by more means.  

To quantify the cross-sectional uniformity of blended yarns, two methods were 

developed and proved to be effective in predicting antimicrobial performance of 

chitosan/cotton yarn. The methods will be tested in more blends of chitosan with more 

blending ratios and various blending materials to explore their capability in wider 

application. More blends of chitosan yarns will also be tested by their performance to 

find an optimum candidate in application. 
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