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Preface

This book provides a comprehensive review of the recent significant research 
advances in the area of medical textiles during the past five years. It would be use-
ful for students, scholars, teachers, and researchers. The book contains a number 
of illustrations for enabling easier reading. Chapters have been well organized so 
as to provide readers with a good insight into the significant researches in the field. 
The different areas of medical fields covered include gynecology, urology, cardi-
ology, neurology. I wish to duly acknowledge the researchers whose noteworthy 
contributions have been included in this book, and I am confident that it would 
motivate researchers to carry out extensive research in the area. The role of knits 
in the areas of medical textile applications has been highlighted in some chapters. 
The recent researches in the area of medical textiles hold promises in the treatment 
of ailments related to vital organs of the human body. They also indicate scope 
for further research in the respective areas of applications. The newly developed 
implants from PET have been evaluated. The role of nonwovens and viscose fibers 
has been discussed in separate chapters. A number of chapters cover the develop-
ments in wound dressings. Thus, the book provides interesting reading and would 
prove useful to researchers in textile and medical areas as well. Suggestions are 
welcome for upgrading the quality of the book.

N. Gokarneshan
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Introduction

A good deal of developments is happening in the field of medical textiles. This 
book highlights the significant researches during the past five years. One interest-
ing and major area is wound dressings. Wound dressing containing calcium algi-
nate and polyvinyl alcohol in varying proportions has been evaluated for wound 
healing capacity. Wound dressing from cyanoethyl chitosan-electrospun fibers 
have been assessed for healing performance. The chitosan nano fiber component 
of the wound dressing has been found to exhibit excellent antimicrobial behavior. 
Membranes containing blend of chitosan and polyethylene glycol with different 
molecular weights have been coated on cotton fabric to obtain wound dressing, 
which resulted in a porous structure and good permeability. Textile-based smart 
wound dressings have been developed. These are artificial wound coverings that 
are expected to meet the requirements necessary for the treatment of major skin 
wounds. Antimicrobial silver–sodium-carboxymethylated cotton print cloth has 
been developed from the sodium salt of carboxymethylated cotton and silver–cal-
cium–sodium alginates from four commercially available alginate moist wound 
dressings. The proven swell ability of these silver dressings, taken together with 
the known absorptive and antimicrobial properties of the dressings, should make 
them suitable for the treatment of exudative wounds that are at risk of infection. 
A phosphorylated form of cotton gauze for the treatment of chronic wounds was 
designed to improve the wound dressing capacity to remove harmful proteases 
from the wound and facilitate healing. Moist wound healing dressing based on 
cotton gauze fabrics have been developed. The cotton gauze fabrics have been 
carboxymethylated to varied concentrations and treated with tetracycline hydrate 
and gentamicin sulfate. Properties of the tetracycline hydrate or gentamicin sul-
fate containing Ca/Na carboxymethylated samples make them suitable candidates 
as antibacterial moist wound healing dressings. Knitted scaffolds of polylactic 
acid filament have been developed for urinary bladder reconstruction. An intelli-
gent wearable garment with transcutaneous electrical nerve stimulation function 
has been designed from a knitwear design perspective. The knitwear technique, 
garment design skill, Chinese acupuncture therapeutic method, and transcutane-
ous electrical nerve stimulation technology have been integrated interactively in 
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the garment. Nonwoven scaffolds have been developed using multilobal fibers  
that contain several grooves and have greater surface area than round fibers. 
The  ability of the multilobal fibers to accommodate large quantities of cells 
presents an excellent alternative to round fibers as scaffolds for tissue engineer-
ing. A novel double-layered weft-knitted fabric has been developed to be used 
in protective applications, and antimicrobial properties have been evaluated. 
Antimicrobial formulation has been applied onto the fabric at different concentra-
tions. Also, the durability of the wash fastness of the applied antimicrobial agents 
has been measured. The need for protective surgical gowns has arisen due to the 
increasing awareness of highly communicable bacteria and viruses. The various 
aspects related to the development, application, and quality evaluation of surgi-
cal gowns have been highlighted. The types of gowns available, their classifica-
tion, technology behind them, technical aspects, testing means, their limitations, 
and future course of action to satisfy the growing needs of healthcare profession-
als are also discussed. The development of flared textile cuffs represents a con-
siderable advancement in endovascular therapy by allowing a fenestrated solution 
to be readily available off the shelf and providing an adequate seal of the ancil-
lary stent–graft to the main body of the stent–graft. Diclofenac sodium micro-
particles have been applied onto the orthopedic support materials. In vitro drug 
release studies of microparticles and textiles impregnated with microparticles have 
been carried out. This study suggested that textile systems containing diclofenac 
sodium microparticles could have a potential for long-term therapy for rheumatic 
disorders.
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1.1 � Introduction

Nanofibers, which are produced from electrospinning technique, are finding 
diverse applications in nanocomposites such as scaffolding, biomedical, and 
drug-delivery system [1, 2]. Polyvinyl alcohol (PVA) has the advantages of being 
water soluble, good mechanical properties, chemical resistance, and biological 
resistance. It is a water soluble polyhydroxy polymer and can be cross-linked 
with biopolymers for enhancement of mechanical properties and reduce solubil-
ity in water [3, 4]. PVA has been electrospun into nanofibers ranging in diameter 
between 100 and 1000 nm [5]. Calcium alginate is an anionic polysaccharide, in 
which the alginates form firmer structure with calcium ions, producing calcium 
alginates which form stronger gels on wound surface compared to that of sodium 
alginate [6]. Ordinary wounds heal easily. But chronic wounds do not heal due 
to the excessive production of exudates, which causes maceration of healthy skin 
tissue around the wound and prevents wound healing [7, 8]. A variety of wound 
dressings are available and their effectiveness is being evaluated. Hydrogel creates 
a moist wound surface which reduces the buildup of necrotic tissue and thereby 
enables quick wound healing. Experiments on rats have proved that sodium algi-
nate- and polyvinyl-alcohol-based hydrogel exhibited an improved healing rate 
of artificial wounds. Alginates are gel-forming agents that are highly absorbent 
and have hemostatic properties. The wound exudates convert the calcium into 
sodium salt and form gel, which gets absorbed by body, upon contacting the 
wound surface, and enables removal of alginate dressing by dissolution [9]. Pure 
alginate solution could not be electrospun [10]. PVA and sodium alginate solu-
tions have been mixed in the ratios of 100:0, 70:30, 50:50, and 30:70. The results 
revealed that increase in PVA proportion in the blend caused uniform genera-
tion of nanofibers [11]. The maximum concentration of sodium alginate electro-
spun was  ~4 wt%. This chapter investigates the calcium alginate/PVA-blended 
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nanofiber matrix as wound dressing, in two phases. The first phase focuses on the 
examination of PVA and calcium alginate blend, while the second phase involves 
investigation on the rate of wound healing on the surface of the wound.

1.2 � Electrospinning of Solution Mixture

In order to achieve better spinnability of blended solution and mechanical properties 
of the fiber, PVA has been blended with calcium alginate solution. The nanofiber 
web produced from the blended solution is shown in Fig. 1.1. The figures clearly 
establish that the diameter of the fiber is influenced by the proportion of calcium 

Fig. 1.1   SEM photographs 
of electrospun nanofibers 
prepared from mixture of 
4 % calcium alginate and 
7 % PVA at different volume 
ratios PVA and calcium 
alginate a 90:10 b 80:20 and 
c 70:30. [12]
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alginate in the blend solution [12]. Also the viscosity of the solution mixture 
is one of the critical factors that influence the structure and diameter of the fiber. 
At a blend ratio of 70:30(PVA/Calcium alginate), fibers appear along with beads 
(Fig. 1.1c) and the average fiber diameter is 98 nm. At a ratio of 80:20, even though 
the beads are seen in the fiber, they are comparatively reduced, and the average fiber 
diameter is about 114  nm (Fig.  1.1b). At a ratio of 90:10, uniform fibers appear, 
even though with a few beads and the average diameter is about 191 nm (Fig. 1.1a).

1.3 � FTIR Investigations

FTIR has been used to observe peak shift caused due to the interactions between 
two blended polymers such as hydrogen bonding or any complex structure formation 
[12]. The observed spectra of PVA and calcium alginate are shown in Fig. 1.2. The 
spectra of calcium alginate and PVA-blended fibers in the wavelength range between 
4000 and 5000  cm−1 are shown in Fig.  1.3. The figure exhibits the characteristic 
bands of PVA and calcium alginate at 3418 cm−1 and 3347 cm−1 belong to all types 
of hydrogen bond. It is observed from Fig. 1.3a–c that OH stretching has shifted to 
lower frequencies compared to pure calcium alginate Fig. 1.2a. Hydroxyl stretching 
frequency becomes lower with the increase in calcium alginate content. It is evident 
that OH stretching has a favorable extent in changing the molecular spectra.

Fig.  1.2   FTIR spectra of calcium alginate PVA-blended nanofibers a 90:10 b 80:20, c 70:30 
PVA/calcium alginate [12]

1.2  Electrospinning of Solution Mixture
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1.4 � Moisture Transmission and Porosity Measurement

It is expected that a good wound dressing should be able to control the loss of water 
from wound at an optimal rate. The water loss from the wound is found to increase 
proportionately with time. The moisture vapor transmission characteristics (MVTR) 
of the nanofiber web that is produced from the three different blend proportions is 
calculated as the gradient of the weight loss versus the time plot [12]. The studies 
indicate that the MVTR decreases as the calcium content in the nanofiber increases. 
The SEM image of the blended nanofiber matrix dipped in water is shown in Fig. 1.4.

It is found that while calcium alginate is not degraded due to its insoluble nature 
in water, PVA does get degraded due to its soluble nature. The results of porosity 
measurements are shown in Table 1.1. The results indicate that the decrease in pore 
diameter is insignificant, with the decrease in average fiber diameter.

1.5 � Antibacterial Evaluation

After appropriate sample preparation and incubation for a period of 24  h, zone 
of inhibition appears around the tested material. Nanofiber matrix prepared from 
specified percentage of solution mixtures and proportions of calcium alginate 
and PVA have been used to determine the antibacterial activity in Staphylococcus 

Fig. 1.3   FTIR spectra of  
(a) calcium alginate and  
(b) polyvinyl alcohol [12]
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Aureus. [12] The area of inhibition zone formed in control wound is 10  mm 
(Fig.  1.5). At blend proportion of 90:10, the area of zone formed is 10  mm. In 
the case of blend proportion of 80:20, the area of zone formed is 12 mm, and in 
the case of blend proportion of 70:30, the area of the zone formed is 20 mm. The 
increase of calcium alginate in the blend exhibits higher zone of inhibition value 
and that the zone of inhibition value for 70:30 and 80:20 is higher as compared to 
the control wound.

Fig. 1.4   SEM image of 
blended nanofiber matrix 
after treatment in water [12]

Table 1.1   Pore size 
of blended electrospun 
nanofiber matrix [12]

Solution ratio Average fiber
Diameter nm

Areal density
g/m

Mean pore
Diameter 
um

90:10 191.5 10 10.41

80:10 113.6 20 10.39

70:30 98.1 30 10.38

Fig. 1.5   Assessment of 
antibacterial activity in 
nanofiber matrix prepared 
from blended solution of 4 % 
calcium alginate and 7 % 
polyvinyl alcohol [12]

1.5  Antibacterial Evaluation
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1.6 � Gross Examination

Test has been conducted on female Wistar rats with a wound incision length of 
1  cm. The observation period ranged between 5 and 8  days [12]. The incised 
wound has been covered with the blended nanofiber matrix of 70:30 proportions 
and the web dimension was 1 cm × 2 cm. After a period of observation of 5 days, 
epithelial cells appeared on both control and test wounds. The healing rate showed 
significant difference. Figure 1.6c shows that the control wound remains open and 

Fig. 1.6   Examination of nanofiber matrix on wound healing control wounds and (b), (d) and (f) 
test wounds [12]
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the wound length is reduced to 0.7 cm. The test wound has been partially covered 
with the gel and the length of the wound is 0.5 cm, as shown in Fig. 1.6d. After 
8 days of observation, the control and test wound appears as shown in Fig. 1.6e, d. 
Figure 1.6e shows that control wound is found to be open and epithelial cells are 
grown well in comparison with observation of 5  days. However, the test wound 
(Fig. 1.6f) shows that the epithelial cells have grown well and it has covered the 
wound, and also growth of hairs has been noticed in both control and test rats.
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2.1 � Introduction

Owing to their large surface area, nanofibers are able to find applications in medical 
textile products such as surgical facemasks, wound dressings, and drug-delivery 
systems [1]. Chitosan, which is a biopolymer, is suited for such applications [2–5]. 
However, due to its polyelectrolyte nature and intrinsically high viscosity, it is not 
easily electrospun. Though it can be used in film form for burns and wound healing, 
it is quite expensive and also the film properties are quite delicate [6–8]. Blend of 
films or fibers of chitosan–cellulose can inhibit the antimicrobial behavior of the 
chitosan based on polymer dominating the surface [9]. Chitosan nanofibers can be 
obtained by dissolving chitosan in acetic acid [10]. But, recent research has shown 
that electrospinning from a solution of chitosan in acetic acid failed to produce fibers 
[11]. Chitosan nanofibers have been electrospun using core/sheath geometry with 
polyethylene oxide (PEO) as sheath and chitosan in the core [12]. But the PEO has 
to be dissolved in order to obtain the chitosan nanofiber web. Chitosan had to be 
mixed with other polymers to form solutions sustainable for electrospinning, owing 
to its difficulty in electrospinning [13]. Cyanoethyl chitosan, which is a deriva-
tive of chitosan, has been developed and then electrospun using different spinning 
parameters to produce fiber for their application in wound dressings. Contact kill 
performance of the electrospun structures against a range of microbes has been 
investigated. The findings reveal that the developed nanofiber webs from cyanoethyl 
chitosan show an excellent antimicrobial behavior.

Chapter 2
Evaluation of the Healing Performance  
of Cyanoethyl Chitosan Wound Dressing
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2.1.1 � Synthesis of Cyanoethyl Chitosan

The cyanoethyl chitosan has been prepared by initially dissolving chitosan in ace-
tic acid to give 1 % of aqueous acetic acid solution. The solution has been stirred 
for 4 h at room temperature and filtered. The filtered solution has been added to 
the aqueous solution of sodium hydroxide of 6  % concentration with vigorous 
stirring to obtain regenerated activated chitosan in a form of fine powder with 
high surface area. The activated chitosan was exposed to acrylonitrile vapor for 
3  h, and the resultant cyanoethyl chitosan has been washed with methanol and 
dried. This method of preparation produced cyanoethyl chitosan with substi-
tution of 1.2° which permitted the product to be soluble in solvents such as 
Dimethylformamide (DMF), Dimethyl Sulfoxide (DMSO), Trifluroacetic acid 
(TFA), and Acetone [14].

2.1.2 � Preparation of Electrospinning Solutions

Trifluoroacetic acid has been used as the solvent to form the electrospinning solu-
tion. A bath has been prepared by the addition of acetone to dry ice at a tempera-
ture of −70 °C. Cyanoethyl chitosan in the desired amount has been added to a 
bottle and the required quantity of solvent has been added depending on the con-
centration needed. Then, the solution was stirred and the bottle was closed using 
an airtight lid and then placed in the bath; the solution was cooled instantly and 
then the bottle was removed out of the bath so as to allow the solution to thaw. 
Due to sudden cooling and thawing, the cyanoethyl chitosan was dissolved into 
Trifluoroacetic acid very quickly. The solution was then subsequently used for 
electrospinning after being left overnight.

2.1.3 � Electrospinning

The electrospinning device comprises of an extrusion system, fiber collection 
system, and high-voltage power supply. The extrusion system enables a regulated 
rate of feed of the spinning solution. A high-voltage power supply has been 
used to give a positive field to the polymer solution. The terminal wire (positive 
electrode) from the high-voltage power supply was fixed to the extrusion needle 
(1 mm inner diameter).

A drum made of polyvinyl chloride having a diameter of 22  cm and length 
of 35.6 cm comprises of fiber collection system [21]. It is fixed to an electrically 
isolated wooden frame and connected to a motor, and speed controller. A brass 
ring is attached to one side of the drum. The ring is connected with a brass brush 
which in turn is connected to the negative electrode of high-voltage power supply. 
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A brass is placed on a groove in the drum throughout its length and fixed at one 
end by the brass ring. The electric field is carried by a rod given by the brass ring. 
An aluminum (or any conductive material) foil is wound over the drum and passes 
under the brass rod. This is done to maintain the same electric field over the area 
covered by conductive foil. The negative end for the system is derived from the 
high-voltage power supply to the brass rod with the help of the connection wire 
and the brass bush which is attached to the brass ring. A strip of 10-cm-wide alu-
minum foil was mounted securely around the fiber collecting drum. Gauze of 
the same width was mounted over the aluminum foil part of the aluminum foil 
not covered by gauze by rotating the drum with low speed (1–3)  m/min, and a 
nanofiber layer was spun over the gauze and the aluminum, since the gauze struc-
ture is very open and allowed the electrical field to form nanofibers. Nanofiber 
web samples with aluminum foil have been taken from SEM imaging and taken 
for antimicrobial evaluation. The details of the equipments design are shown else-
where [15]. The equipment has been accommodated inside a ventilation hood 
owing to the use of trifluoroacetic acid.

2.2 � Results of Findings

Electrospinning solutions with low cyanoethyl chitosan concentration (4–6  %) 
produce beads with low or no fiber formation as indicated in Fig.  2.1 [21]. At 
higher concentration of 8–10 %, the fiber formation has been good with low or no 
bead formation as shown in Fig. 2.2. This agrees with the earlier research findings 
[16], wherein it has been reported that higher viscosity favors formation of fibers 
with little or no beads. Besides, lower solution surface tension helps in fiber for-
mation without beads.

At low concentrations of the electrospun solution, the viscosity is inadequate 
to produce solid continuous fibers. The viscosity of the solution increases with the 
increase in the polymer concentration and is accompanied with the increase in the 
number of interchain associations of the polymer molecules in the solution. This 
leads to continuous fiber formation. The surface tension is reduced at concentra-
tion level of 8–10 %. The viscosity increase coupled with surface tension reduc-
tion creates excellent conditions for electrospinning of polymer solution, with 
little or no beads as can be seen in Fig. 2.2. This has also been observed in earlier 
research investigations.

The inhibition zone has been investigated along with the electrospinning pro-
cess and solution parameters. A sample during the disk diffusion test is shown 
in Fig. 2.3. The sample can be seen at the center of the figure and the clear ring 
around the sample is the area where the microorganisms are dead, and the remain-
ing area is the zone where the microorganisms are growing. The zero inhibition 
zone indicates killing of the microorganisms existed on the sample, but it does not 
affect those outside the sample [21]. The antimicrobial property of the cyanoethyl 
chitosan improves when more fibers are formed. Cyanoethyl chitosan structures 

2.1  Introduction
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without fiber formation and with beads show the least inhibition zones, whereas 
the structures with fibers and least or no beads formation show the highest anti-
microbial activity. Experimental trials have shown that inhibition zone gets higher 

Fig. 2.2   Formation of SEM structure at 2 % solution concentration [21]

Fig. 2.1   Electrospinning device [21]
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with the increase in the polymer concentration in the solution. This is directly 
related to the following:

(a)	 More fibers formed with increase in concentration and
(b)	 The fiber diameter reduced with increase in concentration

The above two factors increase the area covered by the fibers and provide high 
surface area for better antimicrobial performance (Fig. 2.4).

2.3 � Mechanism of Microbial Inhibition

Though a number of mechanisms for microbial inhibition have been suggested 
for chitosan and its derivatives, none have been able to clearly establish the exact 
mechanism. The interaction of the positively charged cyanoethyl chitosan with 

Fig. 2.3   SEM images of electrospun cyanoethyl structure (low concentration) [21]

Fig. 2.4   SEM images of electrospun cyanoethyl structure (high concentration) [21]

2.2  Results of Findings
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the negatively charged residues at the cell surface of many fungi and bacteria 
appears to be the most accepted theory and is responsible for extensive cell surface 
changes and also changes the permeability of the cell [17–23]. This causes the 
leakage of intracellular substances, such as electrolytes, UV absorbing proteins, 
amino acids, glucose, and lactate dehydrogenase. As a result, cyanoethyl chitosan 
inhibits the normal metabolism of microorganisms and finally leads to the death 
of these cells. Structures with high beads create low inhibition zone due to their 
low surface area, which tend to create a low field between the polymer and the 
cell surface of the microorganism. On the contrary, the structures with low or no 
beads increase the inhibition zone and thereby cause more effective killing of the 
microorganisms, as they provide a high surface area and thus create a strong field 
between the polymer and the cell surface of the microorganism (Fig. 2.5).
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3.1 � Introduction

Biopolymers have gained popularity during recent times, being prompted by increas-
ing environmental awareness, growing public health and environmental regulations, 
and are therefore being considered as alternatives to synthetic polymers [1]. They are 
well applicable in the areas of wound dressings, sutures, tissue engineering, and drug 
delivery [2–6]. Chitosan, chitin, polysaccharides, cellulose, and starch are popular 
biopolymers. Chitosan is positively charged and is water soluble and is readily reacts 
with many negatively charged materials [7]. In order to overcome the low water sorp-
tion characteristic of chitin, polyacrylic acid has been grafted on it to obtain a hydro-
gel characteristic for wound dressing application [8]. Chitosan holds a great promise 
in therapeutic applications due to its antimicrobial nature, scar prevention, and bio-
compatibility [9–14]. Wound dressing is one such application wherein all these prop-
erties are found [15]. Asymmetric chitosan membrane has been prepared, which is 
tissue compatible and impermeable to exogenous microorganism due to its top layer 
and inherent antimicrobial property, and also exhibits excellent oxygen permeability, 
controlled evaporative water loss, and enhanced fluid drainage ability [16]. Similarly, 
silver sulfadiazine incorporated asymmetric membrane has been prepared, and it acts 
as a rate-controlling release of the sulfadiazine and silver ion in a sustained way [17]. 
It also exhibited prolonged antibacterial activity and decreased potential silver toxic-
ity. Nanoparticles have penetrated into the biomedical field [18]. Silver nanocrystal-
line chitosan wound dressing composed of nanosilver and chitosan has been used for 
treating deep partial thickness wounds. They improve wound healing and resist infec-
tion, accompanied by reduction in risk of silver absorption [19]. Membranes have been 
prepared using chitosan blended with polyethylene glycol [20–23]. Polyethylene gly-
col exhibits outstanding characteristics such as protein resistance, low toxicity, immu-
nogenicity, and biocompatibility. Thus, chitosan–polyethylene glycol blends improve 
the biological characteristics of blend membranes. Wound dressings from electrospun 

Chapter 3
Membrane-Coated Cotton Wound Dressings
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materials potentially offer many advantages over conventional process with its huge 
surface area and microporous structure. These membranes have been found to promote 
wound healing and induce cell migration and proliferation [24]. Chitosan has been 
blended with polyethylene glycol (molecular weight 20,000) in different ratios, and the 
mixture was coated on cotton fabric followed by the freeze-drying to develop porous 
membranes [25]. The proportion of polyethylene glycol in the blend significantly influ-
ences the morphology and the physical structure. The physical structure and surface 
morphology as a function of the polyethylene glycol molecular weight have been 
investigated.

3.2 � Membrane Morphology

An investigation has shown that chitosan–polyethylene glycol-coated cotton mem-
branes are porous in nature and the porosity ranges between 50 and 70 % [25]. 
The molecular weight of polyethylene glycol strongly influences the porosity 
development in these membranes. The effects of these are shown in Figs. 3.1, 3.2, 

Fig. 3.1   SEM photographs of coating on padded fabrics [26]. a Chitosan-coated cotton mem-
brane and chitosan–polyethylene glycol-coated membranes with molecular weight of 4000. 
b 10  % polyethylene glycol with molecular weight of 4000. c 30  % polyethylene glycol with 
molecular weight of 4000. d 50 % polyethylene glycol with molecular weight of 4000
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and 3.3. A systematic evaluation of the porous structure proceeds with the poly-
ethylene glycol molecular weight and their amount. Similar observations have 
been made wherein a regular porous structure with a top dense layer has been 
observed [17]. Polyethylene of different molecular weights has been investigated 
for the structure–property correlation. The molecular weight of the polyethylene 
glycol strongly influences the porosity and density of the membranes. There is a 
distinct trend in the partial loss of elongated porous structure and in the formation 
of the collapsed structure due to the increase in the polyethylene glycol content. 
With the increase in the molecular weight of polyethylene glycol, the porous struc-
ture becomes more opened, and the pore size ranges between 75 and 120 μm. As 
can be visualized from Figs. 3.2 and 3.3, the pores become more elongated and 
larger in size with the addition of polyethylene glycol having molecular weights 
of 10,000 and 20,000, respectively, into the chitosan matrix [26]. The porous 
structure of polyethylene glycol with 20,000, molecular weight, at 50 % content 
becomes wide open with the appearance of large pits. When the compatibility 
between chitosan and polyethylene glycol is better, the phase separation dimin-
ishes. The molecular interaction between chitosan and polyethylene glycol with 
molecular weight of 4000 is much better as compared to that with of polyethylene 

Fig.  3.2   SEM photographs of coating on padded cotton fabric [26]. a Chitosan-coated cotton 
membrane and chitosan–polyethylene glycol-coated membranes with molecular weight of 1000. 
b 10 % polyethylene glycol with molecular weight of 10,000. c 30 % polyethylene glycol with 
molecular weight of 10,000. d 50 % polyethylene glycol with molecular weight of 10,000

3.2  Membrane Morphology
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glycol having higher molecular weight of 10,000 and 20,000. This could be attrib-
uted to the fact that polyethylene glycol with molecular weight of 4000 has higher 
number of terminal hydroxyl groups per unit mass and is expected to act more 
intensely due to higher extent of hydrogen bonding with chitosan molecules. 
Hence, polyethylene glycol with molecular weight of 4000 gives better compat-
ibility with chitosan and low level of phase separation and thus does not affect 
pore such significantly.

In the case of polyethylene glycol with molecular weight of 20,000, the hydro-
gen bonding interaction is weak and therefore leads to more isolation of polyeth-
ylene glycol molecules from the chitosan matrix. This is reflected by collapsing of 
pores in a regular fashion. With the increase in the polyethylene glycol content in 
the chitosan, larger pore size and higher porous structure can be seen in the mem-
branes [22]. This results from the weak interaction of polyethylene glycol with the 
chitosan chains. The observed diminishing porous morphology in polyethylene 
glycol-added membranes is the reflection of the limited interactions of these two 
components in the blended matrix [26]. Based on the interaction of the polyeth-
ylene glycol with chitosan matrix and the generated morphology as well as the 
porosity, it could be proposed that polyethylene glycol with molecular weight of 
20,000 is the most appropriate additive for the dressing development.

Fig.  3.3   SEM photographs of coating on padded cotton fabric [26]. a Chitosan-coated cotton 
membrane and chitosan–polyethylene glycol-coated membranes with molecular weight of 20,000. 
b 10 % polyethylene glycol with molecular weight of 20,000. c 30 % polyethylene glycol with 
molecular weight of 20,000. d 50 % polyethylene glycol with molecular weight of 20,000
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3.3 � Membrane Characterization

Figure 3.4 shows the differential scanning calorimetry thermograms of membranes 
in temperature range between 40 and 80 °C. The melting of the polyethylene glycols 
of different molecular weights is suppressed as the blended component increases in 
the chitosan matrix as compared with virgin polyethylene glycol [26]. The decrease 
in melting point is higher in the case of polyethylene glycol with molecular weight 
of 4000 as compared to that of polyethylene glycol with molecular weight of 20,000. 
The results indicate that strong hydrogen bonding between polyethylene glycol with 
molecular weight of 4000 and chitosan molecules interferes with the crystallization 
process of polyethylene glycol during the membrane fabrication step and is reflected 
in the diminishing melting temperature.

With the increase in the molecular weight of polyethylene glycol, the interac-
tion is less effective due to relatively lower content of hydroxyl groups and pol-
yether chain is not much affected during the crystallization process. Hence, the 
melting temperature is not significantly affected. Studies have shown that the cor-
rected heat of fusion value for polyethylene glycol with molecular weight of 4000 
in membrane is much lower than that for pure polyethylene glycol. But, in the case 
of polyethylene glycol with molecular weight of 10,000, the difference between 
corrected and inherent values is less pronounced. This difference is even much 
less for polyethylene with molecular weight of 20,000. This could be attributed to 
the fact that chitosan–polyethylene glycol association is stronger in polyethylene 

Fig. 3.4   Thermograms 
from differential scanning 
calorimetry at different 
molecular weights of 
polyethylene glycol (dotted 
line virgin; dashed line 
blended) [26]

3.3  Membrane Characterization
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glycol with molecular weight of 4000 as compared to polyethylene glycol with 
molecular weight of 20,000, and does not permit the polyethylene component with 
molecular weight of 4000. This supports the strong interaction of polyethylene 
glycol (4000 MW) with chitosan molecules, which interferes with its crystalline 
structure. Similar findings have been reported in earlier research [22].

Figure 3.5 shows the thermogravimetric analysis thermograms of pure chitosan 
and composite membranes. Chitosan shows a typical multistep degradation 
pattern. However, the polyethylene glycol containing composite membranes 
shows better thermal stability as compared to the chitosan-coated membranes 
[26]. Moreover, polyethylene glycol (20,000 MW) shows the most stable matrix 
as compared to the other blended membranes. This could be attributed to the better 
thermal stability of polyethylene glycol (2000 MW) which is also reflected by the 
enhanced thermal stability of membranes.

3.4 � Membrane Properties

Figure 3.6 shows the variation of air and water permeability of membranes with 
the changes in the molecular weight of polyethylene glycol. This is indicted as 
the pressure required to force water to pass through the membrane. The air perme-
ability decreases in chitosan–polyethylene glycol composite membrane (molecu-
lar weight of 4000) as compared to the virgin chitosan-coated membrane. But the 
permeability of the membranes increases with the increase in molecular weight 
of polyethylene glycol. The decrease in the permeability of the polyethylene 
(4000 MW) membrane is caused due to the changes in porosity with the addition 
of polyethylene glycol. The SEM micrographs shown in the previous figures indi-
cate that the porosity changes significantly in the blended membranes and may 
lead to lowering in the permeability [26]. The compatibility of the polyethylene 

Fig. 3.5   Thermogravimetric 
analysis of chitosan-coated 
membrane and chitosan–
polyethylene glycol-
coated membranes with 
polyethylene glycol having 
molecular weights of 4000, 
1000, and 20,000 [26]
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component with chitosan decreases with the increase in molecular weight and in 
turn results in more open and larger porous structure. This results in increase in air 
permeability. The water permeability also increases significantly as seen from the 
lower pressure needed for water to pass through. The importance of large pore size 
in enhancing the permeability has been shown in earlier research [21].

Studies have indicated that polyethylene glycol with molecular weight of 
20,000 has been evaluated as the appropriate component for the blended wound 
dressing. Its bending length has been measured as the flexibility in the membranes. 
An interesting finding is that the bending length of chitosan-coated fabric is 11 
times greater than that of uncoated cotton fabric (Fig. 3.7).

Fig. 3.6   Variation in air 
permeability and water 
permeability of membranes 
with polyethylene glycol 
molecular weight in chitosan–
polyethylene glycol-coated 
membranes [26]
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Fig. 3.7   Bending length 
of fabrics having different 
polyethylene glycol (20,000 
molecular weight) contents 
in chitosan–polyethylene 
glycol-coated membrane [26]
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The addition of polyethylene glycol to chitosan reduces the bending length 
based on its content. The bending length is found to decrease with increase in the 
polyethylene glycol content in the blend. These findings could be comprehended 
from the plasticizing effect of polyethylene glycol component in the membrane. 
Chitosan has a glass transition temperature of 170  °C and has a rigid molecular 
structure, and hence, its coating onto cotton fabric imparts a very good rigidity. 
The addition of polyethylene glycol to the chitosan results in a flexible structure. 
With the increase in polyethylene glycol, the flexibility improves and results in 
lower bending length. The glycols are known for imparting the plasticization 
effect in the hydrogels. This is where, glycerin has been observed to plasticization 
in chitosan-based hydrogels [26]. Other researches have supported the investiga-
tions on chitosan–gelatin complex in combination with glycerol and sorbitol. The 
films casted from this combination exhibit plasticizing effect of the glycol.
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4.1 � Introduction

During the recent times, wound management has become increasingly challenging 
task, owing to the new insights on wound healing and the rising demand to manage 
complicated wounds outside hospital. Wound management requires instant wound 
healing so as to achieve both functional and cosmetic effects [1]. Modern wound 
dressings are tailored to enable functional healing of wound more than covering it 
[2]. The wound healing involves four processes, namely homeostasis, inflamma-
tion, granulation tissue formation, and remodeling, which overlap in time [3–5]. 
It is a highly complex process affected by factors that are specific to the individual 
such as nutritional status, age, systemic disease, medication, and behavior, along 
with the size, depth, causation, and etiology of the wounds [6]. Textile-based com-
posite structures are good material to be incorporated as wound dressings because 
of their large porosity, surface area, and air as well as moisture permeability [7]. 
These textile materials provide strength, extensibility, and flexible support for the 
reinforcement with the healing materials.

4.2 � Smart Textile Wound Dressings

A dressing is used as application for wound so as to enhance healing and/or prevent 
further harm. It is different from a bandage in the sense that it comes in direct contact 
with the wound. A bandage is used to hold a dressing in place. It can serve many func-
tions based on the type, severity, and position of the wound. However, all purposes are 
focused toward promoting recovery and preventing further harm from the wound. The 
fibers used in wound care could be of natural or synthetic origin [7]. Sometimes, non-
fibrous materials such as carbon and metals such as silver are also used.

Chapter 4
Smart Textile Wound Dressings

© Springer Science+Business Media Singapore 2015 
N. Gokarneshan et al., Emerging Research Trends in Medical Textiles,  
Textile Science and Clothing Technology, DOI 10.1007/978-981-287-508-2_4



28 4  Smart Textile Wound Dressings

4.2.1 � Coating Materials

These include hydrocolloids, alginates, and hydrogels along with supporting tex-
tile materials. Such coated materials have been designed to achieve specific func-
tions such as air and moisture vapor permeability, good strength, and flexibility for 
their use as smart wound dressings.

Hydrocolloids are dressings, which heal wound by providing occlusion. It is a 
multilayered structure comprising an outer layer that protects and a supporting mate-
rial that could be a film, fiber, or foam. The supporting material is laminated with 
a composite containing an adhesive through which hydrophilic particles are distrib-
uted. Nonwoven polyester fibers and semipermeable polyurethane films are gener-
ally used as the supporting materials [8]. The hydrophilic component of the adhesive 
contains synthetic polymers including polyurethane gels, protein, and polysaccha-
rides. The hydrocolloid forms hydrated gel over the wound surface through physical 
interaction with the wound surface. When the dressing is removed from the wound, 
the gel is separated and thereby prevents damage to the newly formed skin [9]. The 
hydrocolloids absorb exudates and help debride the wound. The dressing has to be 
changed when the gel leaks out. The dressing should have a diameter at least 2 cm 
greater than the wound in order to avoid frequent changes. They can be used with 
necrotic material, but tend to have problems with overwhelming exudates that build 
up in large wounds and those having anaerobic colonization.

Alginates are block copolymers of two hexuronic acid residues, and the wound 
dressing made from them has attracted attention as wound management aids. They 
are useful for lightly contaminated wounds and cavities, but are unsuitable for dry, 
necrotic tissue, since there are no exudates to activate them. As the alginates lack 
adhesive power, they have to be held in place by another dressing. Alginate dress-
ings can be changed twice a week, based on the amount of exudates. Moreover, 
alginate dressings in combination with hydrocolloids prove more effective.

Hydrogels are hydrophilic in nature, have good biocompatibility, and also have 
gained scientific interest over the years [10–12]. They are basically two-component 
systems, in which one of the components is a hydrophilic polymer insoluble in 
water due to its three-dimensional network, and the other component is water. These 
systems may swell in water up to an equilibrium state and retain their original 
shape, thus providing a moist environment needed for an ideal dressing [13]. They 
are either chemically stable or degrade, gradually disintegrate, and dissolve. They 
are known as ‘reversible’ or ‘physical’ gels where the networks are held together by 
molecular entanglements and/or by secondary forces including ionic and second-
ary forces including ionic and H bonding, and also called ‘permanent’ or ‘chemical’ 
gels when they have covalently cross-linked networks as shown in Fig. 4.1 [14].

Hydrogel dressings are prepared by the following methods:

(a)	 Physical means involving repeated freezing and thawing,
(b)	� Chemical method using borax, boric acid, formaldehyde, and glutaraldehyde, and
(c)	� Irradiation [15]
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The major setback with hydrogels is their low mechanical strength. Their general 
areas of application include scaffolds in tissue engineering, environmentally sen-
sitive (pH and temperature) hydrogels, sustained delivery release system, biosen-
sors, disposable diapers, sanitary towels, contact lenses, and medical electrodes. 
Other areas of application include breast implants, granules for holding soil mois-
ture in arid areas, dressings for burn patients, and reservoirs in topical drug deliv-
ery. The polymers generally used as hydrogels are shown in Fig. 4.2.

The use of hydrogels as temporary skin covers or as wound dressing is gaining 
good commercial importance [16–20]. A popular wound dressing is produced by 
chemical polymerization and cross-linking of acrylamide and methylene-bis-acryla-
mide in aqueous solution containing some additives such as polysaccharides and pro-
teins [21]. Hydrogels are suitable for treating burn injuries, since they reduce the loss 
of body liquid and maintain the high humidity in the wound area. They also have 
outstanding tissue compatibility. Hydrogels outscore other coating materials, namely 
hydrocolloids and alginates, since they possess all the characteristics necessary for 
an ideal wound dressing. One major demerit is the poor mechanical properties after 
swelling. In order to overcome this problem, recent developments have emerged in 
the shape of composite membranes, in which a textile material is coated with the 
polymer solution. The fabric reinforcement provides strength to the dressing, and the 
drug-loaded dressings offer precise control of the release behavior [22].

Fig. 4.1   Formation of 
physical and chemical 
hydrogels [14]
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Hydrogel wound dressings have been made from natural and synthetic poly-
mers. The natural polymers include dextran dialdehyde, bovine serum albumin, 
glycosaminoglycan, chitosan, and collagen, and these have been explored for their 
suitability as hydrogel wound dressings. Among these, chitosan and collagen have 
been mostly used as the wound dressing with textile materials. In one of the research 
works, collagen containing dressing was generally produced in the form of pad, 
which contained supporting material in the form of pad which contained support-
ing material (nonwoven fabric) and collagen layer [23]. The antibiotic molecules are 
absorbed from aqueous solution by the cotton fabric coated with chitosan. It paves 
the way for therapeutic new generation dressings for combating infections resulting 
from surgical wounds [24]. Chitosan has also been coated on polypropylene nonwo-
ven fabrics for dressing wounds in order to impart good water vapor transmission 
rates, antibacterial activities, and cell adhesiveness [25]. Recently, chitosan and col-
lagen hydrogel derivatives have gained acceptance in wound healing [26].

4.2.2 � Wound Dressings Coated with Chitosan

Chitin is a natural polymer endowed with bioactive properties. These include anti-
bacterial, antiviral, antifungal, nontoxic, and nonallergic. The products made from 
chitin are well suited for wound dressings with wound healing properties owing 
to their soft handle, breathability, absorbency, smoothness, and nonchemical 

Fig. 4.2   Chemical structure of polymers used as hydrogel
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additives [7]. Both chitin and chitosan required properties for a wound dressing, 
such as biocompatibility, biodegradability, hemostatic activity, antiinfectional 
activity, and property to accelerate wound healing [27]. Chitosan, which is a bio-
active component, offers itself as a scar prevention wound dressing, thereby exhib-
its its uniqueness, and is the most desirable aesthetic criterion in today’s world of 
wound dressing technology.

An innovative type of asymmetric chitosan membrane has been developed and 
has a skin surface on the top layer supported by a macroporous sponge-like sublayer 
[28]. This asymmetric membrane shows controlled evaporative water loss, excellent 
oxygen permeability, and promoted fluid drainage ability, but could inhibit exog-
enous microorganisms’ invasion due to the dense skin layer and inherent antimicro-
bial property of chitosan. The epithelialization rate is enhanced, and the deposition 
of collagen in the dermis is well organized, and thus, serves well as a wound dress-
ing [28]. When the chitosan membrane is used with a supporting material such as 
cotton and polypropylene, it would be well suited as wound dressing that is bio-
compatible, exudates absorptive, antimicrobial, and scar preventive. Cotton fabric 
has been used as the support layer for the chitosan–polyethylene glycol layer and 
leads to very thin and lightweight structures. The structure of the dressing has been 
designed in such a way that it leads to the high porosity. The thickness of the chi-
tosan coating also plays an important role in developing porosity on the surface.

The hydrogels containing polyvinyl alcohol, polyvinylpyrrolidone, and chi-
tosan are developed containing both antibiotic agent and chitosan oligomer. It 
has been found that both undergo quick release at the beginning and then become 
slower and slower with time. Hence, these dressings prove to be excellent materi-
als for wound care management as they exhibit comprehensive properties suitable 
for wound dressings, such as high gel content, a reasonable ESR, and an accept-
able tensile strength and elongation at break [29].

A semi-interpenetrating polymer network system has been developed [30], 
in which chitosan cross-linking acts as matrix and linear polymer polyethylene 
glycol acts as domain. The pores are formed due to extraction with hot water, in 
which the dispersion-phase polyethylene glycol is effectively extracted in water. 
Chitosan-coated gauge fabric has been developed and investigated for its chemi-
cal, thermal, and antimicrobial properties [31]. It has been evaluated against  
E. Coli and Lactobacillus, found to be effective, and considered to be a potential 
wound dressing.

The graft copolymerization of polymeric materials has been enabled to achieve 
desired properties through specific choice of the molecular characteristics of the 
side chain to be grafted. Chitosan has reactive groups that can be modified by 
grafting. Membranes for wound treatment have been obtained that would serve 
two purposes, viz. speeding up of the wound healing time and also serve as a 
delivery system for various drugs to prevent or treat bacterial infections. Based on 
this objective, new material has been synthesized by grafting vinyl monomers onto 
chitosan (Fig. 4.3) [32].

New textile wound dressings comprising of regenerated chitin or dibutyryl-
chitin have been developed by coating a polypropylene nonwoven material 
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with either of these films [25]. The sterilized dressings have been biologically 
assessed. Both the materials had no cytotoxic effect or primary irritation either in 
vitro or in vivo and both have a positive influence on the wound healing process. 
Microscopic evaluation revealed that the wounds covered with the dressing con-
taining dibutyryl chitin healed fastest.

Bacterial cellulose/chitosan wound dressings possess good antibacterial, bar-
rier, and mechanical properties in wet state and moisture retention properties, and 
are therefore unique [33]. These characteristics render them an excellent dressing 
material for treating various kinds of wounds, burns, and ulcers. The chitosan has 
a favorable impact on the mechanical properties of modified cellulose. High elon-
gation at break indicates good elasticity, so such dressing fits the wound site well 
and therefore provides good protection against external infection. Bioactive mate-
rial made from chitosan-modified bacterial cellulose provides optimal moisture 
conditions for rapid wound healing without irritation or allergization. Such com-
posite structures have applications in management of burns, bedsores, skin ulcers, 
hard-to-heal wounds as well as wounds requiring frequent dressing change [34]. 
Bacterial cellulose modified with chitosan combines different properties such as 
bioactivity, biocompatibility, and biodegradability of the two biopolymers, thereby 
creating an excellent dressing material [35].

Fig. 4.3   Graft copolymerization of HEMA and AA into chitosan [32]
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4.2.3 � Wound Dressings from Nonwovens

Nonwoven fabric serves as an excellent dressing material with its high porosity 
and larger surface area, which provides an open structure for drainage of exu-
dates and reduces the risk of secondary infection. Acticoat™, a commercial textile 
dressing with silver nanocrystal, is good for wound dressing of burn patients [36].

NUCRYST Pharmaceuticals and the Advanced Wound Management Division of 
Smith and Nephew Plc announced that Health Canada granted marketing approval 
of Acticoat™ Flex barrier dressings for wounds that require up to seven days of 
sustained antimicrobial activity. The reviewed literature shows certain limitations 
related to study methodology, small sample sizes, and heterogeneity of the prod-
ucts to which Acticoat is compared among others. Despite these limitations, studies 
show that Acticoat possesses effective antimicrobial activity in vitro and in vivo, 
capable of reducing colonization and preventing contamination by microorganisms. 
Its release mechanism ensures a continuous distribution of 70–100 mg/L of ionized 
silver over more than 48 h and rapid start of action (within 30 min of application) 
in optimal moisture conditions. It reduces pain, and this benefit can be intensi-
fied if dressings are changed only after every three days, as recommended by the 
manufacturer [28]. Based on these results and the lack of clinical studies comparing 
Acticoat with similar silver-based dressings, AETIMS concludes the following:

(i)	 Acticoat is a therapeutic option for the treatment of severe burns,
(ii)	 The rationale for its use is based more on empirical results observed in the 

clinical setting than on published scientific evidence, and
(iii)	 Burn care is an emerging field of research, and its development paves the 

way for additional, better designed clinical studies, especially cost-benefit 
analysis, capable of demonstrating the potential benefits of Acticoat in the 
care of burns.

Grafting is known to be useful for the introduction of various functional groups 
into various polymers by selecting the type of monomer. It is conceivable that the 
function of the groups introduced is influenced by the monomer sequence distri-
bution in the grafted chains and its location in the polymer substrate depending on 
the method of introduction [37]. Polypropylene nonwoven fabric (NWF) has been 
extensively used due to its porosity, allowing ventilation, high surface area, and 
excellent mechanical properties. However, the hydrophobic surface of PP nonwo-
ven limits its applications, and to overcome these limitations grafting is done. Yang 
and Lin [38] developed PP-g-AA NWF by modifying PP NWF with AA using UV 
radiation. Furthermore, NIPAAm N ISOPROPYL acrylamide was graft copolymer-
ized onto this PP-g-AANWF using ultraviolet photografting. CS was impregnated 
onto the PP-g-AA-g-NIPAAm biograft NWF with freeze-drying to form PP-g-AA-
g-NIPAAm-CS. This modified fabric was found to be suitable for wound dressing 
application. In this work, wound dressings of AA-grafted CS/collagen-immobilized 
PP fabric were produced by using two types of CS obtained from the nourishment of 
Mucore (m-chitosan) and from commerce (c-chitosan). The antibacterial properties 
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of the PP-AAgCmCi PP-AAgCcCi samples were found to be excellent. The zone 
around the sample is caused by the bacterial inhibition by CS [1].

Grafting of AA onto PP NWF modified by direct-current pulsed plasma and 
with PNIPAAm shows good potential as wound dressing. From animal stud-
ies, modified NWFs were found to promote wound healing. The wound areas 
decreased gradually and reached 9 and 5  % after 17  days of PP-g collagen and 
PP-g collagen-g-PNIPAAm NWFs, respectively. In contrast to wound covered 
with gauze, the wound area only reduced to 26 % during the same period. In one 
of the studies [39], CS was immobilized on PNIPAAm gel/PPNWF by using 
cross-linking agent, glutaraldehyde (GA) for its use as wound dressing (Fig. 4.4). 
The plasma activation treatment and subsequently UV light graft polymerization 
were done. The result showed that the CS hydrogels displayed antibacterial ability 
to E. coli and S aurous.

In the above study, the complex structure was also characterized by SEM. It is 
found that the PNIPAAm grafted layer is attached well to plasma-penetrated nonwoven 
as compared to untreated nonwoven, due to the increase in the wettability between 
hydrogel and substrate. It is also found that the freeze-dried composite develops porous 
structure while no porous is observed when CS is dried at room temperature.

However, due complicated entangled structure between NWF and CS, the 
nonwoven was difficult to strip. Consequently, an easy stripped interlayer fabric 
is really required for preparing an ideal wound dressing. Therefore, a PINPAAM 
hydrogel interface was chosen to solve the entanglement due to its temperature 
and sensitivity and hydrophilic property. This trilayer wound dressing can be a 
promising approach for tissue engineering applications (Fig. 4.5).

The controlled release of tetracycline hydrochloride (T-HCL) drug from poly-
ester (PET) fabric from temperature is shown in Fig. (4.5). Because the hydrogels 
having NIPPAAm shrink at 37.5  °C, the T-HCL gels will be released due to the 
driving force of the volume change and concentration gradient of the drug. Hence, 
the amount released initial 10  min, which is highest at 37.5  °C. Those drugs 

Fig. 4.4   Photoinduced grafting polymerization [39]
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located near and at the surface released immediately from graft copolymer to the 
surrounding medium [40].

In one of the reports, a nonantigenic membrane closely resembling dermis in 
its anatomic structure and chemical composition, in which wound acts as a bio-
degradable scaffolding inducing the synthesis of a ‘neodermis’, is prepared as a 
trilayer membrane system for artificial skin. In this process, the NIPPAAm mono-
mer is successfully grafted on the NWF by copolymerization and then initiated 
by plasma. Then, the layer of bovine gelation with glycosaminoglycans (chondroi-
tin-6-sulfate) is grafted by ultraviolet light, which serves as a matrix for the infil-
tration of fibroblast, macrophages, lymphocytes, and capillaries derived from the 
wound bed. Six weeks after the operation, both the controlled group with no dress-
ing and group with NWF stayed in the proliferative phase, where no epidermis or 
dermis structure could not be traced at the section; however, the third group having 
NWF grafted with NIPPAAm healed completely in the maturation phase. In the 
group where NWF grafted with NIPPAAm, gelatin, and glycosaminoglycans, the 
wound recovered to the final stage of maturation phase. The wound site had totally 
recovered at the 4th week post-operation. The dressing material of the group fell 
off automatically from wound site without any damage to the skin after recovery. 
It is believed that the dressing material has a great potential in the medical applica-
tion in the near future [41].

4.3 � Nanofibers Containing Sliver Nanoparticles for Wound 
Dressings

Nanotechniques have acquired tremendous impulse in the last decade. Coated 
products such as smart clothing as well as nanocoated materials are the present 
innovations. Nanofibers are preferred due to their unique properties, such as high 

Fig. 4.5   SEM of trilayer wound dressing structure freeze-dried at −80 °C [39]

4.2  Smart Textile Wound Dressings
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surface-area-to-volume ratio, film thinness, nanoscale fiber diameter porosity of 
structure, and lighter weight [42].

In one of the studies, PVA nanofibers containing silver nanoparticles were pre-
pared by electrospinning PVA/silver nitrate aqueous solutions followed by short 
heat treatment. Their antimicrobial activity is found to be suitable for wound dress-
ing. Electrospinning is simple, low cost, and effective technology to produce pol-
ymer nanofibers. The electrospinning technique provides nonwovens to the order 
of a few nanometers with large surface area, ease of functionalization for various 
purposes, and superior mechanical properties. Also, the possibility of large-scale 
productions combined with the simplicity of the process makes this technique very 
attractive for many different applications. Biomedical field is one of the important 
application areas among others utilizing the technique of electrospinning for vari-
ous applications such as filtration and protection material, electrical and optical 
applications, sensors, and nanofiber-reinforced composites. In the electrospinning 
process, a polymer solution or melt is placed into a syringe with a millimeter-size 
nozzle and is subjected to electric fields of several kilovolts. Under the applied 
electrostatic force, the polymer is ejected from the nozzle and deposited on a col-
lector. These nanofiber webs have unique properties such as a high surface-area-
to-volume ratio, small pore size, high porosity. [43, 44]. These drug-impregnated 
nanofibers are very effective for topical drug administration because of their high 
surface-area-to-volume ratio [45, 46]. In particular, incorporation of therapeutic 
compounds into the electrospun nanofibers has attracted a great deal of attention, 
because the resultant nanofiber webs have very strong efficacy of the drug due to 
their high surface-area-to-volume ratio and the composite electrospun nanofiber 
webs afforded the prospect of preparing useful polymer system for controlled 
release of the activity the release behavior of the Ag ions from the PVA/AgNO. 
Nano fiber is dionized in water and examined at 37 °C. A fast and constant release 
of Ag ions from the heat-treated PVA/AgNO nanofibers would allow them to have 
fast and constant antimicrobial activity [8]. Also, it is found that Ag ions in the 
PVA/AgNO nanofibers subjected only to the heat treatment move more rapidly 
than those in the PVA/AgNO nanofibers subjected to the heat treatment and sub-
sequent UV radiation. This is because of the fact that the residual Ag ions in the 
heat-treated PVA/AgNO nanofibers were reduced by UV irradiation [46]. Among 
the antimicrobial agents, silver has long been known to have strong antimicrobial 
activities, and hence, antibacterial disinfection and finishing techniques are devel-
oped for many types of textiles using treatment with nanosized silver [47].

The release of tetracycline from electrospun mats of polyethylene-co.vinyl 
acetate, polylactic acid (PEVA), and their 50/50 blend has also been studied, and 
it is found that the electrospun PEVA and 50/50 PLA/PEVA mats give relatively 
smooth release of drug over about 5 days. The simplicity of the electrospinning 
process and the wide selection of the polymers that can be processed by this 
means suggest that electrospun polymers’ matrices may have broad applicabil-
ity in controlled release technology. Wound dressings composed of electrospun 
polyurethane nanofibrous membrane and silk fibroin nanofibers were devel-
oped. Such materials were characterized by range of pore size distribution, high 
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surface-area-to-volume ratio, and high porosity, which are proper qualities for cell 
growth and proliferation [48, 49].

4.3.1 � Alginate Fiber Wound Dressings

The first modern alginate wound dressing was brand-named as sorbsan, which 
was launched in 1983 [50]. This was followed by other products that differed in 
both their chemical composition and textile structure. For example, Kaltostat, a 
fibrous high G calcium alginate, was introduced into the market in 1986. Kaltostat 
consists of a mixture of calcium and sodium alginate. The sodium alginate was 
introduced to improve gel-forming ability of the fibers. It was found that the algi-
nate dressings absorb a large quantity of liquid in addition to those held between 
the fibers in the textile structure because of the ion exchange between the calcium 
ions in the fiber and sodium ions in the wound exudates. Alginate fibers can form 
gel when applied to exuding wounds. The gelling process is accompanied by the 
absorption of wound exudates into the fiber structure, and as the fiber swelling, 
the capillary structure in the nonwoven dressing is closed, thereby blocking the 
lateral spreading of liquid. This gives rise to the unique gel-blocking properties of 
alginate wound dressings. These also have hemostatic and antimicrobial properties 
as well as ability to promote wound healing since 1980s, and alginate fibers have 
been widely used in the manufacture of hightech wound dressings [8, 51, 52].

References

	 1.	Kokabi M, Sirousazar M, Hassan ZM (2007) Eur Polym J 43:773
	 2.	Hayward PG, Morrison WA (1996) Current concepts in wound dressing. Aust Presscr 

19:11–6
	 3.	Martin P (1997) Science 276:75
	 4.	Singer AJ, Clark RA (1999) New Engl J Med 341:738
	 5.	Clark RA (1995) J Am Acad Dermatol 13:701
	 6.	Purnasai K, Babu M (2000) Burns 26:54
	 7.	Petrulyte S (2008) Dan Med Bull 55(1):72
	 8.	Quin Y, Gilding DK (1996) Med Device Technol 7:32
	 9.	Lloyx LL, Kennedy JF, Methacanon P, Paterson M, Knill CJ (1998) Carbohydr Polym 

373:315
	10.	Wichterle O, Lim D (1960) Nature 185:117
	11.	Ulbrich K, Subr V, Podperova P, Buresova M (1995) J Controlled Release 34:155
	12.	Hoffman AS, Schmer G, Harris C, Kraft WG (1972) Trans Am Soc Artif Intern Orgens 18:10
	13.	Park KR, Nho YC (2003) Rad Phys Chem 67:361
	14.	Hoffman AS (2002) Advanced Drug Deliv Rev 43
	15.	Varshney L (2007) Nucl Instrum Methods Phys Res B 255:343
	16.	Bruin P, Jonkman MF, Meijer HJ, Pennings AJ (1990) J Biomed Mater Res 24:217
	17.	Wise DL (ed) (1984) Burn wound coverings. CRC Press, Boca Raton
	18.	Aiba S, Minoura N, Pujiwara Y, Yamada S, Nakagawa T (1985) Biometerials 6:290
	19.	Peppas NA (1987) Hydrogels in medicine and pharmacy II and III. CRC Press, Boca Raton

4.3  Nanofibers Containing Sliver Nanoparticles for Wound Dressings



38 4  Smart Textile Wound Dressings

	20.	Rosiak JM (1991) Radiation effects on polymers. In: Clough RL, Shalaby SW (ed) (ACS 
Book Series, Washington DC 475)

	21.	Eloy R, Brack A, Drome N, Cornillac AM (1992) J Biomed Mater Res 695
	22.	Yoshii F, Zhanshan Y, Isobe K, Shinozaki K, Makuuchi K (1999) Radiat Phys Chem 55:133
	23.	Wang CC, Su CH, Chen JP, Chen CC (2009) Mater Sci Eng C29 
	24.	Rybicki E, Filipiwoska B, Kozicki M, Jezoriski A, Jackubie J (2005). In: Proceedings 5th 

international scientific conference medtex 2005, vol 118
	25.	Pielka S, Paluch D, Staniszwesla-Kus J, Zywicka B, Solski L, Szosland L, Czarny A, 

Zaczynska E (2003) Fibres Text East Eur 11:79
	26.	Wang CC, Su CH, Chen CC (2008) J Biomed Mater Res Part A 84A:1006
	27.	Ishihara M, Nakanishi K, Ono K, Sato M, Kikuchi M, Saito Y, Yura H, Matsui T, Hattori H, 

Ueonoyama M, Kurita A (2002) Biomaterials 23:833
	28.	Gupta B, Agarwal R, Alam MS (2010) Indian J Fibers Text Res 35:174–187
	29.	Mi FL, Shyu S-S, Wu Y-B, Lee ST, Shyong J-Y, Huang R-N (2001) Biomaterials 22:165
	30.	Yu H, Xu X, Chen X, Hao J, Jing X (2006) J Appl Polym Sci 101:2453
	31.	Zeng M, Fang Z (2004) J Membr Sci 245:95
	32.	Samah NA, Zakaria MA, Yarmo, Ayub MK (2001) Preparation of chitosan coated gauze and 

its morphological and physical properties. In: Paper presented at the NSF workshop, Kuala 
Lumpur

	33.	dos Santos KSCR, Coelho JFJ, Ferreira P, Pinto I, Lorenzetti SG, Ferreira EI, Higa OZ, Gil 
MH (2006) Int J Pharm 310:37

	34.	Ciechanaska D (2004) Fibres Text East Eur 12 N4(48):69
	35.	Ciechanaska D, Kazimeirczak J, Gusta M (2005). In: Proceedings of 5th international scien-

tific conference medtex, vol 44
	36.	Ciechanaska D, Struszczyk H, Guzinska K (1998) Fibres Text East Eur 64(23):61
	37.	Gupta B, Aggarwal R, Alam MS (2010) Indian J Fibres Text Res 35:174
	38.	Kondo T, Koyama M, Kubota H, Katakai R (1998) J Appl Polym Sci 67:2057
	39.	Yang JM, Lin HT (2004) J Membr Sci 243:1
	40.	Chen KS, Ku Y-A, Li C-H, Lin HR, Lin FH, Chen TM (2005) Mater Sci Eng C25:472
	41.	Gupta B, Mishra S, Saxena S (2008) Radiat Phys Chem 77:553
	42.	Lin FH, Chen TM, Chen KS, Wu TH, Chen CC (2000) Mater Chem Phys 64:189
	43.	Graham K, Schreuder GH, Gogins M (2003) Intcorporation of electrospun nano fibers into 

functional structures. Proceedings of the international non woven technical conference, 
Baltimore, 15–18 Sept 2003

	44.	Jin WJ, Jeon HJ, Kim JH, Youk JH (2007) Snythetic Metals 157:454
	45.	Hong KH, Kang TJ (2000) J Appl Polym Sci 100:167
	46.	Kenawy ER, Bowlin GL, Mansfield K, Layman J, Simpson DG, Sanders EH, Wenk GE 

(2002) J Control Release 81:57
	47.	Hong KH, Park JL, Sul IH, Youk JH, Kang TJ (2006) J Polym Sci Part B 44:2468
	48.	Lee HJ, Yeo SY, Jeong SH (2003) J Mater Sci 38:2199
	49.	Khil MS, Cha DI, Kim HY, Kim IS, Bhattarai N (2003) J Biomed Mater Res Part B Appl 

Biomater 67:675
	50.	Min BM, Lee G, Kim SH, Nam YS, Lee TS, Park WH (2004) Biomaterials 25:1289
	51.	Quin Y (2008) Polym Advan Technol 19:6
	52.	Gupta B, Agarwal R, Alam MS (2010) Textile based smart wound dressings. Indian J Fibers 

Text Res 35:174–187



39

5.1 � Introduction

Tissue engineering is an outcome of the dramatic advances in the area of material 
science coupled with the latest knowledge of molecular cell biology. It enables 
the development of biological substitutes that restore, maintain, or improve tissue 
function [1]. The three important techniques used in tissue engineering are cell 
substitutes, tissue-inducing substances, and cell placed on/within matrices. The 
last one has become popular in tissue engineering research. It involves the devel-
opment of biological substrates to treat the loss or dysfunction of an organ, indi-
cating certain combination of cells and scaffold materials. A scaffold is a material 
system upon which a cell is implanted and permitted to grow and proliferate three 
dimensionally. The scaffolds not only permit formation of new tissues with appro-
priate structures, but also allow growth of new tissues with specific functions [2]. 
Scaffolds are generally made of polymeric materials so as to immobilize biologi-
cally active molecules and living cells. Polymers such as hydroxyapatite and poly-
hydroxyesters, and natural polymers such as collagen and chitin have been used in 
tissue engineering [3]. The tailoring of scaffold is not usually generic but is always 
application specific [4]. Each scaffolding material or combination of materials 
possesses different processing requirements and varying degree of processabil-
ity to form scaffolds. The main parameters influencing the fabrication technique 
for scaffold production are process conditions, accuracy of the process, repeat-
ability, and consistency of the process [5]. The most common scaffold fabrica-
tion techniques for tissue engineering are phase separation, particulate leaching, 
freeze-drying, composite foams preparation, polymeric films modification, solid 
free-form development, and textile processing techniques [6–22]. Each technique 
has its own merits and demerits. Hence, the designing and fabrication of scaffolds 
are done according to its application. The minimum requirements for the scaffold 
material to be used for human urinary bladder are elasticity, porosity, drapeability, 
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and good mechanical properties. Bioreceptive PET films have been developed 
earlier, wherein urothelial cells and smooth muscle cells have been seeded for 
their subsequent growth into a tissue [17, 23, 24]. The modified PET films were 
observed to be an excellent surface for urinary cell bladder culture, but had some 
drawbacks such as porosity and elasticity. In later attempt, bioreceptive PET 
knittings were developed for the same application [25]. The knitted surface has 
various advantages such as high porosity and elasticity besides good mechanical 
properties and drapeability. However, the drawback of this bioreceptive PET knit-
ted scaffold is its nonbiodegradability. It can be overcome by replacing the biosta-
ble PET by any biodegradable polymer such as lactides and polysaccharides.

5.2 � Spinning and Drawing of PLA Fiber

The PLA filament, which is produced by dry–jet–wet spinning technique, comprises 
of the process of phase inversion where the polymer solution gets precipitated in 
the nonsolvent. The process of phase inversion results in the development of porous 
structure. The PLA solution has been prepared in chloroform, and coagulation has 
been done in methanol which acts as a nonsolvent. The process details and resultant 
filament properties have already been discussed in the earlier publications [26, 27].
The filaments produced from this process are trilobal in cross section having tenacity 
between 0.14 and 0.60 GPa. The mechanical properties were observed to be dependent 
on the draw ratio, drawing temperature, and heat-setting temperature; the cumulative 
effect of these process parameters on molecular orientation and development of 
crystallinity in resultant filament result into filaments with different mechanical prop-
erties. The speed of take up at the spinning stage determines the development of the 
fiber properties. The stretch in spinning increases with the take-up speed and results in 
better molecular chain orientation.

The use of the PLA as spun fibers for the drug delivery prepared by dry–wet 
spinning process has been reported [28]. The use of wet spinning technique in the 
production of PLA fiber has also been reported for biomedical application [29]. 
However, both the reports have been restricted to fiber formation. In the present dis-
cussion, the post-spinning operations have been further carried out to develop the 
PLA filament with desired properties. The as-spun PLA filament has been drawn at 
various draw ratios on two-stage drawing machine at drawing temperature 90 °C and 
heat-setting temperature of 120  °C [31]. The filament having draw ratio of 6 and 
tenacity of 0.49 GPa and elongation of 25 % has been chosen for the knitting. The 
knittings have been fabricated separately with 2, 4, and 8 ply yarns, respectively.

5.3 � Flexural Rigidity

The filament flexural rigidity reflects directly on the bending properties of the 
filament which is most important property to be considered in knitting. It is the 
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force couple to bend monofilament to a unit of curvature. The formation of the 
loop, the size of the loop, and fabric behavior are depended on the rigidity of a 
filament [31]. The ring-loop test is the simplest method of measuring the flexural 
rigidity. The flexural rigidity of the PLA monofilament drawn at different ratios 
was found out by the above-described process as shown in the Fig. 5.1.

The flexural rigidity is seen to reduce with the increase in draw ratio. The bend-
ing property of the filament is considered to be important in the knitting process. 
Flexural rigidity is a direct measurement of bending property. All the filament 
drawn at different draw ratios have been tested for flexural rigidity. The reduc-
tion in the flexural rigidity on increases in draw ratio is well predicted since as the 
draw ratio increases, thinning of the filament takes place, which means mass per 
unit length decreases. It influences the filament rigidity directly.

5.4 � Mechanical Properties

The PLA has been knitted on single-end weft-knitting machine with 2, 4, and 8 
ply PLA yarns, and the knitted structures are shown in the Fig. 5.2.

Uniformed size of the loops is formed. All the three structures have been studied 
for mechanical properties and in vitro degradation as well. The behavior of the knitted 

Fig. 5.1   Influence of draw ratio on flexural rigidity of polylactic acid monofilament [31]

Fig. 5.2   Structures of knitted fabrics as viewed by optical microscope [31]

5.3  Flexural Rigidity
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fabric under pressure has been studied by use of the ball bursting technique. It more 
or less simulates the behavior of urinary bladder in the urine filling process. The 
maximum intra vesical pressure on human urinary bladder wall is 40 mmHg which 
is equivalent to 5.3 × 10−3 MPa. The stress value obtained by bursting test for knitted 
fabric of 8 ply yarn is 0.33 MPa which is considerably higher than the required value. 
Also, the extension of the knitted fabric is found to be high. The maximum bursting 
load of the fabric is dependent on the number of plies in the yarn. For the knitting 
of 8 ply yarn, the maximum load required to burst is 53.7 kg which is quite high as 
compared to 20.3 and 11.6 kg for 4 ply and 2 ply yarn, respectively. Similar trend can 
be seen in the case of extension though the difference is small (Fig. 5.3). The crack in 
the fabric is due to the bursting that happens in ‘I’ shape (Fig. 5.4).

Fig.  5.3   Load extension curves of polylactic acid knitted fabrics in ball bursting test [31].  
a 2 ply yarn, b 4 ply yarn, and c 8 ply yarn

Fig. 5.4   Burst knitted fabric [31]



43

The cyclic loading at 50 % of bursting load has been carried out to study the 
performance of the knitted structure. The intended application of knitted structure 
is as a scaffold material for human bladder reconstruction, that is, why this test 
was performed to determine the deformation property of the knitting. After 4–5 
cycles of loading, the material gets stabilized and the load extension curve starts 
repeating for further loading cycles. The residual extension in the fabric becomes 
almost constant after that. Figure  5.5 depicts the cyclic load extension curves 
for every type of knitting. In case of cyclic loading, initially fabric shows higher 
extension. During initial cycles of loading, individual loops contribute toward the 
extension in addition to the elasticity of the yarn. The contribution from the loop 
reduces after few cycles of loading, because of their deformation and the residual 
extension is the result of the inherent extension of yarn. It can be seen that the 
fabric gets deformed in all the three cases, after 4–5 cycles of loading.

Fig. 5.5   Load extension 
curves of fabrics cyclically 
loaded [31]. a 2 ply yarn,  
b 4 ply yarn, and c 8 ply yarn

5.4  Mechanical Properties
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5.5 � Porosity of Knitted Fabrics

The data of knitted fabrics thickness weight are given in the Table 5.1.
The porosity of a knitted fabric is the ratio of void volume to total volume.  

The porosity value obtained for knitted fabric of 8 ply yarns is 80  %, which is 
well within required range [31]. Each pore area has been calculated to visualize 
the openness of the knitted structure. A knitted fabric has two kinds of pores—
one is within the loop and the other between the loops. These pores differ in their 
area. The areas of pores for knitted fabric are given in Table 5.1. Porosity of the 
scaffold plays a crucial role in the cell culture. It is necessary for the easy passage 

Table 5.1   Porosity and pore area of knitted fabrics [31]

Fabric made 
with

Thickness 
(cm)

Weight 
(cm)

Porosity 
(%)

Area of pore (μm2)

Between the loops Inside the loops

2 ply yarn 0.056 270.0 93 688,215 579,985

4 ply yarn 0.057 83.75 89 641,715 422,183

8 ply yarn 0.104 52.50 80 260,502 122,672

Fig.  5.6   SEM images showing degradation of knitted fabrics at different pH over duration of 
20 weeks [31]
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of nutrients and also for the tissue culture growth in all dimensions. The knitted 
fabric structure is highly porous. The values of porosity obtained for knitted fabric 
are given in Table 5.1. The porosity reduces with increase in the number of plies 
in yarn. The size of the pore size depends on number of plies in the yarn. With the 
increase in the number of yarn plies, the fabric openness reduces.

5.6 � Scanning Electron Microscopy

The knitted PLA scaffold has been considered as the scaffolding material in the 
reconstruction of the urinary bladder. The pH of urine ranges between 4.6 and 8.6. 
The investigation of in vitro degradation has therefore been conducted on three 
different pH values in order to simulate the body fluid. The detailed investigation 
is reported in a work [30]. The surface morphology of the knitted fabric degraded 
for 20 weeks has been reported in the study. The severity of degradation increases 
as the pH deviates from 7.2. The SEM images confirm this aspect (Fig. 5.6) [31].

At lower PH, the degradation becomes higher which conforms catalytic effect 
of hydronium ions on hydrolysis process.
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6.1 � Introduction

Alginate dressings possess special gel-forming properties and a high degree of 
absorption and are therefore considered to be one of the most versatile wound 
dressings [1]. They are able to form occlusive dressings that are applied on 
wounds ranging between moderate and high degree of exudation. An interesting 
work has focused on the effects of occlusion on the rate of epithelialization in 
surgically induced wounds, which are left to heal in open air or occluded under a 
transparent film, and has provided the base for development of occlusive dressings  
[2, 3]. Occlusive wound dressings help to maintain a moist environment on the 
wound surface by restricting the transmission of water vapor and gases to the 
external environment [4]. A moist environment enables better wound healing, and 
thereby prevents desiccation and death of epithelial cells, facilitates epidermal 
migration, angiogenesis, and connective tissue regeneration [5]. All occlusive 
dressings provide the benefits of insulation and mechanical protection, and 
act as a barrier against bacteria [6]. The scar caused by an occlusive dressing is 
more acceptable than that caused by an exposed wound [7, 8]. Occlusive dress-
ings limit the pain in partial-thickness wounds to a greater degree than nonocclu-
sive dressings [9]. Occlusion can decrease the incidence of infection in the case 
of simple wounds. Calcium alginate fiber is used in the production of dressings 
that interact with wound exudate to form a gel. The fibers are generally carded 
or needle-punched. The dressings could be categorized as low absorbency or high 
absorbency [10]. Dressings that absorb less than 6 g of liquid per g of fiber (or less 
than 12  g/100  cm2) are classified as dressings of low absorbency, and dressings 
that absorb 6 g or more (or 12 g or more/100 cm2) are classified as dressings of 
high absorbency. Ten commercially available alginate dressings are generally a 
blend of calcium and sodium alginates. Different commercially available alginate 
dressings vary in their proportions of calcium and sodium alginates. Alginates are 
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highly absorbent, hydrophilic, and gel-forming materials. When a calcium alginate 
fibrous dressing absorbs sodium ions from a wound exudate, a gel is formed in 
situ, a moist environment is created at the wound site, and proportionate calcium 
ions are released from the dressing. Calcium ions, when released into wounds, 
stimulate both platelet activation and whole blood coagulation. This explains the 
hemostatic performance of alginate dressings.

6.2 � Silver-Based Dressings

Silver has been used as an antimicrobial agent for a very long period of time and 
hence a good historical significance [11]. Silver nitrate has been used in the treat-
ment of burns [12]. It has a broad antibacterial spectrum and is effective against 
most bacterial strains especially Staphylococcus aureus, Staphylococcus epider-
midis, and Klebsiella pneumonia. It turns to brown-black on things that it comes 
into contact, without its antibacterial property getting affected. Wound dressings 
with high absorbency and good antibacterial properties can be obtained by intro-
ducing silver ions into alginate fibers. A research reports that wound dressings 
with silver content when used in clean wounds enhance the epithelialization rate 
by about 30 % [13]. This indicates a beneficial effect of the silver ions in wounds, 
besides the antimicrobial activity. The sustained slow release of low concentra-
tion of silver ions appears to stimulate healing. Apart from being used for wound 
dressings, antimicrobial silver coatings are also being used in medical health care, 
hygiene, bedding products, sports protective clothing, and personal care [14]. 
Silver at the nanoscale or silver-based nanoparticles provide high availability of 
bactericidal (and bacteriostatic) silver ions for improved antimicrobial effect. The 
antimicrobial activity of the silver-alginate wound dressing (silver/sodium/calcium 
alginate) is improved by the sustained release of silver ions present in the dressing.

6.3 � Silver-Alginate and CM Print Cloth Dressings

The antimicrobial properties of silver have been incorporated into commercially 
available alginates that produce dressings, which are more effective in the 
treatment of exudative wounds. When alginate dressings are used on exudative 
wounds in the clinical setting, the recommended frequency of dressing changes 
is determined by the volume of the exudate. Product labels of the commercially 
available alginates recommend that the dressing can be left in place for up to one  
week, but may need to be changed more than once a day on highly exudative 
wounds. For clinical use, the silver dressings should retain the high absorptive 
ability of their alginate counterparts. Hence, an investigation on the absorption 
and swelling characteristics of the alginate/silver alginates and of cotton-CM print 
cloth/silver-CM print cloth in distilled water and 0.9 % saline solution at 8 h and 
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at one week (range of time commercially dressings are kept on wounds) have been 
discussed herein. The research work on silver antimicrobials has resulted in the 
measurement of the diameters of swollen silver antimicrobial dressings [12, 15].

6.4 � Earlier Research Findings

A cat ion exchange method has been adopted so as to enable impregnation of com-
mercially available alginate moist wound dressings and CM cotton print cloth 
with silver [12, 15, 16]. Silver–calcium–sodium alginates have been evolved from 
sterile calcium alginate dressings currently on the market, for example, Kaltostat 
(ConvaTec), Curasorb (Kendall), Sorbsan (Maersk Medical), and Algisite M 
(Smith & Nephew), and involved a two-step process. In the first step, each of these 
alginate dressings was treated with acetic acid in 80/20–90/10 ethanol/water for 
45  min with fiber-to-liquor ratio of 1:10 to partially exchange the calcium ions 
with hydrogen ions. The dressings have then been treated with silver nitrate wet-
to-wet to replace hydrogen ions with silver cat ions in 80/20–90/10 ethanol/water 
for 45 min to 12 h at room temperature. A prolonged reaction of 12 h with sil-
ver nitrate has been chosen in the laboratory to permit (red-brown, brown-black) 
staining of the antimicrobial dressing visually confirming the presence of the sil-
ver cat ion (qualitative test). The exact quantity of silver cat ion on silver alginates 
has been measured [17]. Silver–sodium-CM print cloth has been prepared from 
a low DS (degree of substitution = 0.15) hygroscopic carboxymethylated cotton 
print cloth (CM print cloth) involving a two-step aqueous process: the first step 
consisted of acidulation to partially replace sodium with hydrogen ions, and subse-
quently in the second step, the hydrogen ions have been replaced with silver ions 
by the treatment with silver nitrate. Low DS CM cotton print cloth does not swell 
in water to the extent to get it dispersed in water as does the highly swelling high 
DS cotton (DS =  0.31–4.0). Hence, it does consider nonaqueous media for cat 
ion exchange, as in the case in alginates [16]. But, only low DS CM cotton print 
cloth has been used in the investigation. The saline absorbency data of the four 
silver-alginate products (with their needle-punched alginate controls), along with 
that of silver-CM print cloth as an assessment of the dressings ability to function 
in a heavily exudating wound, have been obtained. The absorption determina-
tions have been carried out as per certain standards [18, 19]. The alginate dress-
ings exhibited various absorption capabilities. The saline absorbency assesses how 
well the presently developed silver antimicrobials would function on exudating 
wounds; the silver antimicrobials have the potential to function well when used 
on heavily exudating wounds where alginates are typically applied. The antimi-
crobial activity of the silver-CM print cloth has been evaluated [20]. It has been 
effective against both Gram-positive (Staphylococcus aureus) and Gram-negative 
(Klebsiella pneumoniae) organisms. The fabric exhibited a high degree of lethality 
resulting in a viable organism count of <10  CFU/mL as compared to the expo-
nential growth in the control fabrics. Viability controls had an average organism 
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count of 1.8  ×  106  CFU/mL for Staphylococcus Aureus and 7.8  ×  106  CFU/
mL for Klebsiella Pneumoniae. The antimicrobial activity of silver antimicrobi-
als has been confirmed through specific tests. This test method has been updated 
as ASTM E 2149 by ASTM. The test challenges the antimicrobial product with 
one organism, and effectiveness is determined after 24  h of incubation. The 
plate counts obtained before and after shaking have been used to determine per-
cent reduction in bacteria and thus effectiveness of the antimicrobial product. 
All three silver-alginate dressings evaluated for antimicrobial activity have been 
found to be effective against Gram-positive (Staphylococcus Aureus) and Gram-
negative (Klebsiella Pneumoniae) organisms. The activities have been compared. 
The fabrics practically destroyed the bacterium resulting in an organism count of 
<10 CFU/mL as compared to exponential growth in the control fabrics with organ-
ism count of 4.5 × 104 CFU/mL for Staphylococcus Aureus and 6.8 × 105 CFU/
mL for Klebsiella Pneumoniae. The Ag-CM cotton print cloth may be suitable 
for potential use against nosocomial acquired infections [17]. The antimicrobial 
silver-CM cotton print cloth could prove effective against both Gram-positive and 
Gram-negative bacteria after four laundering cycles. It signifies that the antimi-
crobial print cloth is durable to washing and favors future study for its potential 
application in the prevention of nosocomial infection (hospital-acquired infection). 
It has been acquired 2–3  days after admitting patient and is considered to be 
secondary reason.

6.5 � Results of Findings

Figure  6.1a–d show the photomicrographs of four silver-alginate dressings 
(Sorbsan, Kaltostat, Curasorb, and Algisite—with their controls) before and 
after immersion in saline. The increase in the diameter of the fiber can be easily 
observed from the figure. Figure 6.1e shows the photomicrographs of silver-CM 
print cloth and its control for 8 h and one week of immersion in saline solution.  
A perceivable swelling can be noticed after 8  h of immersion and also a slight 
further increase is noticeable at one week. It is easy to observe the swelling: 
1 week > 8 h > dry with the decrease in fabric interstices (open area). Significant 
swelling is observed in saline immersion compared to those in water in each of 
the dressings (photomicrographs in water not shown). The data obtained for 
swelling data correlate with those of the absorbency. The absorbency of the sil-
ver alginates and silver-CM print cloth was excellent, albeit less than that of the 
control samples. The silver print cloth absorbed 3.61  g of saline per g of print 
cloth compared with 3.93 g/g for the control CM print cloth sample. The four sil-
ver-alginate dressings absorbed 12.82–20.23  g of saline per g of alginate dress-
ing compared to 12.50–24.99  g/g for the controls. The lower absorbency of the 
silver–sodium–calcium alginates is due to fewer sodium ions as compared to their 
controls, sodium–calcium alginates. The results of the microscopic measurements 
of the fiber diameters of silver-alginate dressings and their alginate controls in 
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water and in saline at 8 h and at one week have been observed. All measurements 
are averages of the results from the four experimental runs and are reported as a 
change in diameter in micrometers (mm). The absorption and swelling capabili-
ties of the four alginate dressings have caused increase in diameter. The change in 
diameter of the silver-alginate fibers at 8 h of saline immersion has been found to 
be 166, 108, 59, and 162  % for the silver-Sorbsan, silver-Kaltostat, silver-Cura-
sorb, and silver-Algisite, respectively.

The studies on alginate dressings and CM print cloth show a percent change 
in diameter after 1  week of immersion in saline for silver dressings and found 
to be 153, 124, 54, and 176, respectively. The control alginate fibers and silver-
alginate fibers show same extent of swelling. The relative fiber absorbency of 
Algisite, Kaltostat, and Sorbsan is similar, whereas that of Curasorb is lower. The 
absorbency and swellability of the various dressings are different. The following 

Fig. 6.1   a Data from December 2003 to January 2004 (in 0.9 % NaCl)—Increase in fiber [18] 
diameter can be seen: 1 week > 8 h > dry in Fig. 6.1a–d; b data from December 2003 to January 
2004 (in 0.9 % NaCl); c data from December 2003 to January 2004 (in 0.9 % NaCl); d data from 
December 2003 to January 2004 (in 0.9 % NaCl); e Data from December 2003 to January 2004 (in 
0.9 % NaCl). Note the swelling: 1 week > 8 h > dry with decrease in fabric interstices (open area)
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inferences are made from the results. In the case of control and silver algi-
nates, a very significant increase in diameter of fibers has been observed in both 
saline and water, at 8 h and at one week. The major diametrical happens within 

Fig. 6.1   (continued)
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the initial 8 h of immersion and continued immersion for a week results in only 
a slight further increase. On the whole, silver alginates exhibit lesser swelling 
than their controls in both solutions at 8 h and at one week. As an instance, the 
Sorbsan control after 1 week of saline immersion had a 193 % increase in diam-
eter, while the silver-Sorbsan swelled by only 153 %. The swelling in saline has 
been noticed to be greater than that in water for each of the dressings and points 
to potential for clinical use. The data show that Sorbsan could be well suited for 
highly exudation wounds, while Curasorb could suit well on moderately/less exu-
dating wounds. Nevertheless, the final result of wound healing that occurs during 
epithelialization may be very similar between the two silver-treated dressings. The 
percent diameter change due to swelling in print cloth for 8  h and one week in 
saline has been recorded. As can be visualized, the swelling of print cloth is much 
lower than the swelling of alginates. And as with the alginates, print cloth swelled 
more in saline than in water and the majority of the swelling occurred during the 
first 8 h of immersion. The silver print cloth swelled less than its control. Single 
fiber swelling of alginate dressings is illustrated in Fig.  6.2, for the swelling of 
silver-Sorbsan alginate fiber in 0.9 % NaCl solution. It could be generally inferred 

Fig. 6.2   Sorbsan silver 
rope—upper part shows 
dry fiber and lower part 
shows same fiber after 6 min 
in 0.9 % NaCl at room 
temperature [18]

6.5  Results of Findings
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that the fluid absorption resulted in diameter increase in the fiber but not in length 
(Fig. 6.3). Six of the eight single fiber measurements showed a statistically signifi-
cant expansion (swelling) in diameter, whereas length measurements showed no 
significant increase. The swelling percentage of a small sample size of 1–2 mm 
with variability, (shown in Fig. 6.3) can improve since more fluid can easily enter 
the cut fibers. Also the cut ends of the single fibers probably resulted in some fiber 
damage and may be responsible for differential swelling at fiber tips as shown in 
Fig. 6.3. On the one hand, the degree of swelling in individual fibers does not rep-
resent intact fibers and on the other hand, the measurements of the cut single fiber 
clearly exhibit that fibers swell in diameter, whereas the increase in the length is 
insignificant.

6.6 � Discussion of the Findings

Acute and chronic wounds such as those caused by burns or pressure ulcers gen-
erally produce a large amount of exudate, which impairs wound healing and 
provides a medium for bacterial growth. Such wounds are at high risk for getting 
infected. Efficient absorption of the wound exudate, and the maintenance of a sterile 
(or near sterile) environment at the wound site is preferred. Alginate dressings 
have become the standard of care for treatment of these open, exudating wounds. 
These dressings have the ability to absorb significant amounts of the exudating 
fluid without desiccating the wound. The silver-alginate dressings have additional 
antimicrobial properties imparted into them to improve their efficacy in wound 

Fig. 6.3   Type of alginate fiber and treatment (Numbers represent sample size) [18]. RW Regular 
alginate fiber (control) soaked in water; Ag NaCl silver-alginate fiber soaked in 0.9 % NaCl; AgW 
silver-alginate fiber soaked in water. Lower blue lines represent length of the fiber, and upper red 
lines represent diameter
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healing by reducing the bacterial burden in the wound. Although this study reported 
effectiveness on Staphylococcus aureus and Klebsiella pneumoniae, it is possible 
that silver (I)-alginate dressings may be effective on other bacterial or fungal strains.  
By demonstrating fiber swelling after immersion in water and saline, it was shown 
(in this study) that these antimicrobial dressings retain their absorptive qualities. 
Similar findings were reported for silver-CM print cloth. However, the Ag-CM 
cotton print cloth (less expensive) may be suitable for potential use against noso-
comial acquired infections. It was also shown that the absorption of fluid leads to 
fiber swelling in diameter without increase in the length of the fibers. If used in vivo, 
when the exudates are absorbed in the fiber structure of the needle-punched algi-
nate dressings, the fibers may expand circumferentially upon swelling. As a result, 
the space between the fibers in the dressing is greatly reduced and the wound fluid 
is trapped not only in the fibers, but also between the swollen fibers. It is hypoth-
esized that any bacteria from or around the wound are trapped, both within the fib-
ers and in the space between the swollen fibers. With the change of dressings, these 
bacteria are removed from the wound site. Simultaneously, bacteria are killed at the 
wound site as the silver cations from the antimicrobial dressings are exchanged for 
sodium ions on the wound surface. Thus, infection is either prevented or eliminated. 
These properties may expand the clinical utility of the antimicrobial silver alginates 
beyond that of commercially available dressings. The fibrous swelling of silver 
alginates measured in this work was correlated with the absorption of saline fluid 
(g of saline fluid per g of the dressing), as well as with the antimicrobial proper-
ties (against Gram-positive and Gram-negative microbes) of silver alginates of our 
earlier work. This study summarized that alginate dressings treated with ion-paired 
silver had robust antimicrobial activity while retaining the high absorption properties 
needed for medium to heavily exudating wounds.
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7.1 � Introduction

During the treatment of different diseases relating to pains and disorders of the 
body, electrical stimulation on the afflicted area is beneficial, and even the more 
for stimulation of the nervous system. This transcutaneous electrical nerve 
stimulation (TENS) therapy has been applied through conductive silica gel hydro-
pads in the affected area where front end of body nerves is stimulated by the elec-
trical current [1]. The present TENS products consisting conductive silica gel 
hydromaterial help to decrease the skin resistance, but are normally supplied in 
two to four pieces and do not readily target the back of the body. Their stickiness 
can create discomfort. They are unlaunderable, and repeated use is unhygienic. 
With the fast advancement of technology, intelligent garments are becoming one 
of the important innovations in the textile industry, particularly in the areas of 
intelligent medical and athletic textiles [2–5]. TENS is frequently being used in 
the treatment of different painful conditions. Many investigations have shown the 
effectiveness of TENS on different pain conditions, provided patients use them 
continuously in the correct way. It stimulates the large afferent fibers that can 
decrease the transmission of pain signals through the small nonreceptive afferent 
fibers, consequently inhibiting pain discrimination and perception [6]. Moreover, 
studies have shown that patients given TENS therapy with acupuncture point 
stimulation yield better results [6–8]. Figure 7.1 shows the commercial products 
of available electrodes. They are commonly used, but their property is not suitable 
for use in intelligent garment. In the medical treatment products used at present, 
electrodes are mostly made of silica gel hydropads that can be absorbed to skin, 
which can be repeatedly used for several tens of times. This type of electrode per-
forms very well. But, their demerits are apparent: They are susceptible to frag-
mentation, nonwashable, and uncomfortable because of their stickiness. Placing 
conductive ointment between the conductor and skin to reduce the resistance is a 
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possible solution to the problem. But this is rarely practiced because of its uncom-
fortable feeling and spreading to neighboring places. Fabric electrodes are being 
used often in smart clothing needing a good contact to skin, such as acquiring 
breath, temperature, and electrocardiogram signal. A simple way to achieve good 
contact is to increase the contact area and pressure. But, the bulky electrode is less 
flexible and high contact pressure would cause discomfort. Hence, a water filler is 
commonly used to increase the moisture and conductivity of skin, compromising 
convenience. Attempt has been made to develop a wearable TENS garment with 
incorporated Chinese acupuncture therapy for long-term continuous treatment 
and establish a novel therapeutic technique for health care. The design of TENS 
garment is discussed, followed designs of textile electrode and TENS signal gen-
erator, using two experimental setups to evaluate the newly proposed intelligent 
clothing prototype incorporating textile electrodes and conductive yarns.

7.2 � Design of TENS Intelligent Knitwear

The yarns for knitting consists of 100 % pearl fiber of 40 S/2 Nm, and the conductive 
yarn has been made of silver-coated yarn of 40 S/2 Nm having electrical resistance 
of 1.58 Ω/cm. The fabric has been knitted on a flat knitting machine having intarsia 
stitches, and the number of wales and courses is 9.3 and 6.9 unit loop per 10 mm, 
respectively, and neither washing nor ironing has been done before the testing.

7.3 � Acupuncture Points for Pain Relief

Figure 7.2 shows the various acupuncture points in the body. These acupuncture 
points can reduce shoulder and neck pain based on the theory of traditional 
Chinese medicine [9]. The selected group of acupuncture points has been used in 

Fig. 7.1   Common products for electrode and conducting material [12]. a Conductive silica gel 
hydropads. b Conductive ointment
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TENS knitwear design for the treatment of shoulder and neck pain. The points of 
acupuncture are situated with reference to the ‘Human Acupuncture Point Model’ 
and matched with the clothing prototype. Every acupuncture point is shown as a 
small area on the body surface, instead of a tiny point, for all practical purposes. 
Hence, they can easily be matched in the clothing in a precise manner.

7.4 � Design of Knitwear

Figure  7.3 depicts the measurement settings and design details of the TENS 
knitwear. The distribution of pressure in clothing is crucial for the intelligent 
clothing, particularly in the case of intelligent medical clothing, as most of the 
product is made of elastic fabric which needs tight contact with skin for effective 
treatment [10]. Hence, the present investigation focuses on garment that is smaller 

Fig. 7.2   Points of acupuncture for pain relief (Chinese system) [12]

Fig. 7.3   Measurement settings and design details [12]

7.3  Acupuncture Points for Pain Relief
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in dimension than normal clothing, and 2 × 1 rib knitting stitch at two sides have 
been used for elastic as the stitches are more elastic than others [11]. The sewing 
lines at two shoulders have been moved forward by 3 cm, and the width of collar 
opening has been narrowed so as to accommodate the electrodes to be situated at 
the acupuncture points. The linking lines have all been stitched by hand to ensure 
contact between clothing and skin. The confining pressure has been maintained 
within the comfortable clothing pressure range (1.96–3.92 kPa). Silver conductive  
yarn has been knitted to act as electrodes and conducting wires. The circles 
representing the terminals of the electrodes have been situated at acupuncture 
points for pain treatment.

7.5 � Design of Washable Textile Electrode

Four types of washable textile electrodes have been designed as compared to 
original electrodes. A metal button has been installed at the electrode of this textile 
material, which could be buttoned with knitwear (Fig. 7.4).

The textile electrodes consisted of one piece of absorbent fabric (amethyst 
color), conductive fabric (resistance: 0.1 Ω/cm), conductive mesh fabric (resist-
ance: 0.2  Ω/cm), absorbent sponge, and metallic dual-lock button (diameter 
10 mm) (Fig. 7.5).

7.6 � Design of TENS Signal Generator

The positive and negative terminals of the TENS device have been connected to 
two metal buttons (labeled E) on the face side of the clothes. The TENS signals 
have been produced by the electronic device (labeled D) (Fig. 7.6), and the block 

Fig. 7.4   Textile electrodes (front and back views) [12]
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Fig. 7.5   Materials for textile electrodes [12]

Fig. 7.6   Prototype of TENS signal generator [12]

7.6  Design of TENS Signal Generator
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diagram is shown in Fig. 7.7. This battery-powered electronic device was made to 
be compact in size and light in weight so that it could be mounted on the clothes.

7.7 � Discussion of the Findings

The objective of the investigation is to evaluate the TENS knitwear for repeated use, 
washability, and conductivity. The four newly designed electrodes have been tested 
and found that the electrodes are made of conductive fabric generally that exhibited 
satisfactory performances as compared to the metallic ones. The electrodes made 
with adhesives became hardened and would create skin irritation [12]. The second 
electrodes wrapped in conductive mesh fabric could not retain water well, as water 
could easily evaporate through the conductive mesh. The third and fourth electrodes 
with higher water sustainability have been considered to be suitable for use as textile 
electrodes. Since the fourth ones had better skin contact, they were chosen as the 
prototype for the experiments.

7.8 � Washability

The chosen textile electrode normally exhibited lower effective resistance (221 kΩ) 
as compared with the original electrode (465 kΩ) for fabric. The conductive fabric 
of the electrode and the conductive stitch exhibited slight changes in effective resist-
ance between 0.1–0.55 Ω and 1.58–1.83 Ω/cm, respectively, after 10 washing cycles. 
These subtle changes have been insignificant to the overall resistance of the textile 
electrode. The proposed electrode has high laundering ability and also easy to clean 
[12]. It is capable of retaining medicine inside for ease of medical treatment and can 
be used in smart clothing for a long duration in clinical use. It was convenient to use 
and readily targeted the predefined location of the body without expert knowledge. 
Practically, the electrode can be made thinner without alteration of its properties.

Fig. 7.7   Circuit diagram of 
TENS signal generator [12]
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7.9 � Conductivity

Comparisons have been done on the waveforms produced by a pair of the original 
electrodes and proposed electrodes (Fig.  7.8). Both the proposed and original elec-
trodes gave almost the same output signal, without the introduction of phase distor-
tion, except for a small voltage drop due to the finite resistance of the conductive stitch 
(45.6 Ω) where the TENS signal passed through before appearing at the textile elec-
trode. Most of the applied TENS signal has been passed through the electrode instead 
of the conductive yarn, through the potential divider rule. Hence, majority of the 
power supply has been effectively delivered to the focussed areas of the body. As the 
electrical properties of the proposed and original electrodes are found to be the same, 
the former can be suitable as textile electrode in future TENS intelligent knitwear.

7.10 � Influence of Increasing the Number of Textile 
Electrode Pairs

In the case of the clothing prototype that has been fabricated, the number of textile 
electrode pairs is not restricted to six, but is based on the size of electrodes and 
wiring routing in the fabric. The equivalent resistance, Req, of N electrode pairs of 
a parallel resistive system is given by the equation below:

Fig. 7.8   Comparison of proposed and original electrodes [12]

7.9  Conductivity
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where Ri is the total equivalent resistance including human skin of each electrode 
pair i = 1, 2, … , N. Assuming for the same skin, electrode, and wiring resistance 
for each pair, i.e., R = R1 = R2 = … RN, Eq. (7.1) becomes:

The total equivalent resistance gets reduced with the increase in the number of 
electrode pairs. Greater current is drawn for the same supply voltage, Va. The total 
power consumption, PT, is given by the equation below:

For the same applied voltage, the power dissipation is proportional to the number 
of electrodes used, given by Eqs. (7.2) and (7.3). The total available power, Pa, 
and power efficiency, η, to the treatment region of the human body are given as 
follows:

where R =  Rl +  Rp +  Rs, and Rl, Rp, and Rs are the effective resistance of the 
conductive stitch, textile electrode, and skin, respectively. At lesser resistance of 
the conductive yarn and textile electrode, more available power has been delivered 
to the treatment area by an electrode pair. The power efficiency of the proposed 
electrodes has been higher than that of the original electrodes, for the same skin 
resistance.

7.11 � Corner Effect of Conductive Wire (Conductive 
Knitted Stitches Versus Conductive Threads Sewn  
on the Fabric)

The routing conductive yarn in the fabric has unavoidable turnings. Due to the 
sewing of conductive threads on fabric, there is a sharp corner turning that causes 
significant resistance change. But, this resistance change did not occur in the 
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designed knitting fabric. For the same distance A and B, as shown in Fig.  7.9, 
resistances of 4.21 and 4.60  Ω were obtained, respectively. This increased 
resistance has been because of the corner effect which retarded the flow of the 
electron, thereby increasing its effective resistance.

7.12 � Further Improvement to Garment Design 
and Functionality

In relation to the Worth Global Style Network, a prominent global service Web 
site found that one of the reasons for this retail market’s slow growth is because 
of consumption factors like acceptance of wearable technology and consumers 
viewing of products as ‘technical’ instead of ‘fashion’ interest [13]. Hence, from 
the experimental results, knitwear can satisfy the basic functions, as shown in 
Fig. 7.10. The use of garment design skills has enabled the previously mentioned 
problems to be readily solved, and the aesthetics are further improved by hiding 
the conductive yarn using the knitting method of the intarsia pattern. The routing 
of the connecting wires can be hidden beneath the fabric, as shown in Fig. 7.11. 
The dark green color is the conductive yarn knitted into knitwear as conductive 
wire. After the pattern redesign, the wires were totally dissolved into the pattern 
of the clothes. The white circle dot is the metallic dual lock for connecting the 
conductive yarn and the electrodes and TENS device. A knitted pocket can replace 
the black mesh pocket for the battery holder and is knitted by the same yarn of 
the knitwear. The TENS generator could be sealed by silicon and hid inside the 
pocket so that the batteries could be removed during washing. One of the possible 
future developments of this TENS knitwear is to focus on the selectable treatment 

Fig. 7.9   Design of turning routing with intarsia knitting method [12]

7.11  Corner Effect of Conductive Wire …
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of group points including neck pain, shoulder pain, and low back pain. The points 
of treatment controlled individually or in groups by textile switches according to 
the acupuncture point theory to treat pains in various positions.
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8.1 � Introduction

Three-dimensional (3D) scaffolds offer the required architectural support for cell 
growth and tissue regeneration [1, 2]. Synthetic polymers such as polyglycolic acid, 
polycaprolactone, polylactic acid, and polytetrafluoroethylene are normally used 
in making 3D scaffolds. 3D scaffolds are produced by different methods such as 
gas foaming, nonwoven, electrospinning, and 3D printing [3, 4]. They can also be 
produced by adopting nonwoven technique, resulting in structures that are highly 
porous with interconnected networks. These advantageous characteristics have 
been shown to assist with cellular distribution and tissue integration within the scaf-
folds [5, 6]. Also, high porosity and interconnectivity help to effectively transport 
the nutrients and oxygen to cells throughout the scaffolds [7–9]. An earlier inves-
tigation has revealed that fluid permeability correlated to tissue formation in can-
cerous bone grafts whereby low fluid permeability prevented tissue regrowth [8]. 
Scaffolds with a pore size greater than 100 mm and high interconnectivity (>90 %) 
were demonstrated to be favorable for cellular migration and tissue integration. 
Nonwoven scaffolds produced from a variety of both natural and synthetic poly-
mers have proven to effectively support growth of endothelial cells, smooth muscle 
cells, and arachnoid cells [10–12]. But, scaffolds used in tissue engineering, besides 
assisting cell growth, also should accommodate a large number of cells as the num-
ber of cells present in tissues is 107–108 cells/cm3 [13]. For example, in order to 
engineer 50 g of cardiac tissue to compensate for muscle damaged by heart failure, 
1–2 × 109 myocytes are required [14, 15]. It has been shown that a minimum of 
1.3 × 109 b-cells are required for patients to be insulin independent after islet trans-
plantation [16]. The extruded filaments for producing nonwoven scaffolds have 
circular cross section. During the past few years, innovative multilobal fibers, rang-
ing from bilobal to a specialized eight-channeled fiber known as capillary channel 
fibers, have been developed. These fibers have been utilized in the industries only 
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because of their filtration and wicking characteristics [17]. The use of the multi-
lobal fibers has since extended to applications for thermal insulation in space suits 
and as stationary phases in liquid chromatography [18–20]. But, not much research 
has been carried out regarding the potential of multilobal fibers as scaffolds in tis-
sue engineering. It is assumed that multilobal fibers are irregularly shaped and 
would well improve the cell density by providing a greater surface area than circu-
lar fibers. The objective of the research discussed in this chapter has been to inves-
tigate the potential of two types of commercially available multilobal fibers as 3D 
scaffolds for applications in tissue regeneration. Nylon 6,6 and polyethylene tereph-
thalate (PET) were chosen as these polymers have been used in various biomedical 
applications such as cardiovascular and bone tissue engineering [21–25]. Scaffolds 
of multilobal fibers have been evaluated for the capacity to promote cell growth in 
comparison with circular fiber, given their increased surface-area-to-volume ratio. 
The fibroblast and osteoblast types of cells have been used to investigate the cellu-
lar interactions on the different types of scaffolds.

8.2 � Fiber and Scaffold Characterization

The SEM and optical microscopic techniques have been used to study the cross 
sections of the different types of fibers [26]. The fibers of both the nylon 6,6 and 
PET groups showed the standard morphology of circular fibers (Fig.  8.1a, c). 
The mean diameters of the nylon 6,6 and PET round fibers were 40.5 ± 2.7 and 
43.7 ± 5.4 μm, respectively.

The trilobal nylon 6,6 fiber cross section appears like the letter Y (Fig. 8.1b). 
The fibers have two major grooves of 95.0 ± 6.6 mm in width and 8.9 ± 1.0 mm 
in depth, and one minor groove of 42.7 ± 1.8 mm wide and 33.9 ± 6.4 mm deep. 
The multilobal PET fiber was an eight-channeled fiber comprising a mixture of 
major grooves with a mean width of 20.9 ± 9.0 mm and depth of 10.0 ± 4.9 mm, 
and minor grooves of 12.7  ±  3.1  mm wide and 11.6  ±  4.4  mm (Fig.  8.1d). 
Properties of the various nonwoven scaffolds such as surface area and poros-
ity have been tested. Both the multilobal fiber groups have higher surface areas, 
wherein the trilobal nylon 6,6 and multilobal PET scaffolds were 1.7 and 3 times 
larger than the circular cross-sectional fibers, respectively. Also, scaffolds pro-
duced from multilobal fibers exhibited a 20 % increase in porosity in comparison 
with the circular cross-sectional fiber scaffolds.

8.3 � Cytotoxicity and Cell Proliferation Study

During the duration of three days, the cells cultured in media extracted from the 
various groups of scaffold did not exhibit toxicity. There was no significant differ-
ence in cell viabilities between the scaffold groups and the standard tissue culture 
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wells which served as negative controls. The cell viabilities of the four scaffold 
groups ranged between 95.5 ± 1.6 and 98.2 ± 0.9 % (Fig. 8.2).

They are comparable to the control scaffold (98.0 ± 1.7 %). The cell growth 
on nylon 6,6 and PET scaffolds have been studied for a duration of 14 days [26]. 
The data for cell proliferation were presented in the form of total cell number and 
as a rate of increase (Fig. 8.3). The number of fibroblasts and osteoblast-like cells 
has been the highest when cultured on multilobal PET scaffolds after a period of 
14 days.

But, as the initial number of cells attached onto the scaffolds differed across 
experimental groups, the cell proliferation data for each group have been normal-
ized against their respective baseline on the third day. Hence, the number of cells at 
each point of time has been compared to the number of cells on the third day of the 
same scaffold group and expressed as a fold increase as compared to the third day. 
The technique helps to make proper comparisons of cell proliferation among the 

Fig. 8.1   Cross-sectional SEM images of a Round nylon 6.6 fiber. b Trilobal nylon 6.6 fiber. c Round 
pet fiber. d Multilobal pet fiber (600×). The scale bar denotes a measurement of 20 μm [26]

8.3  Cytotoxicity and Cell Proliferation Study
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experimental groups tested. An improved growth of fibroblast has been observed 
on both trilobal nylon 6,6 and PET multilobal fibers over a period of two weeks. 
A significant increase has been noticed in both multilobal groups after a week of 
culture. The trilobal nylon 6,6 showed a 37 % increase to 6.3 ± 105 ± 5.4 − 104 
cells in fibroblast growth when compared to its round-fibered counterpart at Day 
14 (Fig. 8.3a). The multilobal PET scaffold exhibits a same trend in that the num-
ber of fibroblasts increased 12.0 ± 1.1 fold after 14 days, whereas on the round-
fibered PET scaffold, an increase of 8.2 ± 0.5 fold has been noticed. As expected, 
fibroblasts cultured on the standard tissue culture wells (2D) exhibited minimal 
increase in cell growth after 7  days due to limited surface area. In general, the 
fibroblasts exhibited greater tendency to be cultured on nylon 6,6 in comparison 
with PET scaffolds. Cell proliferation was significantly enhanced in the trilobal 
nylon 6,6 group when compared to the other experimental groups, producing an 
increase of 21.8 ± 1.9 fold after 14 days of culture. The osteoblast-like cells show 
a different trend in that no difference has been noticed in cell growth between the 
circular cross-sectional fibers and trilobal nylon 6,6 scaffolds (Fig. 8.4b). After a 
duration of two weeks of culture, both nylon 6,6 groups increased the number of 
cells by about 12 times (12.0 ± 0.6 times for circular cross-sectional nylon 6,6 and 
12.8 ±  0.4 times for trilobal cross-sectional nylon 6,6). But, the multilobal PET 
shows an enhancement of cell proliferation on the fourteenth day when compared 
to the PET scaffold with circular cross-sectional fibers, on being cultured on PET 
scaffolds. An increase of 16.7 ±  2.8 times in cell growth on the multilobal PET 
group as against the circular cross-sectional PET group of 9.2 ± 1.5 times has been 
noticed. The difference in cell proliferation among the experimental groups studied 
has been noticed after culture duration of two weeks.
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8.4 � Microscopy

Confocal microscopy and SEM have been utilized for viewing the cell morphol-
ogy on the different kinds of scaffolds and observed for fibroblasts and osteo-
blast like cells [26]. The microscopic studies revealed an elongated and flattened 
morphology on all the scaffold groups after culture duration of a week (Figs. 8.4 
and 8.5). The cells have been wrapped around the circular cross-sectional nylon 
6,6 and PET fibers, proliferating randomly along the fiber length(Figs. 8.4a, c and 
8.5a, c). Fibroblasts that were cultured on multilobal-fibered scaffolds attached 
and proliferated within the depths of the grooves and along the channels of the 
multilobal PET and trilobal nylon 6,6 fibers, as shown in Fig. 8.4b, d. The oste-
oblast-like cells show the profile of growth as can be seen in Fig.  8.5b, d. Both 
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fibroblasts and osteoblast-like cells demonstrated an alignment parallel to the 
longitudinal axis of the fibers when cultured on the multilobal PET scaffolds 
(Figs. 8.4d and 8.5d). Also, the fibroblasts have been seen to cover the grooves of 
multilobal fibers, thereby creating a cellular sheath (Fig. 8.6). In the case of fibro-
blasts cultured on multilobal PET scaffolds, a greater prominence in the behavior 
has been observed.

8.5 � Discussion of Findings

The potential of multilobal fibers in the area of tissue regeneration has not yet 
been fully exploited, as very limited research work has been done in this area 
[27–30]. In the available literature, particularly, the capillary channel fibers have 

Fig. 8.4   Fibroblasts wrapped around a Circular cross-sectional nylon 6,6. b Trilobal nylon 6,6. 
c Circular cross-sectional PET fibers. d Multilobal cross-sectional PET fibers, after a duration of 
one week (as viewed through confocal microscope). The scale bar indicates 50 mm [26]
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Fig. 8.5   Osteoblast-like cells following the contours of a Circular cross-sectional fibers of nylon 
6,6. b Cultured trilobal cross-sectional nylon 6.6. c Circular cross-sectional PET fibers. d Mul-
tilobal cross-sectional PET fibers, after culture duration of a week (as viewed through confocal 
microscope). The scale bar indicates 50 mm [26]

Fig. 8.6   Culturing of 
fibroblasts over the grooves 
of the multilobal cross-
sectional PET fibers, having 
cellular sheath around the 
fibers, after a culture duration 
of two weeks (as viewed 
through SEM) [26]

8.5  Discussion of Findings
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been used to produce fiber meshes or scaffolds having parallel orientation through 
alignment of the fibers on wire frames to promote cell guidance. Hence, till now, 
the cellular interactions on nonwoven 3D scaffolds comprising of nonaligned mul-
tilobal fibers have not been studied. The 3D multilobal-fibered scaffolds, besides 
aiding in cell alignment, offer the advantage of supporting improved cell growth 
owing to their increased surface area. This has been highlighted in the foregoing 
discussion, in which cell growth of trilobal nylon 6,6 and multilobal PET fibers 
improved by 37 and 81  % in comparison with the circular cross-sectional fiber 
scaffolds of the same polymer. Both fibroblasts and osteoblast-like cells show 
an increase in cell numbers when cultured on multilobal cross-sectional fiber 
scaffolds that have larger surface areas than the circular cross-sectional scaf-
folds (Fig.  8.3). However, the two cell types demonstrated a preference for dif-
ferent polymers. Fibroblasts cultured on trilobal nylon 6,6 scaffolds exhibited 
the greatest increase in cell number after 14  days, whereas a similar effect was 
observed with SaOS2 cultured on multilobal PET scaffolds. These results high-
light the vital role of surface topography in cell attachment and proliferation. 
Surface topography and roughness have been shown to influence cell adhesion 
and proliferation of a variety of cells such as smooth muscle cells, osteoblasts, 
and hepatocytes [31–33]. Yang and Lee [34] demonstrated that osteoblasts cul-
tured on a microgrooved titanium-coated surface exhibited higher cell adhesion 
strength and subsequently higher cell number than the smooth surface. Enhanced 
smooth muscle cell number was observed on nanostructured polyurethane sur-
faces when compared to the smooth surface [35]. In contrast, premyoblast cells 
preferred nonpatterned polymeric surfaces to micropatterned surfaces having 
5–14-mm-high pillars [36]. Micro-islands (4 mm in diameter) have been used to 
improve fibroblast attachment on PDMS sheets [37]. Also, good fibroblast align-
ment has been noticed on 2D collagen membranes that are micropatterned [38] 
and multilobal fibers which are 30 mm wide and 25 mm deep [28]. The results 
of the present study showed that fibroblasts favoured the trilobal nylon 6,6 over 
the multilobal PET scaffolds. This was most likely attributed to the dimensions 
of the major and minor grooves of multilobal PET fibers, measuring at a mean 
width between 12.7 and 20.9 mm. The dimensions of some of the multilobal PET 
grooves have been shown to be too narrow for fibroblasts, preventing cell attach-
ment and proliferation within these channels [28]. The fibroblasts tended to flatten 
and cover the grooves of the fiber, as they are capable of extending to the extent 
of 100 mm and thereby creating a sheath along the longitudinal axis of the fibers 
(Fig. 8.6). The channels of the trilobal nylon 6,6 fibers, on the other hand, were 
much wider with a mean width of 95.0 and 42.7  mm for the major and minor 
grooves, respectively. It aided the fibroblasts to attach and grow within all three 
grooves of the trilobal nylon 6,6 fibers. Osteoblast-like cells were able to attach 
and proliferate within both the major and minor grooves of the multilobal PET 
scaffolds. Typically, the osteoblast-like cells do not flatten and spread out as 
much as fibroblasts. Hence, the cellular sheaths, unlike fibroblasts, have not been 
formed by the osteoblast-like cells when cultured on multilobal PET fibers. The 
preference of the osteoblast-like cells for multilobal PET scaffolds could be due 
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to the fiber’s surface topography. The osteoblast-like cells have shown enhanced 
attachment and spreading on nano- and microtextured polystyrene and poly-L-
lactide surface compared to a smooth surface [39]. In this discussion, the surface 
topography provided by the multilobal PET scaffolds appeared to be conducive 
to the osteoblast-like cell attachment and growth compared to the circular cross-
sectional PET fiber and both nylon 6,6 scaffold groups. Also, addition to sur-
face topography, the hydrophilicity of polymers influences cell attachment [40, 
41]. Fibroblasts have been shown to attach optimally on the hydrophilic surface 
with a water contact angle between 50° and 60° [42, 43]. The fibroblasts tend to 
be cultured on nylon 6,6 scaffolds in comparison with PET scaffolds, irrespec-
tive of whether the fibers are circular or multilobal cross section (Fig. 8.3a). This 
result correlates to nylon 6,6 being a hydrophilic polymer with a contact angle of 
53°–58° [44]. In contrast to the fibroblasts, the osteoblast-like cells prefer a more 
hydrophobic surface. Earlier research shows that optimal cell attachment of oste-
oblast-like cells was achieved on polymers with a contact angle of 90° (hydro-
phobic polymers) such as polystyrene and poly(vinylacetate) [45]. Improved 
osteoblast-like cell density has been noticed on multilobal scaffolds which have 
been produced from PET, a known hydrophobic polymer (Fig. 8.3b) [46, 47]. The 
mass transfer is another parameter that determines the cell survival and growth 
on 3D scaffolds, and it relates to the flow of nutrients and oxygen throughout the 
scaffolds. Excellent fluid flow is one of the merits in using multilobal 3D scaffolds 
made of these fibers, particularly multilobal PET fibers [17]. The major and minor 
grooves enabled fluid to be transported rapidly and had been shown to distribute 
fluid to 80 % of a surface within 15 s [27]. The multilobal fiber scaffolds, immate-
rial of the type of polymer, supported higher cell growth compared to their round-
fibered counterparts (Fig. 8.3). The linear growth suggested that the scaffolds can 
accommodate more than 105 cells for a longer culture period (Fig. 8.3). Confocal 
microscopy shows that cells cultured within the scaffolds have flatten and well-
spread-out morphology similar to those observed on the surface of the scaffold, 
indicative of healthy cells. It could be partly due to the high porosity (>90 %) and 
effective mass transport of multilobal fibers, which enabled nutrients and oxygen 
to be distributed even within the depths of the cell-seeded scaffolds. This investi-
gation shows that the preferred type of fiber and polymer utilized is cell depend-
ent. The trilobal nylon 6,6 scaffolds were shown to be more suitable for fibroblast 
growth, while the multilobal PET scaffolds improved the culture of cells. Hence, 
different types of polymeric scaffolds have to be screened with cells of interest 
as the needs for optimal cell growth such as surface topography and hydrophilic-
ity are different [26]. The investigation has utilized two commercially available 
multilobal fibers, multilobal cross-sectional PET, and trilobal cross-sectional fib-
ers. But, the polymers are nonbiodegradable, a physicochemical property suitable 
in tissue engineering applications. The investigation has shown the merit of using 
scaffolds made from multilobal fibers. The manufacture of biodegradable multi-
lobal fibers will increase the potential of these fibers in tissue regeneration, in the 
times to come.

8.5  Discussion of Findings
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9.1 � Introduction

Knives are being used commonly in committing criminal offenses these days. 
Hence, it becomes necessary for law and medical professionals to get a good deal 
of protection from threats of physical harm. As crime rates have increased twofold 
in some European countries, the public need high-level protection [1]. The demand 
for protective garments is ever increasing and is more focused on ballistic protection 
and antistab protection. Ballistic protection provides protection against projectile 
penetration including the new kind of bullets and antistab and offers protection 
from sharp-pointed objects with or without sharp cutting edges such as knives and 
needles. The necessity for protection against slash and stab, requirements for such 
protection, and the test standards presently adopted to characterize such products 
are discussed in this chapter. The design, development, and characterization of novel 
slash-proof materials for army, police, children, and public that are light in weight, 
comfortable, and efficient are also elaborately discussed herein.

9.2 � Slash-Resistant Garments

9.2.1 � Importance of Personal Protective Garments

9.2.1.1 � Resistance Against Knife

In some countries, police officials are physically attacked by individuals who use 
wielding knives, ice picks, and other such weapons [2]. The ‘Protective Service 
Occupations’ is a culmination of 14 different submajor occupation groups as defined 
by the Standard Occupational Classifications 2000 (SOC2000) [3]. The risk factors 
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relating to serious physical assaults at workplace are high in the case of protective 
service, health, and social welfare professionals. The highest risk is faced by the 
police, followed by social workers, probation officers, bar staff, security guards, etc. 
During any violent incident, knife is commonly used [4], and alarmingly enough, 
school children have been found to carry them. This poses a threat to the officers 
working in the community, especially the youth and community workers and officers 
in the protective service occupations. Available evidence indicates that a significant 
minority of school children and young people carry knives and this problem may 
be growing. Official statistics suggests that the use of knives in the commission of 
violent crimes and homicide has remained steady [2]. During the first half of 2008, in 
London alone, 25 fatal knife attacks on young people have been reported [5].

9.2.2 � Slash Resistance

Most of the wounds caused by violent assaults are by the use of knives and have 
been of the slash type. Such kinds of knife attacks can cause disfiguring and could 
even prove fatal when it damages the blood vessels. Nearly 25 % of fatal wounds 
resulting from stab injury are centered in the chest region. The slash attacks are 
the most prominent among knife assaults, and the distribution of wounds include 
the arms, neck, shoulder, and thigh regions. Even though stab-resistant armor 
defeats slash attempts, it is impractical to provide stab protection to the arms, 
neck, shoulder, and thigh regions due to the thickness and stiffness required for 
the armor materials to withstand the force of a stab attack. Slash-resistant armors, 
in contrast, need not be bulky or stiff [6]. They can be more flexible and lighter as 
the maximum load exerted by a slash is approximately 25 % of the loads measured 
in stab attacks [7]. Investigations reveal that the maximum energy produced could 
reach up to 115 J for an overarm stabbing action and 64 J for an underarm stabbing 
action [8, 9]. The areas in which custodial and corrections officers perform their 
duties differ greatly from their street counterparts. Cells and hallways are some-
times small or narrow, and the ability to move or fight off an attacker becomes 
crucial. Handmade and sharp-edge weapons pose serious threat in such regions. 
Stab-resistant vests which utilize metal or plastic plates could restrict the wearer’s 
ability to protect themselves, bend quickly, or rise up when knocked down. Such 
disability to protect oneself can cause serious injury during attack [10].

9.3 � Objectives of Investigation

Research has been carried out to achieve the following objectives:

(a)	 Design, development, and characterization of innovative cut-resistant, slash, 
and stab-proof fabrics to be used in police and army.
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(b)	� Engineering, testing, and analyzing lightweight, comfortable, and efficient 
system that could have durability in use.

(c)	 Testing of such materials through adoption of standard test practices.
(d)	� Introduction of suitable antimicrobial and other chemicals in the developed 

materials for protection against a range of viruses known as prokaryotes.
(e)	 Fully characterize the barrier properties of these chemicals/finishes, etc.

The intended application is to design special cut-resistant and slash-proof materials 
for the police, armed forces, children, and the public, which can have lightweight, 
comfort, efficient and be durable in use.

9.4 � Development of Knitted Structures

The knitting process is considered to be cost-effective and flexible and can pro-
duce a range of structures suitable for contoured armor. However, it has not been 
effectively possible due to the high level of yarn interlocks that occurs during the 
process [11]. This produces a fabric with a very low initial modulus. When consid-
ering slash resistance, the low initial modulus guides the relative slippage of yarns 
and aids the stress distribution over a greater area and thereby prevents the blade 
from striking through the fabric. Therefore, weft knitting technique was utilized to 
design the slash-resistant fabric. The weft knitting process is also attractive when 
factors such as cost, design potential, and versatility are considered [12]. A series 
of fabric samples were knitted by using different combinations of various yarns 
and innovative two-layer weft-knitted structures. The knitted structures developed 
and used during this work have not been discussed in this chapter intentionally, 
because they are a vital part of the patent applications pending to protect the intel-
lectual property rights (IPR) of this invention.

The yarns used in the fabric were:

•	 Spectra WF 408,
•	 Spectra WF 528,
•	 Wykes E669,
•	 Tilsa, 100 % spun aramid fiber, and
•	 Kevlar.

The above yarns have been used with Kevlar TW (2 ply).The fabrics have 
been knitted with Kevlar TW (2 ply) on one face and one of the other yarns in 
the other face and vice versa. An electronic flat knitting machine has been used 
for the purpose. The gray or unfinished fabrics were tested against the HOSDB 
slash-resistant standard for the UK police.

9.3  Objectives of Investigation
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9.5 � Discussion of the Findings

The fabrics designed and knitted for determination of their slash resistance have a 
novel double-layered structure. One face appears as a single jersey structure, while 
the other face has a racked structure. The fabrics have been tested on both sides 
[13]. The directions in which the test has been carried out are as follows: (i) wale-
wise (lengthwise), (ii) coursewise (widthwise), and (iii) diagonal (30° to wale-
wise). The force at which the blade strikes through the fabric is given in Newton 
(N). Tests indicate that the fabric has passed the slash test in that particular direc-
tion. During the analysis of the results, comparisons have been made between 
different yarns and structures to optimize the best combination for a lightweight 
slash-resistant personal protective equipment garment [11].

9.6 � Comparison of Different Yarns

Figure  9.1 shows the resistance to slash for various yarns with different knitted 
structures. WF 408 yarn is the closest to passing the test with just 1 N short in the 
diagonal direction for the jersey structure tested with Kevlar as test face [13]. It 
passed with a value of 84.49 N in walewise direction, 61.24 N in coursewise direc-
tion, and 59.08 N in diagonal direction [11]. The fabrics knitted with WF 528 on 
the racked test face passed in both coursewise and diagonal direction with values 
of 86.52 and 91.84 N, respectively, but failed badly in walewise direction with a 
value of 23.99 N.

Fig. 9.1   Slash resistance force for different yarns in all three directions [11]
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9.7 � Comparison of Different Structures

Figure  9.2 shows the slash resistance force of different structures tested with 
Kevlar used as the test face. The test results indicate that even though the jersey 
structure showed the highest resistance of 234.4 N to the slash in the coursewise 
direction, it performed poorly in the walewise direction with a value of 15.4  N 
and failed marginally in the diagonal direction at 56.8  N. The racked structures 
exhibited consistency of results in all three directions, with ‘Racked 2’ structure 
performing well in comparison with the other two racked structures [13]. Racked 
1, 2, and 3 (Fig. 9.2) represent the various racking sequences that have been used 
to compare the influence of different racking sequences on slash resistance. The 
‘Racked 2’ structure withstood the slash resistance force of 84.77 N in coursewise 
direction and 101.73 N in diagonal direction, and failed at 48.69 N in walewise 
direction. The high value of 234.4 N in the coursewise direction achieved with jer-
sey structure used as the test face has been confirmed by retesting the fabric [11].

9.8 � Slash-Resistant Personal Protective Equipment

9.8.1 � Garment

Besides Kevlar, Spectra WF 408 yarn gave the best resistance to slash (Fig. 9.2). 
However, this was replaced by three ends of WF 528, which reduced the linear 
density by 30  % but maintaining the same breaking force. This in turn reduced 
the area density of the knitted fabric by 250 g/m2, and thereby rendering it lighter 

Fig. 9.2   Slash resistance force for various structures using Kevlar on face side [11]

9.7  Comparison of Different Structures
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and more comfortable to wear. The innovative two-layer structure, called SARK-1, 
has been able to go through the HOSDB slash-resistant standard for the UK police 
on both the faces and has been knitted with two ends of Kevlar as the racked 
face and three ends of WF 528 as the other face [13]. The results of the slash 
tests reveal that a minimum failure force of 71.64 N and average failure force of 
158.38 N have been attained [11]. The average force of 158.38 N was almost dou-
ble the minimum average necessary to pass the test. A second set of walewise and 
coursewise slash tests has been performed to substantiate the results obtained. This 
has not been done with Spectra WF5 28 used as the test face as there was not ade-
quate sample remaining to conduct the slash test. The above fabric also passed the 
slash resistance standard with the WF 528 as the test face. It passed with a force 
of 65.81 N in walewise direction, 122.17 N in coursewise direction, and 61.61 N 
in diagonal direction. The high resistance of 122.17 N to slash in the coursewise 
direction enabled the fabric to obtain the required average of 80 N. Modifications 
have been done in the straight jersey structure to achieve a special racked struc-
ture in one of the faces. The innovative two-layer racked structure, called SARK-
2, passed the standard on both faces of the fabric with an average value of 91.47 N 
on the Kevlar face and 108.36 N on the WF 528 face. SARK-2 achieved similar 
slash performance in all three directions. This indicates that the structure is more 
or less isotropic with regard to this property.

9.9 � Antimicrobial Hygiene Garments

During the event of physical threats, law enforcement and medical personnel 
require a high level of protection. As the use of knives is more common in these 
days, the general public needs special protection from crimes arising due their 
use. The previous part of the discussion focused on the need for protection against 
slash and stab, the objectives of the design, development, and characterization of 
innovative slash-proof materials for the police, armed forces, children, and the 
public. This part discusses the application, testing, and evaluation of antimicrobial 
agents to the novel slash-proof materials described in the previous sections [11].

It is well known that microorganisms transmit diseases and infections through 
clothing, bedding, etc., and even aggravate the conditions. They are abundantly 
present on textile materials and help in transmitting diseases and infections [14]. 
Microorganisms cause damage to fibers under normal usage and storage condi-
tions, thereby reducing the wear life of the materials [15]. The moisture transport 
characteristics of fabrics made wholly of synthetic fibers tend to cause a greater 
degree of ‘perspiration wetness’ which causes discomfort to the wearer, and they 
retain more odor causing bacteria than natural fibers, especially polyamide fibers 
[16, 17]. Hence, protective fabrics should have some kind of antibacterial protec-
tion imbued in them, particularly when they are designed to be worn over a long 
durations. One of the main objectives of this study discussed herein is to incorpo-
rate suitable antimicrobial agents into novel materials to provide protection against 
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a range of pathogenic bacteria and to fully characterize the barrier properties of 
the treated materials. The application of antibacterial agents into the innovative 
slash-resistant fabric highlighted in the previous section poses a problem as the 
fabric has only 13.6 % of its fibers by weight (polyamide), effectively available for 
incorporation of antibacterial agents [18]. The balance of about 85 % of the fabric 
is made of para-aramid fibers, ultrahigh molecular weight polyethylene, and glass 
fibers, which pose problems in applying antimicrobial agents into fiber matrix. 
The slash-resistant fabric has been designed as a double-layered structure, with 
one face comprising entirely of Kevlar aramid fibers and the other face having the 
engineered composite yarn that is double-covered using a polyamide continuous 
filament yarn. The development of antimicrobial textiles for healthcare workers 
has received good attention as they are highly exposed to many biological hazards 
at the work environments, and the applications and advancements in antibacte-
rial finishes on textile products have been discussed by many researchers [19–22]. 
The fibers that are available for incorporating antibacterial agents are made up of 
polyamide (Nylon 6,6), and considerable research has been carried out to success-
fully incorporate antibacterial agents into the textile structures [23, 24]. The evalu-
ation methods of antimicrobial finishes have been discussed elsewhere [25–29], 
and hence, this part focuses on the up-to-date results from the study of application 
of antimicrobial properties on this innovative double-layered weft-knitted slash-
resistant fabric that has only 13.6 wt% of fibers available for incorporation of anti-
microbial agents.

9.10 � Pickup of Chemical Formulation

The antibacterial formulation has been applied at concentrations of 5, 10, 15, 20, 
and 25  %.The pickup percentage of the fabrics has been investigated at various 
concentrations so as to evaluate the efficiency of fabric to take up the chemical 
agents. Ten fabrics have been tested for each concentration. Figure 9.3 shows that 
the pickup percentage changes with the concentration of the recipe and is found 

Fig. 9.3   Percentage pickup 
of chemical agents at various 
concentrations [18]

9.9  Antimicrobial Hygiene Garments
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to be linear [18]. The relationship between the pickup percentage for the novel 
slash-resistant material and the recipe concentration is calculated by using a linear 
regression equation with a coefficient of determination (R2) value of 0.9985.

9.11 � Antimicrobial Activity Against Gram-Positive 
Bacteria

The bacteria S. Aureus has been investigated at varied dilutions of 10−4, 10−5, and 
10−6 in order to determine the antimicrobial activity of the slash-resistant fabric 
at of 5, 10, 15, 20, and 25 % concentrations. Since the fabrics could not be fully 
immersed in the agar solution, the test was conducted separately for both faces of 
the fabric. Two fabrics were tested for each face, giving a total of four fabrics and 
16 zones of inhibition points. An average of all the 16 points was recorded.

The Fig. 9.4 shows that the peak antimicrobial activity is attained at 10 % of 
recipe concentration. The rate of antimicrobial activity increases with the increase 
in concentration of recipe up to 10 %, and the increase is insignificant thereafter. 
The coefficient of determination (R2) value is least for log concentration of 10−5 at 
0.8083 and is more consistent for lower bacterial concentration of 10−6 at 0.9556. 
It cannot be concluded from the results that the consistency will increase with 
decrease in bacterial concentration, as the investigation has been done at only three 

Fig. 9.4   Zone of inhibition 
of S. Aureus [18]
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dilutions. The optimum antibacterial activity can be obtained at 10 % concentration 
with zone of inhibition of 5.2, 4.6, and 6.2 mm at various bacterial dilutions.

Figure  9.5 shows the antibacterial activity of the control untreated fabric 
against S. Aureus at 10−4 dilution, and Fig. 9.6 shows the antibacterial activity of 
the fabric treated with 10 % concentration of the chemical formulation.

The inhibition zone attained at 15 % concentration is slightly lower than that 
of 10 % concentration and increases marginally at concentrations of 20 and 25 %. 
Concentrations of the formulation beyond 25 % could not be tested, since the satu-
ration point had been reached.

Fig. 9.5   Inhibition zone of control untreated fabric against S. Aureus [18]

Fig. 9.6   Inhibition zone of treated fabric (10 % concentration)—S. Aureus [18]

9.11  Antimicrobial Activity Against Gram-Positive Bacteria
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9.12 � Antimicrobial Activity Against Gram-Negative 
Bacteria

The various bacterial concentrations of E. Coli versus the extent of antimicrobial 
activity at various concentrations of the synergistic chemical formulation applied 
on the novel slash-resistant fabric have been plotted as depicted in Fig.  9.7. 
Despite the noncorrelation of the data between the measured zone of inhibi-
tion at various chemical concentrations and the log of various concentrations of 
bacteria, the values obtained establish significant antimicrobial activity against 
Gram-negative bacteria [18]. Figure 9.8 shows the antibacterial activity of the con-
trol untreated fabric against Gram-negative bacteria, E. coli, at 10−4 dilution, and 
Fig. 9.9 shows the zone of inhibition of the treated fabric at 10 % concentration 
against E. Coli. Here again, the influence of chemicals against the Gram-negative 
bacteria shows the peak antimicrobial activity, with zones of 5.2, 6.1, and 7.1 mm, 
at 10 % concentration of the antibacterial formulation.

Fig. 9.7   Inhibition zone of E. Coli [18]
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9.13 � Durability of Antimicrobial Finish Against  
Gram-Positive Bacteria

The slash-resistant fabric consists of two layers with different yarn materials. One 
face is Kevlar and the other face with the composite WF 528. Both the yarns are 
different in absorption properties, and thus, the durability of the antimicrobial 
finish has been determined on both the faces of the fabric [18]. Figure 9.10 depicts 
the inhibition zone in mm against S. Aureus after 1, 5, and 10 washes, with and 
without a cross-linking (CL) agent, with Kevlar (Yellow) as the test face. The 

Fig. 9.8   Inhibition zone of control untreated fabric—E. Coli [18]

Fig. 9.9   Inhibition of treated fabric (10 % formulation)—E. Coli [18]

9.13  Durability of Antimicrobial Finish Against Gram-Positive Bacteria
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reduction in the zone of inhibition after every wash expressed as a percentage is 
shown graphically in Fig. 9.10.

Tests show that the percentage reduction in inhibition zone after washing is 
mostly higher in the case of fabrics without the CL agent. The average reduction at 
all dilutions is 85 % after 10 washes for the fabric without the CL agent, whereas 
the average reduction for the fabric treated with the CL agent is only 60 %. In the 
case of bacterial dilution of 10−6, the percentage reduction in inhibition zone is 
47 % after 10 washes with the CL agent and no antimicrobial activity is observed 
without the CL agent. The white WF 528 face shows a higher retention of the 
antimicrobial agents when a CL agent is used. The white WF 528 face exhibits a 
higher retention of the antimicrobial agents when a CL agent is used as compared 
with the antimicrobial activity on the yellow Kevlar face. The average reduction at 
all dilutions in the zone of inhibition is 37 % for the white face, whereas it is 60 % 
for the yellow Kevlar face (Fig.  9.11). In the case of treatments without the CL 

Fig.  9.10   Reduction of inhibition zone on Kevlar—with and without cross-linking agent—S. 
Aureus [18]

Fig.  9.11   Percentage reduction of inhibition zone on Kevlar (yellow) face with and without 
cross-linking agent—E. Coli [18]
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agents, the percentage reduction in the inhibition zone is the same at 85 and 82 % 
for yellow face and white face, respectively.

When a fabric has been treated with an antimicrobial agent, its antimicrobial 
activity is supposed to be retained or get reduced with successive washings. 
However, in the case of bacterial dilutions at 10−4, there has been an increase of 
30 % in the antimicrobial activity after 1 and 5 washes. This suggests either an 
experimental error or a higher take-up of the antimicrobial chemicals at the par-
ticular portion of the fabric.

9.14 � Durability of Antimicrobial Finish Against  
Gram-Negative Bacteria

The antimicrobial finish on Gram-negative bacteria has lesser durability than that 
on Gram-positive bacteria [18]. The reduction in antimicrobial activity increased 
to 100 % on both faces of the fabric, with and without the CL agent for bacterial 
dilutions of 10−6, despite higher concentrations of bacteria exhibiting some anti-
microbial activity. There has been no significant difference in the retention of the 
antimicrobial agents on the yellow face when a CL agent is used. The average per-
centage reduction in zone of inhibition is 88 % with CL agent and 86 % without 
CL agent (Fig. 9.11). An increase in activity by 11 % on the white WF 528 face 
has been observed when a CL agent is used indicating the durability of the antimi-
crobial (Fig. 9.12) and when compared to the antimicrobial activity on the yellow 
Kevlar face.

Fig.  9.12   Percentage reduction of inhibition zone on white (WF 528) face with and without 
cross-linking agents [18]

9.13  Durability of Antimicrobial Finish Against Gram-Positive Bacteria
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10.1 � Introduction

As the awareness on hygiene is increasing, the growth of medical textiles has enhanced 
during recent years. Diseases such as AIDS and hepatitis are on the increase, and it 
becomes important to develop understanding and find ways to protect from such seri-
ous diseases. The body of a patient who is to be operated can be a source of infection, 
and hence the doctors and their assistants who attend on them need protection from 
infection. Hence, such personnel use a protective garment known as surgical gown to 
protect from undesirable infection. But, a number of manufacturers and majority of the 
users of such protective clothing are not aware of the exact specification and perfor-
mance needs of the fabrics used for this garment. If the fabric used in the manufac-
turing of the surgical gown has got pore sizes less than the size of the microbes, then 
the microbes cannot enter the body of the healthy person. But it might not be possi-
ble all the time to design a fabric with the particular pore size, which does not allow 
microbes to enter through the fabric, especially for the microbes such as virus, which 
is in the microlevel. For this purpose, a special woven structure has to be developed 
and a special antimicrobial coating needs to be applied to the fabric. But, it is evident 
with a coated material that the comfort property of the fabric deteriorates. During any 
minor surgery, the lack of comfort in the surgical gown is not of much significance. 
However, comfort is a crucial requirement during any major surgery over a long dura-
tion. Hence, it is necessary to apply a waterproof breathable coating to the fabric such 
that the water-based permeable fluids such as blood and serum cannot penetrate the 
surgical gown but air can pass through the fabric to maintain the comfort of the wearer. 
But it is also necessary to secure a perfect protection from viruses besides providing 
comfort. This chapter highlights the aspects related to the development, application 
and quality evaluation, and requirements of surgical gowns. It also discusses about the 
types of gowns available, their classification, technology of manufacture, test methods, 
their limitations, and future vision on the increasing need of human health and safety.

Chapter 10
Surgical Gowns—Techno Economic Aspects 
and Innovations

© Springer Science+Business Media Singapore 2015 
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10.2 � Basic Considerations in Surgical Gowns

Earlier surgical gowns have been used to protect the patients from the surgeons 
attending on them. Hence, an open-woven structure made from cotton, which was 
permeable and comfortable, was enough. However, with the appearance of infec-
tions related to the transmission of blood-borne pathogens, the need has changed 
over to protection of the surgeons and their assistants. Therefore, the surgical 
gown should protect the blood-borne infectious microbes from penetrating through 
the fabric and the fabric should be liquid proof. At the same time, the gown must 
provide comfort to the wearer by allowing heat and humidity to exchange between 
interior and exterior of the body. In other words, the fabric should be barrier resist-
ant as well as comfortable to wear. Thus, there is a crucial need for the fabric to 
resist the penetration of liquids, such as blood, and also be noncontagious, flex-
ible, and economical [1]. This is not easy to achieve. Despite some manufactur-
ers claiming to achieve these functions, there exist a number of setbacks and 
constraints, which are highlighted in this chapter. Hence, the problems related to 
infection and diseases from pathogens and the comfort properties have prompted 
medical professionals to look into the clothing performance.

10.3 � Infection and Transmission

Most of the post-surgical infections result from surgery, which happens due to 
the possibility of microorganisms attacking the open wound. Microorganisms can 
arise out of attendant staffs in the operation room, other patients, or even some 
objects or it could even be from the patients themselves. In clean operations, 
i.e., operations in sterile tissue and where hollow viscous is not entered the skin 
of operating room personnel and of the patient are the most important sources 
of microorganisms. In infection-prone operations, e.g., orthopedics and vascular 
implant surgery, the normal microbial skin flora is of significance as a cause of 
surgical site infection. Surgical gowns are used to prevent direct-contact transfer 
of infective agents from the surgical team to the operating wound and vice versa. 
When surgical gowns are made with appropriate material and techniques to cre-
ate the required barrier, they could prevent dispersal of skin scales in the surgical 
room air [2]. Hence, the surgical gowns are gaining new interest owing to their 
protective property which offer barrier against very infectious viruses and bacte-
ria. Surgical gowns are primarily intended to avoid transmission of pathogens. It 
is necessary to know the method of transmission so as to enable a fabric to prevent 
its occurrence [3, 4]. The pathogenic infections can get transmitted in a number 
of ways, such as contact, droplet, air-borne, and common vehicle transmission. 
There are two means through contact transmission can occur. The first is the 
direct-contact transmission involving a direct body-to-surface contact and physical 
transfer of microorganisms between an infected person with a susceptible host. An 
example would be touching blood, other potentially infectious materials (OPIM), 
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or patient tissues with ungloved hands. The second is the indirect-contact trans-
mission that involves contact of a susceptible host with a contaminated intermedi-
ate object, such as contaminated instruments, dressings, or contaminated hands/
gloves. An example would be contacting a used dental instrument or a removable 
patient appliance. Droplet transmission occurs during coughing, sneezing, talking, 
and so on. Transmission occurs when droplets containing microorganisms gener-
ated from the infected person are propelled a short distance through the air and 
deposited on the host’s body parts such as nasal mucosa or mouth. An example 
would be contact with particles or spatter of patient body fluids. Air-borne trans-
mission occurs by dissemination of either droplet nuclei or dust particles contain-
ing the infectious agent. Based on the environmental conditions, pathogens can be 
carried over a larger distance. The breathing in of minute particles from the body 
fluids of the patient is an example. Lastly, common vehicle transmission is related 
to microorganisms transmitted by contaminated items such as devices and equip-
ment and carried away through different vehicles or transport systems.

10.4 � Viruses, Bacteria, and Associated Diseases

The aforesaid discussions indicate that a surgical gown should protect the human 
body from blood-borne microorganisms and hence the fabrics should be produced 
such that the inter-yarn spaces should be less than the size of microorganisms. It 
therefore becomes necessary for the fabric manufacturer to know about the sizes 
of the different pathogens. The sizes of a range of bacteria and viruses causing 
serious diseases [5] are given in Tables 10.1 and 10.2 and would provide useful 
information to the fabric designers and subsequent processors, which would ena-
ble them to design appropriate fabrics for surgical gowns.

Table 10.1   Size of some highly infectious disease viruses [50]

Species Size (μm) Associated diseases

Bacteriophage ØX174 0.025–0.027 dia Test virus used by Nelson

Hepatitis virus (HBV) 0.042–0.047 dia

Adenovirus 0.07–0.09 dia Respiratory infections

HIV 0.08–0.11 dia Acquired immunodeficiency syndrome

Filovirus 0.08 dia Ebola virus

Bunyaviridae 0.08–0.12 dia Hanta virus

Orthomyxoviridae 0.08–0.12 dia Influenza A, B, and C

Coronaviridae (SARS) 0.10–0.12 dia SARS

Varicella-zoster virus 0.11–012 dia Herpes

Cytomegalovirus 0.12–20 dia Pneumonia, hepatitis, retinitis, 
encephalitis

Variola virus 0.14–26 dia
0.22–0.45 length

Small pox

10.3  Infection and Transmission
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10.5 � Comfort of Surgical Gown

The human body is exposed to varied environmental conditions and also to highly 
infectious hospital environment. The surgical gown has to cover the body and pro-
tect it against varying conditions of environment and also provide comfort to the 
wearer. Comfort is defined as the absence of discomfort or unpleasantness [6]. 
The movement of heat and water vapor through a garment are probably the most 
important factors in clothing comfort. If a garment provides too great a barrier to 
its passage, liquid moisture is formed by condensation of water vapor and the sen-
sation of discomfort is increased, partly from a feeling of clamminess and partly 
because of the wet clothing clings [7–9]. The thermal comfort is promoted by the 
body’s internal metabolism for production of heat, general level of activity, exter-
nal temperature, insulating/permeable properties of fabric/clothing to moisture, 
water or air, and so on. The core temperature of human body remains 37 °C. The 
body generates heat continuously because of the metabolism of food and muscle 
activity and this heat is gets dissipated into the environment. The heat flow rate is 
dependent on the fabric properties and the temperature difference: The greater the 
difference the quicker heat is transformed. This characteristic is termed as tem-
perature gradient. The heat transmission from the body happens through the three 
modes of conduction, convection, and radiation. The comfort as well as the bar-
rier property of the surgical is mainly governed by the thermal conductivity, water 
vapor permeability, air permeability, and water impermeability.

10.6 � Thermal Properties

At a skin temperature of 33–35 °C, the body experiences comfort and there would 
be no liquid perspiration. Hence, thermal comfort is fabric’s capacity to maintain 
a skin temperature and permit transfer of body perspiration. Clothing that allows 
these conditions to remain when the environment changes and when the activities 
level increases will satisfy the basic requirement. The thermal comfort character-
istics of a fabric are undermined by its thermal conductivity [10–14]. Moisture 
regain also influences the comfort phenomenon, as increasing moisture regain 

Table 10.2   Size of some disease—bacteria [50]

Species Size (μm) Associated diseases

Serratia marcescens 0.45 dia Extra-intestinal infections, nosocomial infections

Pseudomonas aeruginosa 0.50–1.0 dia
1.5–4.0 length

Endocarditis, pneumonia, osteomyelitis, nosoco-
mial infections, meningitis, septicemia

Staphylococcus aureus 1.0 dia Pneumonia, osteomyelitis, acute endocarditis 
meningitis, toxic shock syndrome, myocarditis

Mycobacterium tuberculosis 1.0–5.0 dia Tuberculosis

Bacillus anthracis 1.0–1.5 dia
3.0–5.0 length

Anthrax infection
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increases thermal conductivity. Testing of thermal conductivity covers the determi-
nation of the overall thermal transmission coefficients due to the combined action 
of conduction, convection, and radiation. It measures the time rate of heat transfer 
from a warm, dry, constant temperature, horizontal flat-plate up through a layer of 
the test material to a relatively calm, cool atmosphere. Hence, it can be observed 
that heat transfer is crucial, since the human body has the tendency to get over-
heated under stressful working conditions. These are also measured as total heat 
loss (THL). THL is a measurement of a garment’s ability to allow body moisture 
and heat to escape through all of its layers. The range at which the core body tem-
perature is ‘normal’ versus at ‘risk of death’ is only 9–10 °F. With further changes 
as low as 3–4  °F, the human brain can be affected and poor decision making 
can result, along with extreme fatigue, exhaustion, loss of strength, and nausea. 
Employees can work with lesser risk and with greater physiological benefit and 
also be able to work safely and effectively, when the THL of the fabric is higher.

10.7 � Breathability

The capability of a textile structure to permit water vapor passing out of the body 
through it and also prevent the entry of liquid to pass through it from outside is 
termed as breathability [15, 16]. The transmission of moisture vapor from the 
body considerably influences the comfort property in the following ways:

(a)	 The thermal energy generated by the human body gets dissipated mostly by 
evaporative cooling or loss of latent heat by the escape of moisture vapor.

(b)	 The inability of fabric to permit adequate moisture vapor diffusion causes 
accumulation of liquid or condensed water on the skin surface. The comfort 
property of the fabric is dependent on its breathability.

The moisture vapor transmission rate (MVTR) provides a measure of the breatha-
bility. It indicates the quantity of moisture that passes through a clothing assembly 
such as a dressing during a given time period. The higher the MVTR, the more 
effectively moisture is removed, preventing the accumulation of pools of moisture 
under the membrane. It is ‘the steady water vapor flow in unit time through unit 
area of body, normal to specific parallel surfaces, under specific conditions of tem-
perature and humidity at each surface.’ The value is expressed in number of grams 
per square meter over a given period of time [1–3]. Another measurement, which 
is related with breathability, is THL. THL is a measure of a garment’s ability to 
allow body moisture and heat to escape through all of its layers. The loss of water 
vapor through fabric is necessary to maintain balance of heat in the body and also 
comfort. Liquid moisture is formed the condensation of moisture vapor, which is 
caused by the barrier created by the fabric. This increases the sensation of dis-
comfort, arising partially from a feeling clamminess and also partially due to wet 
clothing clings. Breathable fabrics have a wide range of applications that include 
rainwear, diver’s clothing, footwear, mountaineering suits, skiwear, sportswear, 

10.6  Thermal Properties
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shoes, and more importantly surgical gown. In such applications, the resistance to 
penetration of liquid through fabrics is of considerable importance.

10.8 � Air Permeability

The comfort property of the fabric is also influenced by air permeability. Any mate-
rial which is permeable to air is also likely to be permeable to moisture vapor [17]. 
Hence, the air permeability is in general closely related to moisture–vapor permea-
bility and the liquid moisture transmission. Fabrics made from cotton or wool under-
goes swelling upon absorption of water vapor from the atmosphere. This would 
close off the pores in the fabric and thereby increase the resistance to convective 
flow through the material. Changes in fabric air permeability as a function of relative 
humidity are important for chemical protective clothing point of view.

10.9 � Quantification of Comfort Parameters

A method has been developed to calculate the requirements that breathable fabric, 
which has to meet specific conditions. The following parameters have been con-
sidered [11]:

(a)	 The heat to be carried off by clothing (as a function of physical exertion)
(b)	 The estimated thermal resistance of clothing (thermal conductivity)
(c)	 The relative ambient humidity
(d)	 The ambient air velocity.

Assumptions:

1.	 Internal RH: 100 %.
2.	 External RH: 50 %.
3.	 Internal temp: 33 °C.
4.	 External temp: 20–30 °C.
5.	 Internal air exchange: 50 %.
6.	 External air speed: up to 4 m/s.
7.	 Garment thermal resistance: 1.4 clo.
8.	 Wearer: 70 kg man.

Subsequently, the necessary values for air and water vapor permeability have to be 
calculated for different levels of physical exertion and ambient temperatures. The 
fabric is supposed to be completely waterproof. The fabric permeability values for a 
surgeon in an operating room are mentioned in Table 10.3. When considering a sur-
geon who is working at moderate speed 20 °C at a moderate work pace. His clothing 
will feel comfortable, provided the air permeability is 100 L/m2/min and the water 
vapor permeability 400 g/m2/24 h. His clothing may be called breathable.
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10.10 � Overview of Surgical Gown Materials  
Cotton/Cotton–Polyester

These are traditional materials for surgical gowns [18]. Even though they have wear 
comfort, the bigger pore size permits liquids and bacteria/viruses to pass through and 
thereby offers no protection/barrier against the microbes. Even with repeated impreg-
nation of hydrophobic agents to create a good barrier, it cannot be made resistant to 
viruses, and also may not give the desired level of comfort. Compactly woven fab-
ric comprising of a blend of polyester–cotton and also imparted with liquid-repellent 
fluorocarbon treatment are also available. Such a finish weakens with repeated washes 
and hence has to be re-imparted with the finish in order to sustain barrier effect.

10.11 � Microfilament Fabrics

They are made of super fine polyester filaments, are closely woven, and are treated 
with a liquid repellent finish. Again, reliable barrier action is assured only with a 
hydrophobic treatment in each reprocessing cycle.

10.12 � Multilayer Fabrics

Treble fabrics are used for surgical gown in order to attain a number of desired func-
tions—outer layer designed to resist abrasion and puncture, middle layer provid-
ing exceptional barrier resistance to fluid penetration, and soft bottom layer adding 
comfort in addition to another layer of protection. Also, a tri-laminate is produced 
through combining a microporous membrane, bonded between an upper and lower 
layer of endless-fiber polyester. Mechanical stretched PTFE membranes are also 
used on surgical gown to resist fluid and virus to control transmission of infections.

10.13 � Disposable- and Reusable-type Surgical Gowns

There are two types of surgical gowns that are being used and are disposable. The 
first type is known as single-use type and is made from nonwovens, while the sec-
ond type which is of the reusable category made from wovens. Most single-use 

Table 10.3   Permeability 
of fabric necessary for 
maintaining equilibrium [50]

Work rate Air flow rate (l/m²/min) MVTR (g/m²/24 h)

10 °C 20 °C 30 °C 10 °C 20 °C 30 °C

Low – – 360 – – 1020

Moderate – 80 720 – 360 2076

High – 320 1110 – 1392 3156

Very high 120 560 1470 640 2400 4140

10.10  Overview of Surgical Gown Materials Cotton/Cotton–Polyester
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products are sterilized by the manufacturer and delivered presterile to the user. 
But, some materials are suitable for hospital steam autoclaves, and hence nonster-
ile product ranges are also available.

10.14 � Choice of Reusable Versus Disposables

The following factors should be carefully considered in decisions to use single-use 
versus reusable gowns [18–21]: Dual protection for both healthcare professionals 
and patients-placing has high importance on protection.

10.15 � Judicious Selection of Gowns and Drapes

During the process of selection, assurance of asepsis, barrier effectiveness, com-
fort, economics, and environmental issues need to be given due consideration.

•	 Conforming to regulations and professional guidelines
•	 Precise evaluation of reusable materials. The ability of reusable gowns to resist 

strike-through varies with the number of uses, washings, and sterilization cycles.

10.16 � Reviewing Costs

Precise evaluation of costs is not easy. A comprehensive evaluation of costs neces-
sitates an appraisal of all related costs, some of which may initially not be appar-
ent. The cost of gown varies with the amount of protection afforded. A high barrier 
and frequently reusable gown is required to perform a surgery with many risks and 
high blood count. A lower barrier disposable gown is utilized in the case of sur-
geries involving lesser risk [22]. Disposable gowns offer benefits in that hospitals 
can dispose off the contaminated textiles quickly, they reduce laundry costs, and 
they can be donned and doffed quickly in location such as emergency rooms [23]. 
Nonwoven disposables lighter than reusable ones and are also cooler [22]. Many 
researchers and manufacturers claim advantages and disadvantages in their own 
ways. According to recent reports, different authors describe benefits and con-
straints of disposable and reusable gowns in the following way [18].

10.17 � Benefits and Constraints

Disposable (Single use): Benefits
As the products are used only once, there are no problems regarding damage to 
the barrier caused by reprocessing, and also the product quality is very consistent. 
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Moreover, there does not arise the necessity for in-house processing, enabling to 
have instrument-focused sterile services departments.

10.18 � Synthetic Reusable Gowns

Benefits

Environment:
The reprocess ability of the gowns enables minimization of the quantity of clinical 
waste. This avoids the need to dispose off potentially hazardous and contaminated 
materials.

Cost:
Reduction of clinical waste helps to achieve substantial cost savings both in terms 
of incineration and the need to maintain a stock of single-use materials.

User/Wearer Preference:
Reusable materials may be preferred by clinicians with regard to aspects such as 
comfort, color, closer feel to cotton, and so on. The problem relating to comfort of 
gowns could be observed when surgeons find it objectionable to wear terming it as 
a ‘papery’ single-use gown.

10.19 � The Constraints

The quality of reusable materials and the capacity of hospitals to monitor their use 
become questionable after repeated use. Owing to the high number of process-
ing cycles, there are problems in maintaining a good barrier for the life of a reusable 
product and render it affordable. Products made from microfibers must be repeatedly 
impregnated in order to maintain a uniform barrier performance. Also key is the reliable 
recording of the frequency of processing for each individual surgical item. Hence, the 
potential problems related to reusable surgical items are as mentioned below [19, 20].

(a)	 Perception of less barrier protection
(b)	 Deterioration of barrier properties during laundering and sterilization, caused 

by factors such as wear, abrasions, and breakdown of fabric
(c)	 Irregularity in the product consistency involving multiple reprocessing. Lack 

of confidence in laundering and sterilization of reusable. Warnings from man-
ufacturers regarding lack of assurance in performance or results

(d)	 Limited mandatory quality standards for laundries.

10.20 � Other Parameters

A surgical to be produced is influenced by various other types of specifications 
[24, 25]. Some of these are highlighted below.

10.17  Benefits and Constraints
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10.21 � Types of Fabric Raw Materials

Despite the many types of fibers being used for surgical gowns, polyester appears 
to be the only fiber that prevails over the contrasting demands of comfort and bar-
rier. Polyester surgical gowns are being utilized in surgeries of short durations, 
along with a small quantity of liquid.

10.22 � Constructional Parameter

The suitability of the fabric for surgical gown for the intended application is influ-
enced by the weave which can be plain weave or twill. As the twill weaves are 
having poor barrier effect in comparison with the plain weaves, they are not suit-
able for surgical gowns. Twill weave is particularly critical since it may have large 
pores between two adjacent yarns in the crossing points.

10.23 � Sterilization Techniques

This is influenced by the kind of gown being used.
Gas- and irradiation-type techniques are being used for single-use-type gown, 

where low temperatures are preferred, whereas steam autoclave and dry heat meth-
ods are suitable in the case of reusable-type surgical gowns. A number of other 
factors that influence the property of the surgical gown such as filament fineness 
and cross section, filament yarns fineness and fabric density, fabric threads per 
inch, and fabric cover. Filaments with circular cross section exhibit better barrier 
effect since the packing density of the yarns made of circular cross-sectional fila-
ments is far greater than any other cross-sectional shape of filaments. Also, the 
fabric having higher thread density, and thereby increasing the cover, exhibits 
enhanced barrier property.

10.24 � Classification of Surgical Gowns

Classification Based on Level of Protection
Surgical gowns are classified into different categories based on the level of 
protection [26–29]. Four levels of protection are characterized based on the 
Association for the Advancement of Medical Instrumentation (AAMI). There 
is a system of classification for protective apparel and drapes used in healthcare 
settings based on liquid barrier performance. There are four tests that must be 
performed in order to establish the final AAMI classification:
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(a)	 Spray impact penetration test;
(b)	 Hydrostatic head test;
(c)	 ASTM F1670; and
(d)	 ASTM1671.

The spray impact test is done to find whether the product is protective or nonpro-
tective. The hydrostatic pressure test result indicates the level of protection from 1 
to 3. The ASTM F1670 and F1671 are done for the products that are necessary to 
be fully impervious.

10.25 � Four Classification Levels

Standardized test procedure and minimum performance levels have been fixed for 
gowns, drapes, and other protective apparel under these categories.

First level: The components of the critical zone should have a blotter weight 
gain not greater than 4.5 g, upon being tested for impact penetration.

Second level: When tested for impact penetration and hydrostatic pressure, crit-
ical zone components must have a blotter weight gain of not more than 1.0 g and a 
hydrostatic resistance of at least 20 cm.

Third level: The components of the critical zone should have a blotter weight 
gain not greater than 1.0 g and a minimum hydrostatic resistance of 50 cm, upon 
being tested for impact penetration and hydrostatic pressure.

Fourth Level: When tested for resistance to bacteriophage Phi-X174, critical 
zone components must show an AQL of 4 %.

The four levels of performance are related to the products’ critical zones. The 
critical zones in a surgical gown are the areas that come in direct contact with 
blood, body fluids, and OPIM, which is most likely to occur, although areas out-
side the critical zones can be inadvertently splashed or sprayed as well. The front 
portion of a surgical gown (including the seam and other components) is expected 
to offer at least the minimum level of barrier performance (First level). Since the 
back of a gown intended for surgical applications is expected to stay dry, there is 
no liquid barrier performance requirement for that area. The four levels of perfor-
mance are related to the products’ critical zones. As the back of a surgical gown 
has to remain dry, liquid barrier performance is not necessary in the area.

10.26 � The Design of Waterproof Breathable Fabrics

The design of a waterproof breathable fabric is crucial for the performance of sur-
gical gown fabric in actual working conditions [30–32]. The problem associated 
with garments made from nonbreathable waterproof fabrics is that they cause con-
densation and accumulation on their inner surface, despite offering exceptional 

10.24  Classification of Surgical Gowns



108 10  Surgical Gowns—Techno Economic Aspects and Innovations

protection against liquid or viruses. This problem arises because of the water 
vapor impermeability of the polymer coating. A buildup of moisture vapor inside 
the clothing may therefore cause discomfort. In the design of the surgical gowns, 
breathability is required to overcome this problem; breathability becomes nec-
essary while designing gowns for surgical purposes. The garments can improve 
wearer comfort by reducing the buildup of perspiration inside of the clothing. 
When considering impervious blood- and virus-proof surgical gowns, closely 
woven fabrics alone are not adequate. A number of designs of water proof breath-
able fabrics are available such as microporous polymer membranes, solid polymer 
(monolithic) films, and bicomponent films.

10.27 � Microporous Polymer Coating

The permeability of the polymer barrier determines the rate of dissipation of 
perspiration, when diffusion of water vapor through inter-yarn spaces, yarns, 
and fibers is severely reduced, due to lamination or coating with a continuous 
polymer membrane. The development of microporous structures having surface 
pores of much smaller dimensions than the inter-yarn spaces of woven fabrics 
has been an attempt to enhance the inherently low water vapor permeability of 
solid polymer membranes. A microporous barrier has microscopic holes through 
its polymer-based film. The microporous barrier layer ‘breathes’ primarily 
through a permanent air-permeable pore structure. The outside surface can repel 
even the finest water drop through surface tension effects. Air and water vapor 
can pass freely through the tortuous pathways provided that suitable concentra-
tion gradient exists between the inner and outer surfaces of the membrane. There 
are both PTFE (Teflon)-based and polyurethane-based microporous membranes. 
Different methods have been adopted for the production of microporous coatings 
and films.

10.28 � Monolithic Coating

Barriers that adopt this technology have a continuous (no microscopic holes) 
polymer-based film or coating that does not permit flow of direct air or mois-
ture vapor. The transmission of moisture vapor happens due to molecular dif-
fusion as the moisture is absorbed by the membrane and released on the other 
side. The permeate dissolves on the surface of the membrane on the side of 
higher concentration and then diffuses across the film. The permeate desorbs 
and enters the surrounding airspace as a gas or vapor, as the vapor reaches the 
opposite surface. As the solid polymer-coated fabrics have no surface pores, 
they do not get affected by surface contamination and provide good barrier to 
blood-borne pathogens.
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10.29 � Comparison of Microporous Films with Monolithic 
Coating

Both technologies have their merits and demerits, some of which are mentioned as 
under [33, 34]:

(a)	 Monolithic coating are normally stiffer in handle as compared to microporous 
films.

(b)	 Microporous film has better breathability for the same thickness or weight of 
film and pore size.

(c)	 With regard to air permeability, monolithic coating and microporous films are 
found to be superior to bicomponent and hydrophilic films.

(d)	 Control of pore size and consistency of pore size is important for consistency 
of breathability and water proofness throughout the film.

(e)	 Continuous coating/lamination gives higher water vapor permeability than 
microporous films.

(f)	 Monolithic coating having no holes is less sensitive to possible deterioration.

10.30 � Bicomponent Barrier Technology

It combines elements of both the microporous and the monolithic technologies 
in either an intimate or a layered manner. In layered constructions, the micropo-
rous and monolithic elements are simply applied one on top of the other. Both the 
technologies are intertwined in the case of intimate bicomponent constructions, 
thereby permitting a barrier to be created without any of the compromises nor-
mally present when either of the other two technologies is used individually.

10.31 � Uncoated High-density Fabrics

The transmission of water vapor in the case of openly woven fabrics happens 
mainly through inter-yarn spaces and becomes relatively insignificant. Hence, 
fabrics having same open structure, weight, and thickness are supposed to exhibit 
same transmission rates without considering the type of yarn or fibers used. As the 
size of the inter-yarn spaces decreases, the secondary transmission mechanisms 
become more important. Hence, closely woven fabrics made from absorptive or 
hydrophilic fibers have greater transmission to water vapor than nonabsorptive and 
hydrophobic fibers of same structure. A number of high-density fabrics have been 
marketed recently [35]. They use yarns produced from microfibers of <1 decitex 
per filament. The demerit with this type of fabric is that it is unable to prevent 
blood-borne pathogens to pass through the fabric unless a specific method of treat-
ment is adopted.

10.29  Comparison of Microporous Films with Monolithic Coating
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10.32 � Polymer Coating/Lamination and Treatments  
for Breathable Barrier

A number of polymers and treatments can be used to achieve fluid proofness so as 
to get the desired barrier effect. This involves application of polymers such as polyu-
rethane, PVC, PTFE membranes, acrylics, silicones, or fluorocarbons to the fabric. 
Fluorocarbons and silicones are water repelling agents and are temporary in nature [36]. 
Polyurethane offers many advantages and characteristics over many other polymeric 
materials, which make it suitable for use in surgical gowns. Polyvinylchloride suffers 
demerit with regard to flex properties, plasticizer migration, abrasion resistance, low 
temperature properties, cleanability, and so on, whereas polyurethane exhibits good 
chemical resistance, UV resistance and hydrolysis resistance, excellent low tempera-
ture flexibility, and excellent flex fatigue properties. In addition to the above, TPU offers 
excellent ‘drape’ properties, softness, and suppleness of hand. It also possesses much 
better moisture vapor transmission properties compared to PVC. High tensile strength 
and elongation combined with superior resistance to tearing and cutting make TPU 
exceptionally tough. These properties render it suitable for surgical gowns [37]. Also it 
is a temperature-sensitive kind of polyurethane, whose water vapor transport properties 
may undergo significant increase as the body temperature rises. The transition point in 
water vapor transport property of temperature-sensitive polyurethane can be controlled 
within the range of room temperature, specifically, through appropriate macromolecule 
design [38]. But this area is yet to be explored for its feasibility as a surgical gown. 
PTFE-based films having microporous structure are also used. Microporous structure 
is produced by mechanical fibrillation. The pore structure is produced by stretching the 
polymer film in both directions and annealed to impart microporous rips and tears all 
over the membrane.

10.33 � Testing for Surgical Gowns

The performance of surgical gowns is evaluated by carrying out the following tests 
[27, 39].

10.34 � Barrier Tests

	(a)	 Spray Impact Penetration Test Results

This test measures the resistance of fabrics to liquid penetration by water spray 
impact. The tests enable to predict barrier performance in gown’s critical zones 
and indicate how well the gown will perform when fluids fall or splash onto it. The 
seams are considered to be the weakest points even though all zones in a gown are 
considered as critical zone. When analyzing results from this test, higher numbers 
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indicate lower fluid resistance. The test is crucial since it simulates resistance to 
pressure spray or splash of fluids in clinical conditions. This type of ‘arterial spurt-
ing’ is often seen when an artery of a blood vessel is inadvertently compromised 
or damaged during tasks such as blood draw, I.V. changes and injections. Higher 
numbers from the test results indicate lower fluid resistance.

(b)	Hydrostatic Head Test Results

These tests measure the resistance of fabrics to liquid penetration by water under 
constantly increasing hydrostatic pressure. The results enable in prediction of per-
formance properties of the critical areas in the gown and indicate how well the 
gown will perform when fluid pressure is applied to it. Many procedures involve 
irrigation fluids, tissue fluids, or other liquids. A gown having high fluid resistance 
will provide barrier protection against the fluids even under application of pres-
sure. For example, the healthcare worker’s arm or torso may lean or rest against 
contaminated fluids during a procedure. The more stringent tests of this standard, 
ASTM F1670 and ASTM F1671, involve the use of body fluid and blood-borne 
pathogen stimulants according to time and pressure protocols that have been found 
to discriminate a higher level barrier performance in the laboratory setting. The 
less stringent tests, AATCC 42 and AATCC 127, involve the use of indirect (splash 
or spray) and direct contact with water according to time and pressure protocols.

(c)	Strength Test

Personal protective equipments (PPE) come under quite a bit of stress during its 
actual usage. Product strength is measured by its resistance to tearing, puncturing, 
and breaking and by its ability to stretch.

(d)	Grab Tensile

A measurement of a fabric’s resistance to tearing under increasing pulling stress 
without an initial tear in the material. Higher numbers reflect superior performance 
(ASTM D5034).

(e)	Elmendorf Tear

A measurement of a fabric’s resistance to tearing under controlled force when 
there is an initial tear in the material (ASTM D1424).

(f)	Mullen Burst

A measurement of the fabric’s resistance to puncture under increasing pressure 
(ASTM D744).

10.35 � Safety

All fabrics used in surgical gowns and drapes may burn. Manufacturers of gowns 
and drapes incorporate a caution label in the package. The rate of flame travel will 
vary with the specific material and can be measured using a standard test method.

10.34  Barrier Tests
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10.36 � Biocompatibility

Medical gowns have to undergo many tests that demonstrate the potential of the 
material to cause irritation to the skin, and include cytotoxicity (cell culture), pri-
mary skin irritation (shows the potential for irritating abraded skin), and dermal 
sensitization (shows the potential for eliciting allergic contact dermatitis).

10.37 � Protection Against Microorganisms

The surgical gowns of the doctors and the nursing staff are open to the penetra-
tion of blood and serum of the patient in the surgical room. In practical testing 
of the surgical gown, it might not be possible all the time to go for testing with 
the human blood. In that case, synthetic blood- or particle-loaded liquids contain-
ing microspheres comparable with the sizes of bacteria can be effectively used for 
the purpose of testing. In the testing, actually the time necessary for the liquids 
containing the microspheres to pass from one side to the other side of the fabric 
is measured. The fabric having the highest penetration time is best for the surgical 
gowns. Bacteriophage penetration resistance is a test that assesses the effectiveness 
of materials used in protective clothing for preventing the penetration of a surro-
gate microbe (ØX174 bacteriophage) suspended in a simulated body fluid under 
conditions of continuous contact. This is a pass/fail test (ASTM F1671).

10.38 � Comfort

While barrier effectiveness is foremost, if PPE is uncomfortable to wear, it is less 
likely to be used effectively. The discomfort may even interfere with the clinician’s 
ability to do his or her job.

10.39 � Air Permeability

It is a measurement of the air flow that can be maintained through a material at a 
specified pressure, which indicates the fabric’s breathability and comfort during 
use (ASTM D737).

10.40 � Stiffness

It is a measurement of the force of a fabric’s resistance to flexing (i.e., folding or 
draping). The higher the force, the stiffer the fabric.
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10.41 � Moisture Vapor Transmission Rate

The most complicated testing concerns MVTR. The standard method used in the 
USA is ASTM E96-80. The upright cup, inverted cup, and desiccant methods are 
the common tests. The humidity range can be 50 or 100 %, and temperature can 
be 70 or 90 °F. The test figures vary widely depending upon the type of breathable 
system. Microporous coatings have excellent upright and desiccant cup values, but 
with the inverted cup, the hydrophilic membrane can produce much higher trans-
mission rates [40]. Manufacturers tend to adopt testing methods that favor their 
system.

10.42 � Storage Conditions

How the product is stored, can affect the polymers and fabrics used in the prod-
ucts, and therefore adversely affect barrier properties. Products should be stored in 
their original packaging in cool, dry environments and away from UV or fluores-
cent lights to help ensure the barrier effectiveness stability during storage. Stock 
should be rotated on a first in, first out basis.

10.43 � Developments in Commercial Surgical Gowns

A reputed surgical gown manufacturing company ‘Cardinal’ has developed few 
novel kinds of surgical gowns [41, 42]. These are given as follows:

10.44 � AstoundTM

AstoundTM surgical gown has a:

1.	 Tough outer layer designed to resist abrasion and puncture.
2.	 Middle layer providing exceptional barrier resistance to fluid penetration.
3.	 Soft bottom layer adding comfort in addition to another layer of protection.

10.45 � SmartGownTM

The company claims that fabric reacts to increasing temperature by increasing its 
water vapor transfer rate. As the temperature rises, the amount of water vapor that 
escapes from the material also increases. The more water vapor that is allowed to 

10.41  Moisture Vapor Transmission Rate
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escape from the body of the fabric, the cooler and more comfortable the wearer 
will be. This happens due to little widening of the air gaps in the fabric with the 
rise in the temperature, which thus permits more water vapor to pass through. 
This gown is also designed with generously sized shoulder and sleeve area, which 
gives the wearer plenty of room to move and thus keep the air circulating perfectly 
which improves the comfort level. Another feature is that the main seams on the 
sleeves are also impervious, as the seam portion is the main cause for fluid transfer 
through it, on account of having small pores created by the sewing needle. The 
special proprietary sealing process creates a continuous bond along the length of 
the seam, eliminating the gaps that can occur with other sealing methods.

10.46 � Smart SleeveTM

Cardinal also offers Smart SleeveTM surgical gowns, which combine elements 
from both Astound and SmartGownTM surgical gowns. The body of the gown 
is made from the same tri-layer fabric found in the Astound gowns, while the 
sleeves incorporate the breathable, impervious protection of the SmartGown fab-
ric. Company claims that Smart Sleeve surgical gowns are classified as an AAMI 
Level 4, the highest rating established by AAMI.

10.47 � Ahlstrom’s Breathable Viral Barrier

A surgical gown with breathable viral barrier (BVB) has been developed wherein a 
membrane is sandwiched between inner and outer fabrics comprising of continuous 
fine filaments [42]. The inner layer provides a soft touch to the wearer’s skin while 
the outer layer provides additional repellency and strength. The monolithic membrane 
technology has been used. As the inner membrane is a monolithic film (continuous 
without any holes), it offers good protection. The inner monolithic membrane is also 
breathable due to unique raw materials used in the construction. The film is breathable 
as water vapor in molecular state diffuses through the thickness of the film. The inner 
membrane responds to the rising body temperatures and resulting perspiration by 
increasing the rate of moisture transfer. It has been claimed that BVB fabric is light-
weight, very strong, and low linting owing to the continuous fine filaments used in the 
reinforcing inner and outer layers. The inner membrane responds to the rising body 
temperatures and resulting perspiration by increasing the rate of moisture transfer.

10.48 � Goretex PTFE Membrane

This consists of the process of mechanically expanding the polytetrafluoroethyl-
ene to form a microporous membrane and does not involve any chemical reactions 
[31]. Only low amounts of the polymer are needed to create this airy, lattice-like 
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structure, thus making the process highly efficient. It is claimed that use of the 
membrane offers a number of merits to the fabric. The polymer PTFE is extremely 
resistant to chemicals and ultraviolet radiation. It does not burn and has thermal 
stability between 250 and 280 °C and can also be recycled. The membrane is flex 
resistant even when being subjected to considerable mechanical stress. It is also 
highly biocompatible, harmonizing well with the body. It can also be safely dis-
posed off with other household waste.

10.49 � Best Practices for Selecting Medical Fabrics

A number of standards relating to the best practices for the selection of medical 
fabrics [43], surgical gowns and drapes, are available and are highlighted below:

(a)	 The materials used in surgical gowns and drapes should satisfy the require-
ments of safety and functionality in use by patients and healthcare workers.

(b)	 The selection of gown and drape products, both single-use and reusable, 
should be based on criteria specific to the products’ function and use.

(c)	 Materials used for surgical gowns and drapes should be impermeable to blood 
and other body fluids, particulates, and microorganisms.

(d)	 Surgical gowns and drapes should have an acceptable quality level and be 
resistant to tears, punctures, and abrasions.

(e)	 The surgical gowns and drapes materials should be sterilized and reusable. 
The barrier properties should be checked after processing repeatedly.

(f)	 Surgical gowns and drapes should have combustion resistance.
(g)	 Surgical gowns and drapes should be comfortable and also be able to maintain 

the required body temperature.
(h)	 The surgical products should have a desirable cost-to-benefit ratio.

10.50 � Organizations Imposing Relevant Standards

The following organizations have set standards for various tests related to surgical 
gowns

(a)	 AAMI—Association for the Advancement of Medical Instrumentation PB70: 
2003: ‘Liquid Barrier Performance and Classification of Apparel and Drapes 
Intended for Use in Health Care Facilities.’

(b)	 OSHA—Occupational Safety and Health Administration: ‘Personal Protective 
Equipment’ 2004.

(c)	 ORNAC (Operating Room Nurses Association of Canada): ‘Recommended 
Standards and Guidelines, and Position Statements for Perioperative 
Registered Nursing Practice’ 2003.

10.48  Goretex PTFE Membrane
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(d)	 CSA (Canadian Standards Association): ‘Selection, Use, Maintenance, and 
Laundering of Reusable Textile Wrappers, Surgical Gowns, and Drapes for 
Health Care Facilities,’ Z314.10-03.

(e)	 European Union Standard (Series 13795) regarding surgical drapes, gowns, 
and clean-air suites.

(f)	 AORN (Association of perioperative Registered Nurses): ‘Standards, 
Recommended Practices, and Guidelines,’ 2004.

(g)	 Centre for Disease Control and Prevention.
(h)	 FDA (Food and Drug Administration).

10.51 � Setbacks of Available Gowns

Though manufacturers of surgical gowns make their claims about their products per-
formance, it has not been proved clearly on the aspects [44]. Hence, the need is felt 
from both industry and surgical community to develop useful test methods that could 
be utilized in evaluating a material’s barrier effectiveness ‘under normal condition of 
use.’ But, the tests, recommended by AAMI, are not in conformation to the stresses 
encountered during ‘normal condition of use.’ Hence, there is requirement to create 
test methods that would simulate the stresses occurring under ‘normal condition of use’ 
[45]. The effectiveness of protective clothing has to be done considering two aspects—
liquid penetration and viral penetration as per ASTM procedures. Each test is rated on a 
pass/fail basis, with a ‘pass’ predicted on the material’s ability to resist penetration at a 
level of two pounds per square inch (psi). A number of reports are available in the clini-
cal literature indicating that the pressure exerted on surgical gowns under both in vivo 
and in vitro conditions are found to be far in excess of 2 psi [46–48]. Also, it should be 
noted that standard makes no mention of the level of protection that a ‘pass’ provides. 
Also it should be noted that this same AAMI group had several years earlier, stated that 
neither of the two tests (AATCC 42:2000 and AATCC 127:2000), which it has intro-
duced in new AAMI standard entitled ‘Liquid Barrier Performances and Classification 
of Protective Apparel and Drapes used in Health Care Facilities,’ have been suitable 
for this purpose [49]. Surface tension is measured by a unit of dynes per centimeter. 
Whereas water used in both of the AATCC test measures around 72 dynes/cm, blood is 
around 42 dynes/cm (it is viscosity that makes blood thicker than water). Hence, liquids, 
such as blood, have a low surface tension and can penetrate fabrics more readily than 
those with a higher surface tension, such as water. Thus, in terms of interpreting the 
results of the tests for level 1, 2, and 3, they do not mean that under ‘usual condition of 
use’ they would protect against penetration of blood.

10.52 � Medical Device Regulation Directives

Surgical gowns in a number of countries are not covered under Medical Device 
Regulation Directives. The European Medical Devices Directive 93/42/EEC 
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(introduced in 1995) has been in force in some countries such as UK since 1998 
via the Medical Device Regulations (SI 2002 No. 618). According to this act, all 
medical devices placed on the market have to bear the CE mark, demonstrating 
that they meet the essential requirements of the Medical Devices Regulations. This 
includes surgical gowns and surgical drapes that are placed on the market as medi-
cal devices.

10.53 � Future Outlook

From the aforesaid discussions, it is visualized that there are innumerable setbacks 
with regard to barrier effectiveness as well as comfort aspects [50]. But, future 
course of action for research would be to decide the type of research that is neces-
sary and also the direction needed to evolve suitable standards and technology as 
well, which can satisfy the needs of the surgical community with regard to com-
fort and safety. The highlights of the discussions are given as under:

(a)	 There is need to refine the standards further through experimentation and col-
lection of data under ‘normal condition of use.’

(b)	 The factors relating to comfort, such as like breathability condition param-
eters, have to be determined objectively, i.e., extent of moisture vapor trans-
mission and heat loss necessary and their conditions to specify minimum 
comfortable criteria.

(c)	 Classification based on protection once again is to be redefined based on vari-
ous viruses’ transmission control, going detail into pore sizes as well as under 
‘usual condition of use.’

(d)	 Research in fabric engineering design is required to attain different level of 
porosity and penetration force should be determined.

(e)	 It is necessary to optimize coating techniques, constituents, and application 
considering the various constructional and material constraints.
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11.1 � Introduction

In the treatment of acute as well as chronic wounds, woven and nonwoven gauze 
has been used over a long period of time [1]. Cotton and cellulose-based wound 
dressings are commonly being used in hospitals and nursing homes for wound 
care. Recently, modifications in fibers, yarns, and nonwovens have enhanced 
its quality and versatility in medical applications [2–5]. Chronic wounds pose 
a major problem worldwide [6]. For the 5 million Americans suffering from 
chronic open wounds, it is estimated that $5–7 billion per year is spent, and this 
is increasing at an annual rate of 10 % [7]. Chronic wounds are caused due to 
incomplete healing that happens when a wound gets arrested in the inflamma-
tory stage of healing [8]. During the inflammatory stage of wound healing, an 
excess supply of neutrophils occurs [9]. As neutrophils possess an armament 
of biochemical weaponry that is used against bacteria, the release of destruc-
tive proteases from excess neutrophils becomes a threat to healing when a high 
concentration occupies the wound environment [10]. In this regard, the protease 
human neutrophil elastase found in high concentration in the chronic wound cre-
ates considerable protein destruction and prevents the wound from healing [11]. 
The design of wound dressings that selectively sequester proteases from the 
chronic wound has been based on the concept that molecular features of the pro-
tease including protein size, charge, and active site mechanism may be used to 
tailor the molecular design of the dressing material used to capture it [5, 11–15]. 
Initial studies have revealed how elastase substrate peptides could be tethered 
to cotton cellulose and used effectively to capture the protease in solution [13]. 
Commercial development of a mechanism-based wound dressing [16] that would 
offer an economic, highly effective product prompted that the product be based 
on a mode of action related to the ionic binding of cationic serine proteases and 
matrix metalloproteases to the dressing. Hence, a technique has been adopted 
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using phosphorylated cellulose, which involves a set of finishing chemistries for 
cotton modification that would be in tune with the prevailing concept of cotton 
textile processing.

11.2 � Results of Findings

In commercializing phosphorylated cotton gauze, as a chronic wound dressing, 
the problems relating to the product and process with regard to the appearance, 
quality, and efficacy of the dressing need to be addressed [17]. The wound dress-
ing development has been intended to maintain efficacy of protease sequestrant 
of the chronic wound dressing, and at the same time retaining desirable proper-
ties such as fabric whiteness, and uniform finishing treatment of the woven fabric. 
Protease sequestrant efficacy is defined as the ability of the modified dressing to 
lower human neutrophil elastase activity in the wound relative to untreated cotton 
dressing. Thus, the sequestrant efficacy of the dressing is a result of the dressing 
capturing proteases and removing them from the wound environment. Problems 
encountered in transferring the process finishing chemistry for the dressing modi-
fication from a stationary finishing process to a continuous process included the 
influence of fabric curing, sterilization, and water quality on the dressing’s white-
ness index and protease sequestrant efficacy. The continuous finishing process is 
shown in Fig. 11.1.

Fig. 11.1   Continuous finishing process [17]



123

In order to evolve suitable oven conditions for a continuous finishing process, 
dynamic oven conditions have been evaluated using a Benz oven. Dwell times in 
the Benz oven within a 160–170 °C temperature range were 6–7 min (Fig. 11.2).

The chemistry adopted in the phosphorylation finishing has been related to the 
high-temperature reaction of one of two reagents (SMP or DAP) in a formulation 
using urea (typically applied as 30 % of the total formulation). The biphasic reac-
tion between the cellulose and the phosphorylating reagent is stimulated by urea 
(Fig. 11.3), and the release of ammonia from urea decomposition during the reac-
tion required engineering the exhaustion of ammonia from the curing oven (see 
conditions stated in Fig. 11.2 inset).

Earlier research has reported on the influence of the two different finishes on 
the protease sequestrant efficacy of the phosphorylated cotton wound dress-
ing [16]. The typical temperature range for evaluating the curing conditions with 
SMP was 160–175  °C. Sodium hexametaphosphate, which is a polymeric phos-
phate salt, can be cured on cotton in the presence of urea at a high temperature 
(160–170 °C) without yellowing of the fabric when compared to DAP (Fig. 11.4b, 
e). On the other hand, the DAP: urea finishing and curing gave higher add-ons 
(Fig. 11.4c, f), but even curing at lower temperature with these formulations gave 
rise to some slight discoloration of the cotton fiber as seen by the lower white-
ness index in Fig.  11.4e. Evaluation of the phosphorylated cotton gauze’s pro-
tease-lowering efficacy, when cured under stationary oven conditions, revealed 
that DAP: urea at a percent ratio by weight of 30:10 (urea:PO4) exhibited higher 

Fig. 11.2   Temperature profile of oven used for continuous process finishing [17]

11.2  Results of Findings
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protease-lowering activity when compared to SMP as the phosphorylating reagent 
(Fig. 11.4a, d). The finding related to higher add-ons correlating with better pro-
tease sequestrant efficacy is consistent with earlier research, where the increase in 
cellulose phosphorylation has been correlated with an increase in protease seques-
trant efficacy [16].

A number of formulations containing a combination of DAP and SMP have 
been cured on the cotton gauze, so as to enhance whiteness and retain efficacy. 

Fig. 11.3   Phosphorylation reaction of cellulose with SMP and DAP in presence of urea [17]
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Figure  11.5 depicts the influence of the combined formulation of DAP and 
SMP on efficacy and whiteness. The incorporation of SMP improved whiteness 
(Fig. 11.5b) but the higher protease sequestrant efficacy observed with DAP for-
mulations was not retained with the inclusion of SMP (Fig. 11.5a).

The effective commercialization of the cotton wound dressing has been par-
tially dependent on a reproducible cotton fabric product of acceptable whiteness. 
A number of phosphorylated cotton wound dressings, which had been treated 
under stationary finishing and curing conditions with either the SMP or DAP treat-
ments, have been visually examined for whiteness based on standards of whiteness 
for cotton wound dressing products. The manufacturer’s visual assessment of the 
dressing’s whiteness was employed to determine a minimum acceptable whiteness 
index of 60 Fig. 11.4b, e which contrasts the fabric whiteness for both curing treat-
ments. The SMP treatment gave a better whiteness index than the DAP treatment. 

Fig. 11.4   Influence of phosphorylating formulations versus curing conditions (temperature and 
time) on efficacy (% elastase activity decrease compared to untreated control), whiteness, and 
add-on. Solid bars (a, b, c)—treated with SMP: urea (16:30); crosshatched bars (d, e, f)—treated 
with DAP: urea (10:30) [17]

11.2  Results of Findings
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But, the DAP treatments have been found to be acceptable to marginally accept-
able for most of the samples tested, and they were generally more effective as a 
protease sequestrant (Fig. 11.4a, d). Figure 11.5 shows the influence of three kinds 
of sterilization on efficacy and whiteness. The type of sterilization utilized was 
found to play a major role toward choosing the appropriate process development 
of the phosphorylated cotton dressing. The phosphorylated cotton wound dress-
ing samples have been evaluated for the influence of ethylene oxide sterilization 
conditions. The relationship of cotton dressing activity before and after steriliza-
tion is shown in Fig.  11.5a. In the case of the DAP-treated cotton, the ethylene 
oxide sterilization deleted virtually all of the observable protease sequestrant activ-
ity. The influence of ethylene oxide treatment on wound dressing activity could 
possibly happen through modification of the phosphorylated cotton with ethylene 
oxide. The modification mechanism of phosphate hydroxyl has not been clearly 
understood. But, the loss of dressing activity observed when ethylene oxide is 
used to sterilize DAP-treated cotton could possibly be due to one of the putative 
reactions (Fig.  11.6). Formation of the phosphate ester or enol removes the ani-
onic charge from phosphorylated cellulose and thus the ability of the dressing to 
bind the cationic serine proteases and remove them from the wound environment. 
The reaction of phosphorylated cotton with ethylene oxide occurs with DAP and 

Fig. 11.5   Influence of the 
three types of sterilization 
on a efficacy (% elastase 
activity decrease compared 
to untreated control) and b 
whiteness of cotton gauze 
treated with urea and various 
combinations of DAP and 
SMP [17]. NS nonsterile; EO 
ethylene oxide; GA gamma 
irradiation; ST steam
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not SMP-cured cotton. Hence, the free ammonia liberated can contribute partially 
to the driving force of the reaction owing to the ammonium counter ions on the 
phosphorylated cellulose. A comparison of FTIR spectra (Fig.  11.7) of ethylene 
oxide-sterilized and steam-sterilized dressings revealed two areas of the spectra 
that showed differences and serve as a corollary to the observed loss of protease 
sequestrant dressing activity. On comparing with untreated cotton, the spectrum 
of steam-sterilized phosphorylated cotton demonstrates a broad and significantly 
increased band of absorption centered at 1000 cm−1. This increase in absorption 
can be ascribed to the P (O)–OH (single hydroxyl), which gives a strong stretch-
ing frequency signal centered near 1000 cm−1 [18]. Conversely, the spectrum of 
ethylene oxide-sterilized cotton exhibits a visible decrease in the intensity of this 
IR band centered at 1000 cm−1. Of interest as well is the increased absorption and 
distinguishing bands that can be seen at 30–665  cm−1 and correlates to a close 
double bond (Fig. 11.6). The IR bands observed in this region of the spectrum sug-
gest a phosphoenol ethylene analog of cellulose may account for masking of the 

Fig. 11.6   Two independent reactions of ethylene oxide with phosphorylated cellulose [17]

11.2  Results of Findings
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Fig. 11.7   FTIR spectra of 
sterilized phosphorylated 
cotton [17]. a IR spectrum 
of steam-sterilized dressing 
treated with urea:DAP 
(30:10), b IR spectrum of 
ethylene oxide-sterilized 
dressing treated with 
urea:DAP (30:10), c IR 
spectrum of untreated 
sterilized dressing
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hydroxyls, as shown in Fig. 11.6. Bands belonging to the stretching frequencies of 
the cellulose structure itself obscure areas of the spectrum that might be directly 
correlated with a phosphate ester. Also, the dressings have been exposed to gamma 
irradiation and steam sterilization. Gamma irradiation was found to produce sig-
nificant yellowing (Fig. 11.5b) of the phosphorylated cotton dressing even though 
protease sequestrant activity was essentially retained (Fig. 11.5a). Besides, steam 
sterilization proved effective comparatively (Fig. 11.5a) with only a small reduc-
tion in whiteness (Fig. 11.5b) when contrasted with similar nonsterile treatments. 
But it has been so decided not to employ steam sterilization treatment. Thus, pro-
cess formulations that favored ethylene oxide sterilization have been selected. It 
has also been observed during the process of developing the phosphorylated cot-
ton gauze that rinsing with city water reduces the elastase sequestrant efficacy of 
treated fabrics.

This effect was found to be variable and though it did not occur all of the time, 
when it did occur the desired activity could be restored with ammonium chloride. 
Earlier, it has been proved that the flame retardancy of phosphorylated cotton has 
been deactivated by calcium and can obstruct the efficacy of the FR finish after 
laundering [19]. Municipal water often contains calcium carbonate at levels of 
100 ppm and is most likely the source of the inactivation of phosphorylated cotton. 
Interestingly, some cities use SMP to precipitate calcium from municipal water 
during purification treatments. The deionized water and municipal water rinses 
have been compared for their influence on protease sequestrant efficacy. Using 
available municipal water (having conductivity of 234) in the post-curing rinses 
has lead to reduced protease sequestrant efficacy as compared to use of deionized 
water. It was also found that three separate deionized water rinses are required to 
reduce the conductivity of the water within a range that was commensurate with 
optimal efficacy. The ratio of the formulation selected for pilot development of the 
cotton chronic wound dressing has been SMP:urea (16:30).

As diagramed in Fig. 11.1, the dressing was pad-dry-cured in a continuous pro-
cess by applying this formulation to cotton gauze. The resulting effect of curing 
temperature on protease sequestrant capacity and whiteness is shown in Fig. 11.8. 
The temperature range and oven dwell-time were assessed as a function of the 
rate of curing in the continuous process. In this regard, it was found that a slower 
processing time of curing coupled with lower temperatures and thus longer oven 
dwell times promoted better protease sequestrant efficacy in the cotton gauze 
(Fig. 11.8). However, although there is a slight improvement in protease seques-
trant activity with increased time at lower temperatures, the effect of curing condi-
tions within the curing time and temperature range assessed was essentially equal. 
In the same way, industrial processing of the cotton gauze lead to a very simi-
lar profile, where the dressing has been observed to decrease protease activity by 
40 % as compared to untreated controls (Fig. 11.9).

11.2  Results of Findings
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Fig. 11.8   Influence of curing time and temperature on a protease sequestration efficiency, b fab-
ric whiteness of gauzes padded with 30 % urea:16 % SMP [17]

Fig. 11.9   Comparative protease sequestration efficiencies of two formulations applied on com-
mercial pad-dry-cured equipment [17]
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12.1 � Introduction

The pioneering research works done earlier provide the base for the introduction 
of moist wound healing concept [1, 2]. Moist wound healing enables to main-
tain the exposed wound tissue at optimum hydration [3]. This implies that wound 
tissues should be kept physiologically moist, but neither wet nor dry. The moist 
wound-healing dressings (also known as exclusive, semi-occlusive, advanced, or 
modern dressings) can be categorized into three kinds:

(a)	 Absorbent dressings that is very capable of absorbing and retaining fluids. 
Foams and calcium alginate dressings belong to this class and are suitable for 
wounds that produce excessive exudates. They help to prevent maceration of 
tissues and soiling of patient clothes and linen.

(b)	 Moist-maintaining dressings that can maintain the level of natural moisture 
of the newly forming tissues without active absorption. Hydrocolloid dress-
ings and transparent film dressings belong to this class and are suitable for 
wounds that begin to granulate or fill in with new connective tissues, and 
their exudate levels decrease. The use of absorbent dressing could dehydrate 
the wound tissue during this phase of healing.

(c)	 Moisture-donating dressings that are used for wounds at the last stage of 
healing. They are covered by dry, dead tissues, which get dehydrated. The 
dead tissues have to be removed so as to permit optimal healing of wound. 
When the quantity of dead tissues is negligible, or the patient is unsuitable for 
surgical debridement, autolytic debridement is resorted to. Autolytic debride-
ment is the digestion of dead tissues by the endogenous phagocytes and 
enzymes. This digestion is facilitated in moist wound environment. Examples 
are amorphous hydrogels and sheet or wafer hydrogels. Carboxymethylated 
(CM) cotton has been used as a cheaper option for alginate fibers in the pro-
duction of absorbent wound dressings [4]. These dressings absorb exudates 
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from chronic wounds and retain a moist environment that simulates plate-
let activation and blood coagulation [5]. The coagulation of blood takes 
place due to the release of Ca ions in the wound area that occurs due to ion 
exchange process. The major demerit of these dressings is their inability to 
resist to bacterial infection. Actually, a dressing saturated with wound dis-
charge is a favorable medium for the growth of pathogenic bacteria [6]. This 
can result in increasing the bioburden of the wound (the levels of bacteria 
and bacterial products). Investigation relating to the biochemical imbalances 
generally occurring in chronic, nonhealing wounds [3, 7, 8] revealed that the 
bioburden of wound is one of the biochemical aspects that results in stall-
ing or nonhealing conditions. This chapter highlights the research study done 
to overcome this problem. This is achieved by treatment with tetracycline 
hydrate (TCH) or gentamicin sulfate (GS). CM cotton gauze fabrics of differ-
ent contents of carboxyl groups in the form of various degrees of neutraliza-
tion by Ca/Na cations are treated with different concentrations of TCH or GS. 
These fabrics are characterized by measuring their antibiotic content, swell-
ing, and shrinkage. The in vitro release (of antibiotics) in phosphate-buffered 
saline (PBS) solution as well as antibacterial activities toward Pseudomonas 
aeruginosa (G−ve) and Staphylococcus aureus (G+ve) has been determined.

12.2 � Findings of the Study

Carboxymethylation and Formation of Ca/Na carboxylate
Three levels of carboxyl contents have been achieved on cotton gauze fabric by 
changing the concentration of both of ‘NaOH/monochloroacetic acid (MCA)’ in 
the exhaustion bath as indicated in Table 12.1.

The increase of the concentration in the range investigated is coupled with 
increase in the carboxyl content. A carboxyl content of 72 meq/100 g exhibits no 
gelling in PBS in contrast to those of carboxyl contents of 170 and 220 meq/100 g. 
Accordingly, carboxyl groups of the first sample have been left in their Na salt, 
while the other two gelling samples have been made in Ca/Na forms under various 
degrees of neutralization, viz. 10/90, 20/80, and 30/70. Na form (sodium carboxy-
late) helps to absorb exudates at the initial phase of contact with the wound, and 

Table 12.1   Effect of NAOH/MCA concentration on the carboxyl content of cotton gauze fabric 
and its swelling and gelling in PBS [9]

Conc. of NAOH/(MCA) 
Mol/lit/Mol/lit in the 
exhaustion bath

Carboxyl content  
of fabric

Swelling Gelling of sodium form  
in PBS at 37 °C

(2.5)/(1.7) 72 430 No

(5.25)/(2.45) 170 900 Yes

(7.5)/(3.5) 220 945 Yes



135

Ca form restricts the absorption, so that the wound does not get desiccated and 
maintain moisture [9]. By the time [4], Ca is replaced by sodium according to the 
following equilibrium:

The Ca cations precipitate by coagulating blood, and thus, the equilibrium of reac-
tion 1 is shifted to the right-hand side, i.e., toward the formation of more sodium 
carboxylate. The latter is required to absorb the freshly produced exudates, which 
enables to maintain the moist environment at optimal level (neither dry nor wet). 
Gelling is required for the area of dressing in contact with the wound so as to 
reduce friction, or to eliminate it, so that the newly formed tissues are not aggra-
vated by or adhered to the dressing [4]. The design of the dressing is to make it a 
multilayer. The layer in contact with skin should possess a high absorption capac-
ity of exudates (high swelling) and good gelling behavior (without dissolution 
in the wound medium), and loaded with an antibiotic to resist local and invaded 
infections. The outer layer should also exhibit reasonable swelling so as to absorb 
any leakage of exudates, avoiding the need to manifest gelling, and loaded also 
with an antibiotic. Thus, the selection of CM cotton gauze fabric with carboxyl 
contents of 72, 170, and 220  meq/100  g. All manifest swelling (with varying 
extents), the first shows no gelling, and the rest are of gelling behavior.

12.3 � TCH and G Contents of CM Cotton Fabrics

TCH or gentamicin content of various CM cotton fabrics with various degrees of 
neutralization (Ca salt) as a function of antibiotic concentration in the padding 
bath has been obtained. The antibiotic retention ability of the fabric increases with 
increasing concentration, independent of the carboxyl content, and the degree 
of neutralization [9]. The incorporation of antibiotics studied onto the fabric 
domain can be represented by equilibrium reactions 2 and 3. In reaction 2, TCH is 
exchanged between its complexes with PVP (a) and sodium carboxmethyl cotton 
(b) to yield cationically bound TCH carboxymethyl cotton (c). In reaction 3, G is 
cationically bound to CM cotton (V) as a result of exchange between its sulfate 
form (d) and cellulose sodium carboxylate.

The increase in the carboxyl content causes increase in the ability of the fabric 
to hold TCH or G as a result of increasing the active sites of ionic binding (as 
shown by reactions 2 and 3). Also, for the same carboxyl content, TCH or G con-
tent reduces by increasing the degree of neutralization with Ca cations. This can 

(12.1)4(Cell_COO)2Ca+ 2Na+(in wound fluids) ↔ 2Cell− COONa+Ca++

(12.2)
PVP.TCH

a
+Cell_COONa

b
+H2O ↔ Cell.COOH

c
.TCH+ PVP+ NaOH.

(12.3)G.H2SO4
d

+Cell− COONa ↔ Cell.COO
e

H.G+ NaHSO4.

12.2  Findings of the Study
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be interpreted in terms of both decreasing the extent of ionization of cellulose car-
boxyls (as a result of decreasing their Na form) and increasing the extent of cross-
linking of the fabric structure by the divalent Ca cations that hinder the diffusion 
of TCH inside its structure. The data obtained reveal that, at the same set of condi-
tions, the ability of the fabric to hold G is higher than that of TCH, which reflects 
differences between them regarding to solubility, functionality, chemical reactivity, 
size, molecular weight, and ability to form aggregates.

12.4 � Swelling and Gelling

The effect of treating with various concentrations of TCH or GS on the swelling 
(or water uptake) and gelling of CM cotton fabrics of different carboxyl and Ca 
contents has been studied. The investigation has been done at physiological pH 
(7.4) in PBS at 37° ±  1  °C. The antibiotic content of the fabrics has been ana-
lyzed. The study shows that for the same set of conditions, the following infer-
ences can be made.

(a)	 The untreated fabrics show slightly greater swelling than that of treated, and 
the degree of swelling reduces slightly by increasing the antibiotic concentra-
tion (and thus its content on the fabric),

(b)	 The greater the carboxyl content (Na salt), more is the fabric swelling, and
(c)	 The more the Ca content, lesser is the fabric swelling.

The latter can be related to the fabric cross-linking by Ca as well as reducing the 
carboxyl content. But, in any case, antibiotic-treated fabrics exhibit a wide margin 
of swelling ranging between 415 and 930  % (in case o TCH) and between 418 
and 934 (in case of G), leading to varieties of choice in designing wound dress-
ings based on them. It is also clear that all samples, except those having a carboxyl 
content of 72 meq/100, manifest gelling characteristic [9]. Thus, CM cotton fab-
rics having carboxyl contents of 170 and 220 meq/100 and treated with either of 
the antibiotics still have the ability to swell and gel, which is a prerequisite for 
those layers in contact with the skin in moist wound-healing dressings.

12.5 � Shrinkage

The shrinkage of CM fabrics of various Ca contents as a function of treatment 
with TCH or GS has been studied. When the fabric shrinkage has been compared 
with swelling under identical conditions, it is found that shrinkage follows the 
same direction of swelling [9]. This implies that higher the swelling, larger is the 
extent of shrinkage. Logically, swelling results in increasing the fibers and yarn 
diameter, this in turns brings about a contraction in their lengths and hence lead-
ing to fabric shrinkage [10]. When the shrinkage of fabrics treated with TCH has 
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been compared with those treated with GS, under similar conditions, it has been 
found that the first is slightly lower than the first, which is actually in accordance 
with their swelling values. The dimensions of a dressing should be 5 cm more than 
the area of a wound. Hence, the total area of a dressing should take into account 
shrinkage value. This implies that the dimensions of the dressing should extend to 
5 cm from the outer edges of the wound after shrinkage. Gelling of the layer next 
to the wound permits it to slide (upon shrinking) on it, not to force it to contract.

12.6 � In Vitro Release of TCH and G

In vitro release of TCH or G up to 3 days, at physiological pH, of treated fabrics 
has been studied. It can be seen that the release follows a general pattern of a high 
initial release on the first day that slows down by prolonging the time up to 3 days 
[9]. TCH presents in two forms on the fabric (as shown by equilibrium reaction 2): 
a complex form with PVP (adhering loosely to the fabric) and ionically bound 
form with the carboxylate anions. As infected wounds have a polar nature, so at a 
pH value of 7.4 (of PBS that representing the physiological solution), the release 
of TCH can be manifested by reactions 5 and 6.

The release arises due to complex breakage (reaction  5) and sodium exchange 
(reaction 6). The high molecular weight of PVP (40,000) hinders the diffusion of 
the complex inside the fabric structure, and hence, it is most probably located at 
the surface layers of the fabric. Hence, the breakage of the complex is conducive 
during the initial stage of release, leading to higher initial release. By the time, the 
complex is depleted and the release is mostly due to sodium exchange. The gen-
tamicin presents on the fabric in two ways (reaction 3), firstly, as unbound excess 
on the fabric surface in the form GS (d) and, secondly, as a cationically bound 
form with the carboxyl groups (e). The high initial release of gentamicin in a burst 
state on the first day can be attributed to the unbound form. The gentamicin is then 
released with a slower rate according to the following equilibrium reaction:

The advantage of the mentioned pattern of release lies in fabric’s capability to sup-
ply the wound with a high concentration of antibiotic at the beginning of occlu-
sion, which resists pathogens already present in the wound. By the time, the fabric 
can supply the wound with lower amount of antibiotic to deal with any invad-
ing infection. Depending upon the initial TCH or G content of the fabric (which 
ranges from 2 to 184 mg/100 g in case of TCH and from 2 to 189 mg/100 g in 

(12.4)NaCl(in PBS) → Na+ + Cl−

(12.5)PVP.TCH+ Cl−_ → PVP.Cl− + TCH

(12.6)Cell− COOH.TCH+ Na+ → Cell− COONa+ H+
+ TCH.

Cell− COOH.G+ Na+ + Cl− → Cell− COO.Na+ G.HCl

12.5  Shrinkage
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case of G), and the pattern of release, a physician can choose the suitable sample 
for the appropriate type of wound. Further investigation of the results of relating to 
in vitro release of TCH and G shows that for the similar set of conditions, the % 
release increases by:

i.	 Increasing the carboxyl and antibiotic content of the fabric, and
ii.	 Reducing the Ca content of the fabric.

The total release of TCH or G (in the 3 days) ranges from a maximum of 97 % (in 
case of a sample of 220 meq COOH/100 g and a Ca of 10 % neutralization that 
treated with 125 mg/L TCH) to a minimum of about 5.9 % (in case of samples of 
72 meq COOH/100 g and treated with 1000 mg/L TCH).

12.7 � Antibacterial Activity

The antibacterial activity, in terms of inhibition clear zone (ICZ), has been investi-
gated for S. Aureus (G+ve) and P. Aeruginosa (G–ve), for the TCH- or GS-treated 
fabrics. It has been found that the treated fabrics inhibit the growth of bacteria 
around them with distances depending on their contents of antibiotic, carboxyl, 
and Ca. Untreated fabrics exhibit complete bacterial growth in virtue of achieving 
zero ICZs around them. The antibacterial activity that is seen is unevenly because 
of the release of TCH or G. Actually, the pharmacologic action of tetracycline is 
induced by diffusion through the bacterial cell wall into the inner cytoplasmic 
membrane where it binds with the 30S ribosome and inhibits protein synthe-
sis [11]. G also inhibits protein synthesis due to ‘irreversible’ binding to specific 
30S subunit proteins and 16S rRNA. This results in interference with the initiation 
complex, misreading of mRNA, so incorrect amino acids are inserted into the pol-
ypeptide leading to nonfunctional or toxic peptides and the breakup of polysomes 
into nonfunctional monosomes [12]. For a given set of conditions, it is normally 
known that the ICZ increases by increasing both of antibiotic concentration in the 
treatment bath and carboxyl content, while it decreases by increasing Ca content. 
It has been shown that the presence of Ca impairs the absorption of tetracycline in 
the stomach and the small upper intestine [13]. Accordingly, it is safe to assume 
that Ca cations can form complexes with TCH, which are of bigger size than TCH 
itself, thereby hindering its diffusion in agar, resulting in decreased ICZ. It can be 
also argued that Ca cations can form complexes with G, causing lower antibacte-
rial activity [9]. It is also observed that the antibacterial activity follows a trend 
similar to that of antibiotic release. A comparison of data relating to the depend-
ence of ICZ on TCH and GS concentrations shows that the antibacterial activity of 
TCH is different from that of G, this is due to differences between both with regard 
to solubility, functionality, chemical reactivity, size, molecular weight, and ability 
to form aggregates as well as mode of irreversible interaction with cell ribosome.
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13.1 � Introduction

In the era of technological developments, endovascular aneurysm repair (EVAR) 
is undoubtedly regarded as a competitive option to open surgery with brief dura-
tion of stay in hospitals, decreased 30-day mortality, and comparable long-term 
results [1, 2]. Modern devices can be used to treat more than 50 % of aneurysm 
patients, and this percentage is increasing with newer iterations [3]. But, the endo-
vascular approach is considerably more complex in case of juxta-renal and peri-
renal aneurysms. Fenestrations offer potential solutions to aneurysms of complex 
anatomy. Unfortunately, they require sophisticated planning and the construction 
of customized stent–grafts that can take 6–8 weeks [4–7]. But, delay in customi-
zation, production, sterilization, and transportation in high-risk patients are not 
affordable (Fig. 13.1). Fenestration in the operating room before deployment holds 
some interest, but the sequence of unloading, fenestration, and reloading the stent–
graft currently lacks reliability and quality control [8, 9]. The technique raises 
many questions, potential to also treat urgent or emergent patients due to the off-
the-shelf design (Fig.  13.2). The underlying concept and initial testing of flared 
textile cuffs that can be immediately available off the shelf in case of emergency 
have been highlighted in this chapter. Four dissimilar prototypes of woven fabric 
tubes have been produced by compression molding and have been tested for their 
constructions, properties, and mechanical characteristics.

Chapter 13
Use of Flared Textile Cuffs in Fenestrated 
Stent–Grafts
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13.2 � Fabrication of Flared Textile Cuffs

13.2.1 � Fabrication of the Woven Fabric

Polyester multifilaments have been used as the raw material for the weaving process 
[10]. The multifilaments were used as warp yarns after special sizing. The fabrics 
have been woven and then desized and densified. The fabrics had either a plain (PW) 

Fig. 13.1   Schematic representation of blood flow recanalization through an extensive abdominal 
aortic aneurysm and iliac aneurysm [10]

Fig. 13.2   Anticipated development of a flared textile cuff supported with an internal balloon-
deployable bare stent a during deployment and b after deployment [10]
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or twill (TW) fabric, and different fabric counts, giving four fabric sheets: PW1, 
PW2, TW1, and TW2. Table 13.1 gives the parameters for these fabric sheets.

13.2.2 � Compression Molding

Compression molding has been used to obtain the flared cuff grafts [11] 
(Fig.  13.3). The grafts have been compressed into cuff shape by a mold after 
10 min preheating at 160 °C in a hot air oven. The heat setting has been done in 
a hot air oven at 160 °C for half hour [10]. The prototypes have been prepared by 
cutting the top of the cuff-flare to form a tube.

Table  13.1   Characteristics of the fabrics woven in comparison with fabrics of commercially 
available stent–grafts [10]

V Vanguard, A Anaconda, C Cook, T Talent

Models Devices Construction Count of flat fabric after weaving 
(Warp × Weft) (/mm)

Control fabrics V Bistructure –

A Plain –

C Rib weave –

T Twill –

Experimental 
fabrics

PW1 Plain (6.6 ± 0.2) × (6.6 ± 0.1)

PW2 Plain (7.4 ± 0.3) × (7.3 ± 0.2)

TW1 Twill (6.3 ± 0.2) × (6.6 ± 0.1)

TW2 Twill (7.5 ± 0.2) × (7.0 ± 0.2)

Fig. 13.3   a Flared cuff produced by compression molding. b In a machine fitted with a clamp-
ing device [10]

13.2  Fabrication of Flared Textile Cuffs
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13.3 � Textile Characterization of the Devices

Gross observations and light microscopy
The gross observations were conducted with a digital camera, and the characteri-
zation of the fabric structure has been done by optical compound microscope fitted 
with a charge-coupled device (CCD) camera [10].

13.3.1 � Fabric Count

The density of the sample prototypes and fabric counts of each section have been 
determined according to the ISO 25539 standard [12]. The woven fabric count has 
been viewed under the optical compound microscope to count the number of ends 
and picks [10]. The fabric weight per square meter (g/m2) has been calculated by 
the weight and area of the specimens [13].

13.3.2 � Thickness

The graft thickness has been determined [14]. The diameter of the press foot of the 
thickness gauge is 6 mm, and the pressure was up to 22 kPa [10].

13.4 � Morphology of the Flared Textile Cuffs

Figure 13.4 depicts the flared textile cuffs. The cuffs are divided into three sections: 
base, arc, and top. Its base is the fringe area of the cuff graft, used for opposition 
to the luminal surface of the aortic stent–graft, while its top is the extension to be 
deployed into the branching artery to maintain the blood flow. The arc is a transition 
area that permits its use for connecting fenestrations to various vessel diameters [10].

13.5 � Structure Characteristics of Flared Textile Cuffs

The structural characteristics, including fabric count, fabric weight per square 
meter, thickness, and porosity of each part (base A, arc B, and top C), are shown in 
the Figs. 13.5 and 13.6. The fabric count, area density, and thickness of prototypes 
created by compression molding reduced progressively from the base A to top C, 
while the porosity increases gradually. The thickness of all section, of the flared 
cuff grafts particularly the arc and top, is lesser than or same as the commercial 
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references, Vanguard, Cook, Anaconda, and Talent [10]. The thickness of the plain 
weave fabric is slightly lesser than that of the twill weave with a similar fabric 
count, due to lesser float length and more interlacing points. The porosity of the 
bases of the prototype samples, used for sealing to the trunk graft, is much lower 
than the commercial reference. But, the porosity on the arcs and tops is almost the 
same as for commercial devices.

Fig. 13.4   Flared cuffs, made with a plain weave fabric (left) and a twill weave fabric (right) [10]

Fig. 13.5   Thickness of the different segments of the textile cuffs of the prototypes versus the 
thickness of the fabrics employed to manufacture commercially available devices [10]

13.5  Structure Characteristics of Flared Textile Cuffs
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13.6 � Mechanical Characteristics of the Flared Cuff Graft

	(a)	 Burst strength

The bursting strength of prototype samples (Fig. 13.7) reduced steadily from the 
base to the top due to the density gradient discussed previously. Also, textile grafts 
having greater fabric count exhibit higher bursting strength than the grafts of the 
same woven structure. The bursting strength of twill grafts is greater than that of 
plain grafts for same fabric count. In the case of fabrics that have low count, plain 
construction (top of PW1 and TW1) have greater bursting strength than that of 
twill construction due to a more stable construction. But, when the fabric count 
increases to a certain magnitude, plain or twill fabrics will both have stable con-
structions. Owing to its higher thickness, twill weave has higher bursting strength 
than plain grafts of a same count [10].

(b)	 Radial strength

The test results of the radial tensile force for the prototype grafts are shown in 
Fig. 13.8 and are same as the results of the bursting strength test. Grafts having 
greater fabric count have greater radial tensile strength than grafts having the same 
woven structure [10]. Twill woven grafts have higher radial tensile strength than 
that of plain grafts having same fabric count.

(c)	 Elasticity

As depicted in Fig. 13.9, the compression recovery values for the four prototypes 
exceed 85  % (Fig.  13.9). In the case of compression retention duration ranging 
between 20 and 120  s; the prototype (TW2) displays the greatest elastic recov-
ery, with recovery of more than 95  % of the original diameter. The other three 
prototypes exhibited slightly lower results, maintaining a recovery of more than 
85  %. But, on increasing the duration of compression retention, the immediate 
elastic recovery for the four prototypes showed perceivable differences (Fig. 13.9). 

Fig. 13.6   Porosity of the different segments of textile cuffs [10]
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For compression, retention time is increased from 20 to 120 s and the immediate 
elastic recovery goes down from 92.1 and 92.2  % to 85.9 and 87.1  % for PW1 
and PW2, respectively. Similarly, the immediate elastic recovery of PW2 and TW2 
is maintained at 90.7 and 95.3  %, respectively. The grafts having greater fabric 
count have higher elasticity than the grafts with identical woven structure. The 
twill woven grafts showed higher elasticity in comparison with plain woven grafts 
of same fabric counts (PW1 < TW1 < PW2 < TW2). Consequently, TW2 would 
be easier to deploy during surgery. In summary, the TW2 prototype graft (with 
higher fabric count and twill weave) demonstrates the most optimal mechanical 
properties, including burst strength, radial tensile strength, and elasticity [10]. 
In addition, it also proves to present good structural characteristics that compare 

Fig. 13.7   Bursting strength of different segments of the textile cuffs [10]

Fig. 13.8   Radial tensile strength of flared cuffs prototypes [10]

13.6  Mechanical Characteristics of the Flared Cuff Graft
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favorably with commercial references. Hence, it shows good prospects for the 
application in fenestrated grafts.

13.7 � Discussion of the Findings

Researchers have shown that [15] developments in the design of devices for EVAR 
are offering options for patients with complex anatomy in situation of urgency or 
emergency. Many patients can avail the facility of endovascular repair, with the 
increase in the availability of these types of devices [16–18]. The speed and the 
level of quality that will be attained will depend not only on aggressively pursu-
ing new ideas, but also on cooperation and support from industry [11, 19]. The 
objective of these researches is to offer treatment options to patients with complex 
aneurysms and requiring immediate treatment. The flared cuffs have been par-
ticularly fabricated to be deployed through the fenestration of a stent–graft and to 
be supported by a balloon-deployable stent proximally flared upon delivery. The 
arc of this flared textile cuff can match a range of different diameters of proximal 
sealing zone in the fenestrated stent–graft and permits convenient, modular cus-
tomization to match anatomy. The fenestration can have various diameters, but the 
flared structure will seal to the main stent–graft to ensure a continuous conduit 
preventing endoleak. The flared cuff is considered to be a new step in exploring 
the accessibility of fenestration grafts to frail patients having arterial anatomy that 
is complex [10]. The polymerization of shape memory polymers on polyester fib-
ers offers very good potential due to their capacity for actuation [20]. Also, the 
possibility for reorientating branches without kinking enables better treatment of 
renal and other arteries. It will certainly add new devices in the highly diversified 

Fig. 13.9   Elastic recovery of the flared cuff prototypes exposed to radial compression with dif-
ferent durations of compressive retention [10]
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armamentarium offered to surgeons [12–14].The flared polyester cuffs should 
compare well with existing fabrics used in endovascular prostheses with regard to 
safety, efficiency, and durability. The thickness of the polyester fabric is the most 
prominent characteristic. It should have a low profile so as to be easily inserted 
in a delivery catheter. In order to avoid blood leaking through the stent–graft, the 
porosity of the fabric should be low. However, greater porosity facilitates tissue 
in growth and the transportation of nutritive substances and metabolites to cells 
outside the stent–graft, especially endothelial cells. The flared cuff must have 
great stability. A little deformation in the structure happens due to the compression 
molding process. Tensile and shearing forces, arising from compression molding, 
act on fabrics to form the arc and the top. The structure of the base fabric remained 
unaltered after compression molding, while the elongation and slippage rate of the 
yarns in the top were larger than in the arc. Consequently, a gradient change of 
structure characteristics was formed, which can be considered to be advantageous. 
The decreasing density on the flared cuff graft can make it easier to deform and 
deploy during surgery, and the central area (the top) with lower density will adhere 
to the wall of the branch vessel to maintain blood flow. The bursting strength of 
the prototype samples reduces eventually from the base to the top. In addition, tex-
tile grafts with a higher fabric count have higher burst strength than grafts of the 
same weaving structure. Moreover, the bursting strength of twill grafts is greater 
than that of plain grafts of same fabric count. For fabrics that have a low count 
(top of PW1 and TW1), plain textiles may have higher burst strength than twill 
textiles due to a more stable construction. But, plain or twill fabrics can have sta-
ble construction, as the fabric count increases to a certain degree. Hence, twill will 
have higher bursting strength in comparison with that of the plain grafts because 
of higher thickness.
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14.1 � Introduction

Recently, functional textiles for medical and related healthcare products have 
gained access in the textile field [1]. The textile industry has been equipped with 
medical knowledge and has enriched the textile fabrics due to their interaction 
with the skin [2]. Some significant applications of the textiles in medical field are 
artificial aortas and bandages. But, advanced functional textile drug delivery sys-
tems have not been developed till the end of the past century [3]. Orthopedic sup-
port materials have been used for protection and as support joints in different areas 
of the body. Knee supports, wrist supports, ankle supports, elbow supports, shoul-
der supports, and back supports are some good examples of these applications. 
Such supports are being used for cure or protection. The medical applications are 
suitable under the below-given conditions:

(a)	 Post-operative or traumatic irritations;
(b)	 Joint illnesses which are degenerative and inflammatory;
(c)	 Stressed ligaments and tendons; and
(d)	 Specific problems of different joints [4].

Transdermal drug delivery systems (TDDSs) have innumerable merits when com-
pared with conventional pharmaceutical dosage forms. These include improved 
systemic bioavailability of active pharmaceutical ingredients, fewer administra-
tion frequency, longer duration of therapeutic action, reduction in side effects, and 
steady drug delivery profile [5]. A number of technologies have been adopted for 
preparation of TDDSs. One such technology involves the use of medicated tex-
tiles for delivering drugs to specific body sites [6]. Microencapsulation has gained 
interest in textile research during the recent years, since patent applications are 
increasing. The important areas of application of the microencapsulation pro-
cess include durable fragrances, phase-change materials, dyes, fire retardants, 
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and antimicrobial agents [7]. This technique can also be used as an encapsulation 
method when it entraps active material within a protective matrix, which is essen-
tially inert to the material being encapsulated [8]. Polymers are frequently used 
in microencapsulation studies. Ethyl cellulose is a water-insoluble polymer widely 
used in oral and topical pharmaceutical formulations [9]. It is especially used to 
prepare sustained-release medications of various types. In the absence of polymer 
swelling ability, ethyl cellulose becomes a key factor in such systems, because 
release kinetics would depend largely on the porosity of the hydrophobic compact 
[10]. Spray-drying encapsulation method has many merits and is being used in the 
preparation of microparticulate drug delivery systems. It is a well-established tech-
nology, involving readily available equipment and comparatively low-cost encap-
sulation [11]. This technique changes liquid feed into dry powder in a single stage 
and is suitable for the scaling-up of the microencapsulation and continuous parti-
cle processing operation, and can be used for a different materials [12]. Diclofenac 
sodium (DS), a sodium salt of 2-[(2,6- dichlorophenyl)aminophenyl]-acetic acid 
(Fig. 14.1), is a nonsteroidal anti-inflammatory drug (NSAID), commonly used for 
the long-term treatment of rheumatic disorders, such as osteoarthritis, rheumatoid 
arthritic, and ankylosing spondylitis [13]. Its use causes many unwanted serious 
side effects due to the long-term oral administration, such as stomach ulcerations, 
abdominal burning, pain, cramping, nausea, gastritis, and even serious gastrointes-
tinal bleeding and poisoning of the liver. Though it is fully absorbed following oral 
administration, but in its elimination, half-life is relatively short, ranging between 
1 and 2 h. Due to its biopharmaceutical and pharmacological properties, sustained-
release formulations of DS are desirable that should maximize the therapeutic 
benefit and reduce the unwanted side effects, since the frequency of administra-
tion is lower, improving the therapeutic efficacy and patients’ compliance [14–19]. 
This chapter highlights the preparation and characterization of DS microparticles 
and their application to orthopedic support materials. The spray-drying technique 
has been utilized in obtaining the microparticles and involved ethyl cellulose as a 
matrix material to control drug release. The morphology and particle size of the 
drug microparticles were optimized for impregnation of DS microparticles onto 
the orthopedic support materials. Lastly, investigations have been carried out on 
vitro drug release of microparticles and textile impregnated with microparticles.

Fig. 14.1   Chemical structure 
of diclofenac sodium [25]
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14.2 � Characterization of Microparticles

	(a)	 Drug content and encapsulation efficiency

Higher encapsulation efficiency values have been achieved for the microparticles hav-
ing a drug: polymer ratio of 1:1. When the DS load of the microparticles was reduced 
from 36.82 to 10.77 %, the encapsulation efficiency dropped from 94 to 77 % [25].

(b)	 Particle size and size distributions

Figure 14.2 depicts the particle size and distributions of the prepared microparticles. 
The mean particle sizes of microparticles formed by (1:1), (1:2), and (1:4) formulations 
are 8.61, 9.68, and 8.44 mm with span values of 1.66, 2.23, and 1.82, respectively [25].

(c)	 Particle morphology

Figure 14.3 shows the scanning electron photomicrographs of spray-dried micro-
particles (1:1), (1:2), and (1:4). It can be observed that the spray-dried prod-
uct is composed mainly of spherical-shaped particles and also the absence of 

Fig. 14.2   Particle 
size distributions of 
microparticles: a (1:1); b 
(1:2); and c (1:4) [25]
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Fig.  14.3   Scanning electron photomicrographs of spray-dried microparticles: a (1:1); b (1:2); 
and c (1:4) [25]
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agglomerates. They also indicate the formation of microparticles with homogene-
ous characteristics and smooth appearance and do not exhibit the presence of free 
drugs on the microparticles surfaces. These morphological characteristics show 
that the drug is dispersed through the microparticles [25].

(d)	 Fourier transforms infrared spectroscopy

Interaction between the drug and polymers is commonly brought about by iden-
tifiable changes in the FT-IR patterns. Figure  14.4 shows the FT-IR patterns of 
DS and microparticles, and characteristic peaks at 3387 cm−1 as a result of N–H 
stretching of the secondary amine, at 1572 cm−1 due to –C¼O stretching of the 
carboxyl ion, and at 744 cm−1 owing to C–Cl stretching were exhibited in FT-IR 
spectra of DS (Fig. 14.4a). The FT-IR spectra of drug-free microparticles contain-
ing ethyl cellulose show an asymmetric peak at around 2973–2925 cm−1, which is 
due to C–H stretching (Fig. 14.4b). The peak at 1375 cm−1 is due to CH3 bend-
ing, and the small peak near 1450 cm–1 is due to CH2 bending [25]. The broad 
distinct peak near 1050 cm−1 may be due to the C–O–C stretch in the cyclic ether. 
The peaks of DS-loaded microparticles (Fig.  14.4c–e) were similar (but with 
lesser intensity) to the spectrum of DS. The peaks of various functional groups, as 
described in the IR spectrum of DS, were also present in the microparticles with-
out any shift or change. These observations revealed the intact nature of the DS 
present in the microparticles. The absence of drug–polymer system interaction and 
the stability of the encapsulated drug in microparticles have been confirmed from 
these results. Identical observations with other drug/carriers have been reported by 
other researchers [20, 21].

Fig. 14.4   Fourier transform infrared spectra of pure diclofenac sodium (a), 1:1 microparticles 
(b), 1:2 microparticles (c), and 1:4 microparticles (d) [25]

14.2  Characterization of Microparticles
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(e)	 Differential scanning calorimetric

Figure  14.5 shows the DSC thermograms of pure drug, drug-free microparticles, 
and drug-loaded microparticles. The DSC thermogram of pure drug (Fig.  14.5a) 
exhibits one endothermic peak. This sharp peak at 297.78 °C is due to melting of 
the drug. There has been no defined peak in the case of drug-free microparticles 
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Fig.  14.5   Differential scanning calorimetry thermograms of diclofenac sodium (a), drug-free 
microparticles (b), drug:polymer ratio 1:1 microparticles (c), drug:polymer ratio 1:2 microparti-
cles (d), and drug:polymer ratio 1:4 microparticles (e) [25]
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(Fig. 14.5b). Small peaks have been noticed in the case of drug-loaded microparti-
cles, at 242.4, 98.41, and 100.37 °C in 1:1, 1:2, and 1:4 microparticles (Fig. 14.5c–
e), respectively [25]. This reveals that the drug has the amorphous distribution in the 
polymer matrix. Simultaneously, the results also revealed that there is no interaction 
between the drug and polymer systems. DSC results demonstrated the consistency 
with the findings obtained from FT-IR analysis. X-ray powder diffractometry.

(f)	 X-ray powder diffractometry

Investigations from X-ray diffraction patterns further proved the physical nature 
of the drug entrapped in microparticles. Figure  14.6a–e exhibits the XRD pat-
terns of drug, drug-free microparticles, textile fabric, and textile impregnated with 

Fig.  14.6   X-ray diffraction patterns of diclofenac sodium (a), drug-free microparticles (b), 
microparticles composed of a drug:polymer ratio of 1:1 (c), textile fabric (d), and textile fabric 
impregnated with microparticles composed of a drug:polymer ratio of 1:1 (e) [25]

14.2  Characterization of Microparticles
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Fig. 14.7   Scanning electron photomicrographs of textile impregnated with microparticles [25]

Fig.  14.8   Scanning electron photomicrographs of textile impregnated with microparticles 
washed for a 10 cycles and b 20 cycles in accordance with standard ISO 105 C06 [25]
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microparticles, respectively. The X-ray diffraction patterns of DS exhibit sharp 
peaks owing to the crystalline nature of the drug. However, these drug peaks dis-
appeared in the X-ray diffraction patterns of microparticles and the textile impreg-
nated with microparticles (Fig. 14.6c, e).

The DS appeared to show its specific crystal peaks when it existed in a crystal-
line form, but could exist as a molecular dispersion after the drug was entrapped in 
the microparticles. Researchers [21, 22] observed identical patterns with other drug/
carriers. This, in support of the DSC study, clearly reveals the amorphous form of 
entrapped drug in the microparticles. During the process of spray, a phase change 
often occurs and it may result in the production of amorphous substances [23].

(g)	 SEM of textile impregnated with microparticles

Textile materials applied with microparticle dispersions have been studied by using 
SEM. Figure 14.7 shows that the adhesion between textile fiber and microparticles 
has been effective as proved by SEM photomicrographs [25]. The microparticles 
between fibers are spherical shape as viewed under SEM (Figs. 14.7 and 14.8).

14.3 � Studies on Air Permeability

The air permeability of textile materials is governed by parameters such as fabric 
structure, density, thickness, and surface characteristics, and is considered to be 
one of the important properties [25]. The air permeability test has been carried out 
to study the influence of microparticles on the air permeability properties of textile 
materials (Table 14.1).

Air permeability test results show that the air permeability value of the textile 
impregnated with microparticles has been somewhat reduced. This was because 
the microparticles fill in the space between fibers. By maintaining the concentra-
tions of microparticles and the cross-linker on orthopedic support material con-
stant, the air permeability values of the orthopedic support material impregnated 
with microparticles are not expected to change. The air permeability results also 
confirm this aspect. There is no significant difference between the air permeability 
values of the textile materials impregnated with microparticles prepared in differ-
ent drug: polymer ratios. But, the air permeability values were observed to decline 
when compared with values of untreated orthopedic support material, since the 
cross-linking material forms cross-links and that it is a nanosized coating material.

Table 14.1   Air permeability values of textile materials impregnated with microparticles [25]

Sample Air permeability values (mm/s)

Untreated orthopedic support materials 226

Orthopedic support material impregnated with microparticles 
composed of a drug: polymer ratio of 1:1

199.5

Orthopedic support material impregnated with microparticles 
composed of a drug: polymer ratio of 1:2

198

Orthopedic support material impregnated with microparticles 
composed of a drug: polymer ratio of 1:4

198.5

14.2  Characterization of Microparticles
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14.4 � Laundering Test

Figure 14.8 shows the SEM photomicrographs of textiles containing microparti-
cles that have been washed 10 and 20 times. It is seen that even after washing, 
the microparticles remain on the textile material. The drug-loaded microparticles 
continue to stay on the fabric, even after 20 washing cycles. The studies reveal 
that the microparticles have not been adsorbed on the surface of the textile mate-
rial, but absorbed by it in the presence of the self-cross-linking agent, and bindings 
between microparticles and fibers have been able to withstand up to 20 launder-
ings [25].

14.5 � In Vitro Drug-Release Studies of DS Microparticles

The extent of drug release from microparticle formulations is depicted in 
Fig. 14.9. In vitro release, study of the microparticles has shown that the time for 
100  % DS release has been extended to 90, 120, and 150  min for 1:1, 1:2, and 
1:4 microparticle formulations, respectively, as compared with 60  min for pure 
DS. The studies show that increasing the polymer ratio reduces the rate of release. 
In the drug-release medium, all microparticle formulations showed an initial fast 
release due to the dissolution of the drug from the surface, but the release of the 
drug was extended up to 150 min depending on the polymer ratio. Greater chan-
nels are possibly created, with increased drug release from the microparticles, 
thereby leading to quicker rates of drug release [25]. Also, higher drug levels in 
the microparticle formulation create a higher drug concentration gradient between 
the microparticles and drug-release medium, thereby increasing the rate of drug 
release.

Fig. 14.9   In vitro diclofenac 
sodium (DS)-release 
profiles from pure drug and 
microparticles [25]
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14.6 � Textile Impregnated with DS Microparticles

Figure 14.10 depicts the findings of the in vitro release of textile impregnated with 
microparticles with different drug: polymer ratios in pH 7.4 phosphate buffer solu-
tions at 37 °C. It could be observed that during the initial phase of the investiga-
tion of the drug release, for all formulations, a greater extent of DS (60–90 %) has 
been freed from the surface of the textiles. The smaller size of the microparticles 
(8.44–9.68 mm) can contribute to the quick release of the microparticles as well 
as the big surface area and amorphous characteristics of drug. Amorphous drugs 
have greater solubility in comparison with crystalline drugs and also have differ-
ent physiochemical properties [24]. Therefore, fast dissolution of the encapsu-
lated drug could take place immediately when the drug particle was exposed to the 
aqueous environment [25].

During the first hour, a burst effect has been revealed for all drug-release pro-
files [6]. The burst effect is possibly caused due to the quick dissolution of the 
drugs situated near the surface of the microparticles, as the DS is soluble in pH 7.4 
phosphate buffer solution. The dissolution of the surface drug will result in chan-
nels, allowing the aqueous medium to penetrate into the matrix, leading to drug 
dissolution and subsequent drug release via the medium-filled channels. The phe-
nomenon could possibly be explained as a considerable loading of the drug is situ-
ated in the vicinity of the microparticle surface, and this is released as the cavity 
size increases. After 1 h, there was a steady release of drug into the release medium 
for all formulations. On comparing the formulations, the drug-release ratio has 
been greater in 1:1 than in 1:2 and 1:4 during the first three hours (p < 0.001 for 
each point). In the case formulation 1:1, the drug release has been completed in 
the third hour, and in the case formulation 1:2, it was completed in the fifth hour. 
Completion of the drug release in formulation 1:4 was longer than eight hours. In 
formulation 1:2, drug release was higher than in formulation 1:4 in the fourth and 
fifth hours. Thus, it can be stated that the increase of drug loading created a faster 
drug release. Polymer concentration and drug-release behavior were directly pro-
portional. To determine the mechanism of drug release, 1:2 and 1:4 microparticles 

Fig. 14.10   In vitro 
diclofenac sodium-
release profiles of 
textiles impregnated with 
microparticles [25]

14.6  Textile Impregnated with DS Microparticles



162 14  New Orthopedic Support Material

and textiles impregnated with 1:2 and 1:4 microparticles, which have prolonged 
drug release, were subjected to release kinetic studies. Statistical analysis shows 
that the drug release from microparticles and textile-impregnated microparticles 
followed the first-order equation (concentration-dependent release of drug) rather 
than the Higuchi kinetic model (diffusion-controlled release of drug).
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15.1 � Introduction

In the case of patients with intestinal cancers, intestinal blockage and stenosis 
have been noticed in clinical conditions [1]. Investigations have shown that stents 
can alleviate intestinal obstruction and stenosis [2, 3]. For over thirty years, the 
metal stents have been used for the treatment of the obstruction and stenosis of 
bowel and vessels [4]. The metal stents pose problems in further treatment and 
reduce image quality of magnetic resonance imaging. In the treatment of obstruc-
tion and stenosis, biodegradable stents can offer an alternate option. The major 
advantage of biodegradable stents is different from other kinds of stents in that 
they can prevent serious long-term complications and do not require removal, thus 
avoiding further surgeries and potential morbidity [5]. The aliphatic polyesters, 
such as polylactic acid, poly(L-lactide), poly (lactic-co-glycolic acid), and poly-
dioxanone (PDO), are the very commonly used biodegradable polymers for stents 
[6]. PDO has many merits over other polymers, such as good flexibility and elas-
ticity, appropriate absorption rate, suitable biocompatibility, and minimal inflam-
matory response [7–9]. The stents mainly give mechanical support for obstructed 
intestines, which can restore intestinal lumen and waste flow smoothly. Therefore, 
it is important to investigate and optimize the mechanical properties of stents. 
Various models have been used to study the mechanical properties of stents. These 
are structural mechanical models, such as the Bernoulli–Euler beam theory and 
the Coulomb torsion theory. In the recent literatures, numerical modeling is often 
adopted, that is, using finite element method (FEM) analyses to expand stents 
by imposing pressure to the internal stents struts or by enlarging a rigid cylinder 
inside the stents in displacement control [10, 11]. Despite a good deal of progress 
being reported on the influence of weft-knitting parameters on the mechanical 
properties of intestinal stents, only little literature has been focused on this aspect 
[12]. For the weft-knitted stents, the advantage is that they can easily be removed 
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by pulling one yarn to unravel the structure. A number of production parameters 
influence the mechanical performance and geometrical properties of weft-knitted 
stents [13]. The radial force and circumferential strength of the stents are strongly 
influenced by a number of yarn, fabric, and process factors [14, 15]. Using frac-
tional factorial design of experiments, we can identify these effects of different 
parameters (factors) and determine the optimal process settings using these factors 
[16, 17]. A level of factorial design has been used to estimate the error [16, 17]. 
This chapter identifies the effect of weft-knitting parameters on the mechanical 
properties of stents using the statistical modeling method and also suggests opti-
mum parameter settings. The human intestine has been studied for intra-abdom-
inal and intra-intestinal pressure, by adopting an intestine physical model. The 
complete factorial design has been used to identify the most appropriate factors 
and the optimum processing parameters for the stent mechanics.

15.2 � The Physiological Mechanism of Intestinal Stents

The implantation of the stents into the intestine lumen avoids the obstruction and 
stenosis. They can withstand the force from the radial direction during the func-
tion process. The radial force is exerted perpendicular to the centerline or axis 
of an object. The utility life of the stents is dependent on proper radial force as 
they withstand the compression in the abdomen of patients. The circumferential 
strength is simulated using expanding force by solid wastes in the intestine. The 
fixation of the stent in an intestine diagnosed with stenosis is shown in Fig. 15.1. 

Intestine

(a) (b) (c)

intestine

IP

IAP

Increased
feces flow

Stenosis

Compressed
stent

Catheter

Balloon

Expanded
stent

Stent widened

Fig. 15.1   Placement process and mechanical function of the intestinal stent [18]. a Deflated bal-
loon catheter and closed stent inserted into the narrow intestine. b Inflated balloon expanding the 
stent and compressing the tumor to restore the lumen size of the intestine. c Compressed tumor 
and widened intestine
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As can be seen, the implanted stent is compressed due to the abdominal pressure 
during function process, and hence, it requires suitable radial force to restore its 
tubular shape against the compression. Similarly, the stent bears the expansion by 
the intestinal pressure because of the solid feces and movements of the intestine. 
Thus, the choice and design of stents with appropriate circumferential strength and 
radial force become crucial.

15.3 � Circumferential Strength and Radial Force 
of Intestinal Stents

Figure  15.2 indicates the intestinal pressure distribution of the human intestine 
[18–20]. As shown, the pressure in the intestine is between 0.5 and 4  kPa. The 
pressure values in the small and large intestine range between 1.5–1.9 and 2.1–
2.8  kPa, respectively [19]. It can be seen that both the diameter and intestinal 
pressure of the small intestine are smaller than that of the larger intestines, which 
means that the diameter and mechanical properties of larger intestinal stents are 
larger and better than those of small intestinal stents. The pressure hidden inside 
the abdominal cavity is known as abdominal pressure. The pressure is signifi-
cantly impacted by the required radial force of intestinal stents implanted. The 
radial force tested is to determine the force exerted by a stent on the vessel in 
the deployed state during expansion and compression. Hence, stents with greater 

Fig. 15.2   Pressure distribution values in the human intestine [18]. a The human digestive system. 
b Intestinal pressure distribution

15.2  The Physiological Mechanism of Intestinal Stents
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radial force should be used on patients with higher pressure. The normal human 
abdominal pressure value is between 2 and 8  kPa. In the case of patients with 
serious abdominal conditions, the pressure value can go above 30  kPa. Surgical 
decompression is recommended in patients with moderate or severe pressures 
[21]. The radial force and circumferential strength can be calculated [22]. The 
minimal and maximum circumferential strength and radial force of both small and 
large intestinal stents have been calculated. In the case of small intestinal stents, 
the circumferential strength and radial force are lower than those for large intesti-
nal stents.

15.4 � Synthesis of the Polymer

A conventional bulk ring-opening polymerization technique has been used to 
synthesize PDO polymer. The PDO yarn has been manufactured by an extrusion 
process accompanied by a drawing process to form a self-reinforced structure 
(Fig. 15.3). Two PDO yarns having linear densities of 100 + 10 and 150 ± 10 tex 
have been chosen, which are suitable for the needle size in the machine.

15.5 � Preparation of Stent Samples

A special type of circular weft-knitting machine has been used for knitting 
the  PDO yarns. The length and diameter of stents can be adjusted based on the 
computed tomography (CT) analysis of the intestine with stenosis or obstruction 
in patients. In the investigation discussed herein, the length (60  mm) and radius 
(10 mm) of stents have been set as the general size of metal stents available com-
mercially. The factors significantly affecting the radial force and circumferential 
strength have been decided by the use of 2n factorial design. Four factors have 
been selected—stitch cam setting (mm), fabric tension (cN), yarn tension (cN), 
and yarn linear density (tex). These factors have been selected since the weft-
knitting machine for producing the intestinal stents is not a commercialized 
one. It is difficult to control the stitch density or loop length using an electronic 
device automatically. The four factors are easier for optimization, in comparison 

Fig. 15.3   Method of synthesis for PDO yarn [18]
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with other factors on the machine. The influence of the stitch cam setting on the 
fabric mechanics has been discussed [23]. This parameter is adjusted by the stitch 
cam position with a negative yarn filling system. For this special weft-knitting 
machine with small diameter, it is quick to evaluate the effect of this parameter. 
The yarn and fabric tension have been determined when they are loaded by exter-
nal force. All of these factors mutually impact on the final mechanical performance 
of stents in this special case. All the factor levels have been chosen considering the 
operation limits of the experimental machines and the yarn properties. An experi-
mental matrix with 2n factorial design (n is the number of factors, each run at two 
levels) has been selected [24], and a total of 16 different weft-knitted stent samples 
have been produced [18, 23, 24] (Fig. 15.4).

15.6 � Mechanical Properties of Polydioxanone Yarns

The measurement of tensile properties of the adopted yarns has been done adopt-
ing the British standards. Twenty readings have been obtained for every yarn with 
identical testing conditions so as to obtain reliable average data [18]. The yarns 
have been pretensioned to remove the stress for maintaining the standard test con-
dition for all samples. Figure 15.5 depicts the tensile curves of PDO, polypropyl-
ene, and polyester yarns.

The elongation (X-axis) and tenacity (Y-axis) of three types of yarns given in 
Fig. 15.5 were calculated using Eqs. (3) and (4), respectively. It is shown that PDO 
has a much better tensile property; therefore, PDO could be more suitable for 
intestinal stents in terms of mechanical property:

Elongation (%) =
E × 100

L

Fig. 15.4   Principles of weft knitting for PDO stent [18]. a Weft-knitting principle. b Weft-knitting 
machine cylinder. c Prototype biodegradable PDO yarn

15.5  Preparation of Stent Samples
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where L is initial length of specimen (mm) and E is the increase in length of the 
specimen (mm):

Fmax is the maximum force of the test specimen in cN and T is linear density in 
tex, measured on the same package.

15.7 � Mechanical Property Characterization  
for Weft-Knitted Stents

In order to determine the force exerted by a stent on the vessel after it has been 
fixed to the intestine, during expansion and compression, it is subjected to prior 
radial force test as per suitable British standards [9]. The radial force has been 
determined by measuring the force required to change the diameter of the stent 
using a modified compression instrument. The machine was set up as shown in 
Fig. 15.6a, b, for performing the radial force test and circumferential strength as 
well [18]. Samples were subjected to area loads at standard room temperature 
(20 ±  2) °C and relative humidity 65  %, and their circumferential strength was 
measured at head speed (5 mm/min) and full scale (5000 N).

15.8 � Mechanical Performance Prediction of Weft-Knitted 
Stents

The basic parameters and properties of knit fabrics such as stitch density, fatigue 
resistance, compliance, and elastic recovery become important in the evaluation of 
intestinal stents. In order to minimize the possibility of stent migration, the stitch 

Tenacity(cN/Tex) =
Fmax

F

Fig. 15.5   Tensile properties 
of polydioxanone(PDO), 
polyethylene 
terephthalate(PET), and 
polypropelene [18]
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density was set as for the general metal stents in the market. Four factors have 
been selected for inclusion in the quadratic (second-degree) polynomial models to 
model each response by the best ANOVA technique. A p value is the probabil-
ity (within a 95 % confidence interval) that the factor has a significant impact on 
the response. According to the p value corresponding to the terms of the proposed 
models, the results from the analysis show that the stitch cam setting, fabric ten-
sion, yarn tension, and yarn linear density have a significant effect on radial force 
and circumferential strength. The coefficient of determination is an indicator to 
indicate the value of response changes when the value of the variable increased by 
one (code value) and other variables do not change. The values of stitch cam set-
ting and fabric tension exhibit a negative coefficient that means the values of yarn 
radial force or circumferential strength reduced, whereas two factors increased 
[18]. On the other hand, the values of yarn tension and yarn linear density show a 
positive coefficient that means the values of Y1 and Y2 increased when two factors 
increased. Data have been obtained for the prediction models for Y1 and Y2 and 
help to evaluate the effect of each variable to responses Y1 and Y2. The ANOVA 
indicates that regression models are adequate due to high coefficient of determi-
nation R2. The R2 values of Y1 and Y2 are 99.08 and 98.72  %, respectively. It 

Fig. 15.6   Measurements of radial force and circumferential strength [18] (a) and (b) modified 
instruments for testing radial force

15.8  Mechanical Performance Prediction of Weft-Knitted Stents
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suggests that the proposed models of Y1 and Y2 can describe 99.08 and 98.72 % 
of the variation in the data. The normal plot of residual and residual versus fits 
for Y1 and Y2 is indicated in Fig. 15.7. The models show a good fit. Hence, the 
proposed model is acceptable. The influence of stitch cam setting, fabric tension, 
yarn tension, and yarn linear density on radial force and circumferential strength 
is depicted in Fig. 15.8. The results indicate that the yarn tension and yarn linear 
density are the most important factors for stent mechanical properties. In particu-
lar, the radial force and circumferential strength of stents can be increased when 

Fig. 15.7   Normal plots of residual and residual versus fits [18]
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the stitch cam setting and fabric tension decreased, or yarn tension and yarn linear 
density increased.

15.9 � Optimization of Weft-Knitted Stent Performance

The mechanical properties of weft-knitted stents have been optimized by optimiz-
ing textile parameter settings. The contour plot method has been used to indicate 
the values and processing parameters for every desirable response. The stitch cam 
setting, fabric tension, and yarn linear density have been selected as three of the 
most representative significant parameters for two responses. Each contour plot 
includes the response and the related two factors; other factors were given at con-
stant values. The constant value can be held at low, middle, and high levels. The 
maximum value of the response should be different when selecting various lev-
els, because of the different coefficients in the regression model of each response. 
Points having similar response are connected to produce contour lines of contour 
responses. The two crucial textile parameters for each weft-knitted stent perfor-
mance have been identified from main effect plots (Fig. 15.8). Contour plots show 
that the stitch cam setting and fabric tension can result in optimal values of radial 
force and circumferential strength for weft-knitted stents. On observing the cir-
cumferential strength, the area showing highest circumferential force is indicated 
as the darkest gray zone (>100 cN/mm). From the calculated values for the radial 
force of small and larger intestinal stents, the settings for the stitch cam setting, 
fabric tension, and yarn linear density can be selected in the specific areas of the 
plots. As an instance, in the areas (stitch cam setting of 2.8–3.1 mm and fabric ten-
sion up to 205 cN, or stitch cam setting of 2.6–2.8 mm and yarn linear density up 
to 125–145 tex, or fabric tension lower than 105 cN and yarn linear density in the 
range of 105–116 tex), the optimized radial force can be higher than 2.0 cN/mm. 
Several combinations of weft-knitting parameters are available, which result in a 
large scale of radial force and circumferential strength for stents. Hence, further 
optimization of the parameter setting and minimization of the optimum range is 
required. The radial force and circumferential strength are considered to be very 
important for intestinal stents, based on the investigation of physiological mecha-
nism. The correlation between radial force and circumferential strength of 12 fab-
rics is shown in Fig. 15.9, and it clearly shows a close relationship between radial 
force and circumferential strength of weft-knitted stents. Hence, the circumferen-
tial strength is much easier to achieve to high value than radial force. For example, 
the column value of sample Q5 given in Fig.  15.9 is the highest radial force of 
5.5 cN/mm and its circumferential strength can also reach the highest of 165 cN/
mm. It would imply that the stent is much more likely to squash than rupture. 
Hence, it is necessary to ensure that the radial force of the stent is adequate during 
the fixation of the stent.

15.8  Mechanical Performance Prediction of Weft-Knitted Stents
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15.10 � Validation of the Statistical Models

Based on the calculated circumferential strength and radial force values, in the 
fabrication of small intestinal stents with the necessary radial force between 1.3 
and 2.5  cN/mm, and circumferential strength between 20 and 50  cN/mm (the 
value range is higher than the minimum required due to the intrinsic property of 
the weft-knitted stents), it is possible to predict the process parameters for the stent 
using the proposed models. The overlaid contour plots indicate that the predicted 
values of the stitch cam setting and fabric tension can result in desirable values of 
radial force and circumferential strength (Fig. 15.10). Although yarn linear density 
is the significant factor to radial force, this factor has not been selected because 
of the current limitation of yarn spinning machine. If the yarn tension and yarn 
linear density were held at 1.2 cN and 150 tex, respectively, it can be concluded 
that using a stitch cam setting between 3.2 and 3.4 mm and fabric tension between 
140 and 160 cN, it could be a good compromise to obtain compliant weft-knitted 
stents with minimum long-term rupture risk and good performance. Based on the 
predicted process parameters, another three groups of fabrics have been fabricated 
to validate the statistical models [18]. The radial force and circumferential strength 
of these fabrics have been determined and compared with the values predicted the-
oretically. The results show that there is still small variance between predicted val-
ues and actual values from the actual experiments. This is due to the fact that the 
weft-knitted structure of stents can cause slippage of loops. In the fabrication and 
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the measurement process, errors can be caused due to both the loop slippage and 
flexible structure of stents. As illustrated in the introduction, the FEM has been 
used by researchers in simulation of stent mechanics. However, the stent structural 
models are all solid models in which these stent loops are connected by the solid 
mode. The loop slippage has not been highlighted. Hence, based on this work, 
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modeling actual geometry structure for stent use, the FEM is recommended to 
improve the accuracy of prediction for stent mechanics in the future (Fig. 15.11).
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16.1 � Introduction

The wounds caused by burns and pressure sores and of acute and chronic nature 
generally excrete exudates in high quantities. Despite the fact that exudation the nat-
ural response of the body’s defense mechanism, it can prevent wound healing and 
provide an effective medium for microbial growth [1]. These wounds require spe-
cific treatment, as improper treatment can result in serious infections or even prove 
fatal [2]. The key for successful wound treatment is to ensure the surrounding area 
of the wound, as well as the healthy part of the skin, is protected from infection by 
opportunistic bacteria [3, 4]. These infections can be prevented by the use of pres-
ently available antimicrobial creams, foams, hydrogels, hydrocolloid and polymer 
films, and textile medical dressings [5, 6]. Even though silver has been used as an 
antimicrobial agent for more than 2000 years, the proof of its potential cytotoxicity 
is much more recent [7–10]. There have been a number of research studies on silver 
recently, which has paved the way to new technological solutions at enable a safe sil-
ver attachment or alternative means of antimicrobial activity [11–14]. The moisture 
present in the wound becomes one of the crucial factors that influence the wound 
healing capacity [15]. Functional materials that enable this are hydrophilic medical 
dressings which, due to their characteristics (increased absorption of the exudate’s 
hydrophilic components), are capable of absorbing the exudate and some other 
impurities from the wound [16]. In the treatment of pressure sores and burns, cellu-
losic materials and their derivatives are being used as host materials in medical dress-
ings. In order to improve the hydrophilicity of cellulosic materials, standard chemical 
procedures are used in the textile industry, i.e., mercerization. Various kinds of other 
cellulose material modifications are mentioned in the literature. Among these are 
heat treatment, combination of cellulose materials with other moieties (e.g., silane 
derivatives), and regeneration of cellulose derivatives to pure cellulose [17–19].  
One of the normally adopted techniques is an alkaline treatment that results in 
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a better and quicker binding of reagents, as well as a softer feel [20, 21]. Alkaline 
treatment causes changes in the structure of the cellulose material, which lead to 
its increased hydrophilicity, but simultaneously affect the material’s mechanical 
properties. The procedure requires the use of huge quantities of chemicals (sodium 
hydroxide) and thus poses an environmental problem. Gas plasma process offers 
more ecologically acceptable options to chemical processes [22–24]. The plasma 
technique enables homogenous surface treatment; its main advantage is maintaining 
technological parameters (mechanical properties), while improving the hydropho-
bic and hydrophilic properties of the material [25–28] depending on the input gases 
used. The objective of the topic discussed in this chapter is to explore various tech-
niques for modifying the host cellulosic material so as to achieve satisfactory anti-
microbial activity and suitable hydrophilicity. The use of the solgel process enabled 
binding with commercially available silver chloride nanoparticles on the host mate-
rial and helps achieve a satisfactory antimicrobial effect. The choice of a suitable 
method for the attachment of silver chloride nanoparticles was based on one earlier 
studies, where comparison has been made on the influence of differently chemically 
modified solgel systems on the adsorption of these nanoparticles and their release 
from viscose nonwoven [29]. A commercial solgel system has been adopted since 
the same formulation was already effectively attached onto a cellulose-based fabric 
and due to the fact that such materials have a better possibility to be used in commer-
cial wound dressings during the times to come [30, 31]. The greatest attention was 
paid to finding the optimum modification processes of the cellulosic nonwoven in 
order to enhance its hydrophilic properties. The techniques used to verify the hypoth-
eses are scanning electron microscopy (SEM), in vitro release studies with Franz 
diffusion cell, atomic absorption spectroscopy (AAS), antimicrobial activity test-
ing, powder contact angle method, water retention value, atomic force microscopy 
(AFM), dynamic light scattering (DLS), and mechanical properties determination.

16.2 � Topography and Morphology of Surface

SEM technique with low magnification has been used for studying the longitu-
dinal views of single fibers (Fig. 16.1) [32]. Evidently, the surface of the sample 
does not reveal that any site-specific changes can be observed on any sample sur-
face. The entire changes in the surface caused by the used treatments appear to be 
almost evenly distributed over the whole fiber surface. Several fibers from differ-
ent parts of the treated nonwoven samples were examined with SEM and mention-
able discrepancies could not be found (addition).

The SEM images with a higher magnification show the samples having dif-
ferences between the treatment procedures exhibited in a more pronounced man-
ner (Fig.  16.2). The extent of change, resulting from different fiber treatment, 
varies from no morphological changes at all to highly altered surface features. 
The  samples P, SP, and ASP, appear to exhibit most significant changes, where 
plasma treatment was the final procedure [32].
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Fig. 16.1   Microscopic views of untreated and differently treated viscose nonwoven (low magni-
fication) [32]

16.2  Topography and Morphology of Surface
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Fig. 16.2   SEM micrographs of the untreated and differently treated viscose nonwoven with high 
magnification [32]
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This is due to the fact that plasma treatment not only leads to surface 
functionalization, but also affects the surface due to etching, that follows pro-
cedure of the plasma treatment. Of all the samples, sample P shows holes on the 
surface having a diameter of some hundred nm. The other two samples, where 
plasma treatment was the final preparation step (SP and ASP), experienced 
less rigorous changes. Samples in which the final attachment of silver chloride 
nanoparticles through the solgel process (S, AS, PS, APS) show a smoother sur-
face compared to untreated samples. The same is also true for samples where 
plasma treatment was used prior to the attachment (samples PS and APS). In 
these samples, the plasma-induced changes are less pronounced when compared 
to the samples where the silver nanoparticle attachment was not applied. It can 
be noticed particularly on the edges of holes and surface bumps, where these 
appear to be more rounded. The areas in which various features (such as holes, 
bumps, and channels) can be noticed before treatment are now for the most part 
covered with thin surface films. This effect leads to an overall reduced surface 
roughness in comparison with the untreated sample (in the case of S and AS) or 
the samples P and AP (in the case of samples PS and APS). The latter is a result 
of the used solgel procedure for the attachment of silver particles (the surface 
of fibers is first covered with a thin layer of the solgel solution, which is evenly 
distributed over the surface. It is then transformed to the gel state and leads to a 
smoother surface, as can be seen in Figs. 16.2 and 16.3). The least pronounced 
effect on the surface is due to treatment with sodium hydroxide, which exhib-
its no observable effect on the surface of treated fibers. The sodium hydroxide 
treatment produces a reaction with cellulose, thereby forming sodium cellulose. 
Silver particles could not be observed on the surface of the fibers, probably due 
to their incorporation inside the surface solgel films. Also EDS and FTIR tech-
niques have been used to add to the overall inter-operation of structural and 
morphological changes. The EDS technique has been unsuccessful due to the 
experimentally proven threshold for observation of silver on the surface, which 
has been shown to be above 600 ppm. The incorporated amount in the samples 
is far less, while FTIR could not deliver explicit proof about any surface changes 
due to the complex nature of the cellulose-based samples and the absence of 
observable interactions between silver and cellulose.
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16.3 � Determination of Surface Silver Concentration  
and In Vitro Silver Release Evaluation

The quantity determination of the incorporated silver revealed that all silver-
treated samples (S, PS, SP, AS, ASP, and APS) showed a concentration above the 
threshold, required for producing the antimicrobial effect (0.060 mg/g) [33]. The 
concentration of silver for these samples ranged between 0.077 and 0.141 mg/g.

16.3.1 � In Vitro Silver Release Studies

The cytotoxicity of silver is a relatively new approach that has recently paved 
the way for alternative methods of producing antimicrobial effect, i.e., by amino 
acid-based antimicrobial agents [34–40] or finding ways to safely attach silver 
in wound care products [2, 13, 41]. Regarding the latter, it is very necessary to 
ensure that after long-term use of the product, the silver release is prevented to 
an extent, as otherwise it can cause cytotoxic effect. Investigation has been done 
regarding the limit value of silver release from commercial medical dressings at 
which an antimicrobial effect has still been noticed. It has been shown that if less 
than 2 mg/L of silver is released within 24 h, no significant cytotoxic effect can 
be observed [10]. This value was taken into account during preparation of silver-
coated fibrous substrates in such a way that its release would not exceed the limit 
value, and thereby a safe antimicrobial effect is achieved [32]. The solgel process 
has been used to bind silver nanoparticles safely on cellulose fibrous material. This 
proved to be extremely efficient since the silver release from treated samples (as 
determined with Franz diffusion cells) and the measurements of the silver concen-
tration in the solution after the release showed that, regardless of the sequence/
combination of the used sample treatment processes, the concentration of silver 
release was very low. The entire measured data revealed silver concentration val-
ues below the detection limit, which is less than 0.05 mg/L. This investigation also 
established that silver cytotoxicity not only depends on the concentration of the 
bound silver in the dressing, but also on other factors, particularly the method of 
silver binding in the dressing and its affinity to moisture [10]. Medical dressings 
with greater hydrophilicity thus release less silver into the wound and are also less 
toxic to human cells since the bacterial kill zone in such instances is transferred 
to the interior of the dressing. On this basis, it is possible to conclude that a lower 
silver release was achieved in samples that had been alkaline and plasma-treated 
in order to increase hydrophilicity, as opposed to those without pretreatment prior 
to solgel coating. Further measures have been taken in order to ensure complete 
safety toward the silver’s potential cytotoxic effect. Emphasis has also been shown 
to the size of the attached silver nanoparticles, as it is known that the skin presents 
a rather big barrier for bigger particles. Commercial nanoparticles are a suitable 
choice, as their size, ranging from 100 nm to 500 nm, can permeate the skin [30]. 
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The size of silver nanoparticles in a suspension iSys Ag has been confirmed by 
several techniques. The SEM, AFM, and DLS techniques have been used to meas-
ure the size values of silver particles. Figure 16.3 shows the images obtained with 
the microscopy techniques, along with the particle size distribution.

The results obtained with different methods match and can also be confirmed 
with data from the published literature. Hence, even if silver chloride particles 
are released, they cannot penetrate into the body. The methods of measurement 
and release of silver are found to be suitable for the safety assessment of medi-
cal dressings with attached silver. But, it does not answer the effect of treatments 
for improving hydrophilicity on the silver release from fibrous viscose nonwoven. 
This aspect has been discussed in more detail in the foregoing sections.

16.3.2 � Reduction of Bacteria

The antimicrobial activity of untreated and treated viscose fibrous samples has 
been studied. The studies reveal that there has been no decrease in the bacteria 
Staphylococcus Aureus, Escherichia. Coli, and Pseudomonas Aeruginosa in the 
untreated viscose sample, whereas there has been a decrease of Enterococcus 
Faecalis has been 77 %. The viscose nonwoven alkaline-treated sample also does 
not exhibit antimicrobial activity against E. Coli, E. Faecalis, and P. Aeruginosa, 
while the decrease of S. Aureus has been 99 %. Plasma treatment has effectively 
decreased the number of S. Aureus and E. Faecalis bacteria, whereas an increased 
antimicrobial effect has been noticed on E. Coli and P. Aeruginosa. As the anti-
microbial activity is not to be expected after the oxygen plasma treatment and 
after the alkaline treatment where the alkali has been rinsed from the material, 
the obtained results could be seen as an error in the chosen antimicrobial test-
ing method [32]. According to the standard, after the bacterial suspension has 
been incubated with the sample, bacteria are excluded from the material by add-
ing 100 ml of distilled water and shaking for 1 min. Thereby discrepancies in the 
number of bacteria released into the water from more or less hydrophilic samples 
could occur. Despite the hydrophobic properties of the bacterial cell membrane, 
the result obtained with the antimicrobial test indicates the adsorption of bacteria 
to the viscose nonwoven, since the plasma-treated sample, that is the most hydro-
philic, showed a reduction in two out of four bacterial strains [42]. The decrease 
has been seen in only one bacterial strain, in the case of the alkaline-treated and 
the reference samples. The antimicrobial effect of all the silver-treated samples 
is evident. Silver, which is known to effectively destroy numerous microorgan-
isms (broad-spectrum effect), also destroyed the S. Aureus bacteria in investiga-
tion done. These microorganisms have the potential to cause many human diseases 
from skin infections (impetigo or scabbing, postural rash, boils, carbuncles, 
skin abscesses, etc.) to life-threatening diseases such as pneumonia, meningitis, 
osteomyelitis, endocarditis, toxic shock syndrome, bacteremia, and septicemia. 
S.  Aureus is one of the five most common pathogens in hospital infections and 
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often causes postoperative wound infections [43]. All the silver-treated dress-
ings also inhibited the E. coli bacteria, which is best known as intestinal bacte-
ria, but can cause infection in almost any organ or anywhere in its host due to its 
opportunistic character; namely it takes advantage of other bacterial infections in 
the body for its own growth. All infections result in bacteremia and subsequently 
to sepsis and septic shock [44, 45]. All samples of viscose nonwoven, except the 
alkaline-treated sample, effectively decreased E. Faecalis bacteria, which are 
connected to endocarditis and bacteremia, urinary tract, blood circulation, and 
postoperative wound infections [46–48]. Also, they are resistant to many types 
of antibiotics [49]. Silver-treated medical dressings can destroy P. Aeruginosa 
bacteria that cause infection of burns and open wounds. The solgel system with-
out silver may also contribute to a lesser extent to the antimicrobial activity, as 
some studies represent the silanols as a novel class of antimicrobial agents [50]. 
Considering the present and other studies [2, 6, 11, 13, 29, 42, 51], and because 
of silver’s great efficiency, finding better methods for binding of silver, while 
simultaneously ensuring suitable hydrophilicity, is a more favorable approach than 
completely denouncing silver due to its possible cytotoxicity. The use of super 
hydrophilic materials in combination with silver binding techniques adopting the 
solgel process has made it possible.

16.3.3 � Water Contact Angles and Water Retention Values

Medical dressings are expected to possess hydrophilicity, as it enables absorption 
of exudates, bacteria, and other impurities from a wound [32]. Figure 16.4 depicts 
the hydrophilic properties of the untreated and differently treated samples as water 
contact angles and water retention values. The water retention experiments have 
been carried out in quadruplicate; accordingly, the results are presented as aver-
ages with standard errors. It can be seen from the figure that all the treatment com-
binations enhanced the hydrophilic properties of viscose nonwoven. But, each 
treatment contributed differently to the reduction in the contact angle between the 
material and water (samples A, P, and S).

The sequence of treatments and their combinations also had varied effects on 
the contact angle. Contribution of an individual treatment in combination with 
others is not the same as the result of an individual treatment. A decrease of 35 % 
in the contact angle has been observed in the alkaline-treated sample A compared 
to the reference sample. The biggest reduction in the contact angle is noticea-
ble in the plasma treatment (sample P) and amounts to 67 %. The viscose non-
woven silver-treated samples have been least affected in hydrophilic properties 
and had the minimum contact angle. The contact angle was reduced by 19  %. 
To ensure wound healing, a medical dressing has to have an excellent hydro-
philic as well as antimicrobial activity. Hence, research also focused on find-
ing the right combination of the mentioned treatments. As shown in Fig.  16.4, 
the sample AS, which first underwent alkaline and then antimicrobial treatment, 
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does not exhibit such good hydrophilic properties as it did after the alkaline treat-
ment alone (sample A). The contact angle has decreased by 18 % compared to 
the reference sample and is practically the same as in the sample S. Thus, it can 
be concluded that the solgel process nullified the effect of the alkaline treatment, 
expanded the structure of cellulose fibers, and hence enabled the access to the 
amorphous regions of the fibers interior [50]. This can be attributed to the over-
laying of viscose fibers with the solgel coating, which prevented water penetrat-
ing through the surface of the fibers and into their interior. Similar results are 
observed when comparing the samples P and PS, which were plasma-treated to 
get hydrophilicity. Applying oxygen plasma with a high density of neutral oxy-
gen atoms that react with the surface of the viscose material results in two dif-
ferent effects. Firstly, it creates new oxygen-rich functional groups (among 
other—COOH groups), and secondly, it enlarges the openings on the fiber sur-
face [22, 23]. This can be observed in Figs. 16.2 and 16.3 (especially for sam-
ple P). Combined effect of the etched surface and the presence of hydrophilic 
functional groups on the surface is an excellent hydrophilicity of the modified 
material. Further treatment of such material using the solgel system would most 
likely make the fiber surface more waterproof, as in the sample AS. Also, the 
combination of both techniques to increase the material’s hydrophilicity and 
subsequent treatment using silver (sample APS) did not significantly reduce the 
contact angle. The sample SP showed different results for that was first treated 
with the solgel system and subsequently plasma-treated. The measurements of 
contact angle and the SEM micrograph analysis have revealed that the oxygen 
plasma treatment resulted in changes of the previously solgel-coated fibers. The 
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sample P showed less significant changes compared to the previously untreated 
material. The reason for this is most likely in the chemical composition of the 
iSys LTX binder, whose components are of organic–inorganic origin. As it has 
been proved that a satisfactory reduction in the contact angle (57 %) is reached 
with a combination of treatments, i.e., first a solgel coating, followed by a plasma 
treatment (sample SP), the same or improved results were expected in the case 
of the sample ASP. But, no improvement in the hydrophilic properties has been 
noticed with the alkaline pretreatment of the sample, as the contact angle of the 
finally treated sample has decreased by only 34  %. The cause of the increased 
contact angle—as compared to the sample SP—could lie in the greater concen-
tration of the solgel system that was adsorbed to the previously alkaline-treated 
material. Initial investigations have revealed an increase of three times in the 
concentration of the adsorbed solgel reaction mixture. But, additional studies 
will be required to find a statistically significant correlation between the treat-
ment effect and the mentioned solgel adsorption. The alkaline treatment, which 
is known to effect the inter-molecular hydrogen bonds between cellulose chains, 
is expected to loosen the fibers’ structure and open its pores [52, 53]. The latter 
could have had an effect on the greater solgel precursor absorption that plasma 
could not modify as successfully as the untreated viscose surface. Comparison of 
samples P and SP showed similar effect. The influence of the different treatments 
on the contact angles, as explained above, are mostly confirmed by the compari-
son of the water retention results (Fig.  16.4). The water retention value for the 
sample A stands out, since it could be expected to be slightly by higher, given 
the results of the contact angle measurements. The sample P showed the greatest 
water retention percentage. The plasma and alkaline treatments create difference 
in the degree of retained water and contact angle values. The contact angle has 
a more pronounced effect and creates hydrophilic groups on the surface of the 
material and in its interior as well. In order to achieve greater hydrophilicity with 
alkaline treatment, a higher alkali concentration should be used. The pores of the 
cellulosic fibers that were initially enlarged with alkaline swelling get closed due 
to the high drying temperature that subsequently follows the alkaline treatment 
(70 °C). The influence of high temperature on cellulose has also been reported, 
wherein it has been found that heat treatment increases surface hydrophobicity 
and reduces swelling capacity of cellulose model thin films [17]. As the solgel 
system covered the fiber surface and blocked its pores with applied antimicrobial 
coatings, the improvement in water retention of all the samples has been insig-
nificant. Only plasma slightly modified their hydrophilicity (sample SP).

16.3.4 � Mechanical Properties

The tensile properties of differently treated viscose samples have been measured 
in terms of breaking force and elongation [32]. These factors are considered to be 
crucial as the investigation aims to develop medical dressings that must not tear 
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during application or removal from the wound. This creates additional pain for the 
patient and also further damages the already sensitive wound and surrounding tis-
sue. The breaking force for differently treated viscose samples, measured in hori-
zontal and longitudinal directions, is presented in Fig. 16.5.

The elongation in longitudinal and horizontal directions is presented for all 
samples, depending on the treatment used (Fig. 16.6). When the untreated sample 
and modified ones have been compared, it is found that all treatment procedures 
increased the breaking force of the material [32].

Among them, the sample ASP, which underwent first the alkaline, then the 
antimicrobial, and in the end the plasma treatment, exhibits the greatest break-
ing force in the horizontal and the longitudinal direction. The breaking force 
increased to the same extent for samples A and APS, followed by the sample AS. 
All the samples have been subjected to alkaline treatment which most likely tan-
gled together the viscose fibers in the nonwoven fabric during the intensive rins-
ing of the alkali solution, rather than damaged the smooth surface of the fibers. 
Hence, there is increased friction between the rough surfaces of individual fibers 
during breaking force testing and it becomes more difficult to separate the tan-
gled fibers that eventually results in increased breaking force. Subsequent appli-
cation of the solgel system (sample AS, Figs. 16.2 and 16.3) most likely fills in 
the rough surface of the fibers and softens the fibers due to the addition of a wet-
ting agent. It also enhances the fiber smoothness. It can be inferred from the test 
results that etching of the fiber surface by plasma treatment (sample P) enhances 
the friction between the fibers during the breaking force testing, even though this 
effect is not as significant as in the case of the alkaline-treated fibers. The plasma 
treatment that follows the alkaline treatment etches the surface further and loses 
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smoothness even after the solgel treatment (sample APS, Figs.  16.2 and 16.3), 
unlike in the case of the sample AS. When the application of solgel coating is 
followed by plasma treatment, it increases the sample surface roughness and thus 
improves friction between fibers. The solgel-coated fibers are not completely 
smooth as the breaking force value of the sample S has increased nearly twice as 
against the untreated sample. As expected, all the treatment methods reduced the 
elongation at break of the viscose nonwoven (Fig. 16.6) because of the breaking 
force measurement results. But, the differences are not as prominent. The plasma 
treatment had the biggest effect on the reduction of the elongation at break of the 
viscose nonwoven, as well as the greatest morphological effect on the surface of 
the fibers (Figs.  16.2 and 16.3). The antimicrobial treatment affected the elon-
gation at break the least, among all treatments. The viscose nonwoven that was 
chosen as the input material has very good tensile properties on its own since it 
is used in the production of medical dressings. The most important finding from 
the performed set of tensile testing is that none of the treatments worsened these 
properties. Overall, all the treatment combinations improved the breaking force. 
The alkaline treatment had the greatest effect in this regard; therefore, the sam-
ples AS, APS, and ASP are most suitable for a potential medical dressing that 
includes antimicrobial treatment. Among these samples, the most pronounced 
reduction in the elongation at break was observed with the sample APS. The 
sequence of treatment used with this sample appears to be well most promising, 
considering the tensile properties.
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16.3.5 � Air Permeability

Maintaining the moisture of the wound surface is basic requirement of open 
wound treatment. The air permeability, apart from hydrophilicity, also affects the 
moisture of the wound, as it significantly contributes to an optimum ‘breathing’ of 
the wound and the evaporation of fluids from the wound [32]. When air permeabil-
ity of a wound dressing is high, it could dry out the wound and cause death of the 
cells and thereby produce an undesirable effect on the rate of wound healing [51]. 
The air permeability values of untreated and differently treated samples of viscose 
nonwoven are shown in Fig. 16.7.

Sample A permeated the least air in comparison with the reference sample; 
air permeability was reduced by 62 %. This could be attributed to not only in the 
influence of the alkaline treatment on the cellulosic material that resulted in fiber 
swelling, but also in the whole process of alkaline treatment. During intensive 
rinsing of alkali swelling solution, the fibers in the nonwoven fabric got tangled 
and hence decreased the air permeability due to the closing of fiber-to-fiber inter-
stices. This assumption is confirmed by comparing all the samples, whereby it is 
clear that all the samples that included alkaline treatment have lower air perme-
ability than the reference sample. The plasma treatment contributed the most to the 
increase in air permeability of the material (sample P). This phenomenon is most 
likely due to in the etching of the fiber surface. The thinner fibers could have been 
burned by the plasma and hence reduced the density of fiber web. Comparison of 
samples S, AS, and PS also indicates that plasma has a permanent effect on air 
permeability since it was maintained even after the solgel treatment. The plasma 

Fig. 16.7   Air permeability for untreated and differently treated viscose samples [32]
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treatment did not significantly increase the air permeability of the previously alka-
line-treated samples, where rinsing caused a permanent entanglement of the fib-
ers, when the sample A has been compared with those of samples APS and ASP. 
Treatment of the material with the solgel process affected the air permeability only 
slightly. The air permeability was only minimally reduced, which is speculated to 
result from the addition of Kollasol wetting agent and a slight thickening of the 
fibers due to a layer of a binder and nanoparticles. But nonetheless, applied solgel 
coatings preferably embed individual fibers only with little or no surplus silane 
coatings filling out the inter-fiber voids in the fibrous network. It is necessary 
that medical dressings besides maintaining moist surface of wound should pos-
sess hydrophilicity and also be capable of absorbing exudates, bacteria, and other 
impurities from a wound. The decrease in air permeability is an advantageous 
aspect that contributes to a faster wound healing. The samples AS, APS, and ASP 
prove to be best suited for potential medical dressings.
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17.1 � Introduction

Polyethylene terephthalate (PET) finds a broad range of medical applications, of 
which implants are one such. But, many human deaths have been reported due to 
PET graft failures, and the actual number of deaths from PET graft failures is feared 
to be much more than those officially recorded, as fear of litigation could prevent 
reporting of failures [1–6]. The graft failures can also be attributed to other causes. 
Of these, the surgical failures of grafts can be due to causes such as thrombosis and 
infection, rather than the failure of the textile material, or death of elderly patients 
from natural causes or causes other than graft failure [5]. In vivo, both circum-
ferential and longitudinal cracks have been noticed on the ruptured polyester and 
polypropylene implants [7–11]. The premature rupture of PET implants is caused 
by a number of factors such as repetitive pulsatile blood flow pressure, high blood 
pressure, and body fluid environments [5]. These physiological stresses on implant 
materials can be continuous or intermittent; for example, an anterior cruciate liga-
ment (ACL) graft encounters constant stress [12]. Also, all vein grafts undergo arte-
rial pulse pressure [13]. The average time for implant failures is usually 7.0 years, 
but it ranges from 12 months to 19 years. It has been found that residual stress in 
textile implants created during textile processing (spinning, winding, warping, siz-
ing, and weaving) causes the formation of cracks and the deterioration in mechani-
cal properties through chemical degradation [14]. Low-temperature cast coagulation 
technique has been used in an attempt to minimize the residual stress during pro-
duction and formation of cracking during use. But, these implants still have pro-
duced stress cracks in vivo because of hydrolytic degradation [15]. Alkalis and 
amines have long been used to understand the fine structures of apparel-grade PET 
[16, 17]. Apparel-grade polymers and processing equipment have been used in the 
earlier developed PET implants. But, advances in spinning and polymer technol-
ogy (spin finish, process machineries) have enabled production of high-tenacity 
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PET for medical applications where long-term durability is necessary [18, 19]. PET 
yarns for industrial applications (medical applications, geosynthetic applications) 
require complex drawing and heat treatment in order to obtain the required tenacity, 
extensibility, thermal shrinkage, orientation, and crystallinity of fibers [20]. As for 
instance, the tenacity and extensibility of apparel-grade polyester is 26 cN/tex and 
30–40 %, respectively, while the value is 85  cN/tex and 7 % for industrial-grade 
fiber [21]. In the USA and Canada, the implant failures have to be compulsorily 
be documented with the Federal Drug Administration (FDA) and Health Canada, 
respectively, outlining ‘event description’ and ‘manufacturer narrative,’ as well as 
deterioration of effectiveness of the medical device which has caused death or seri-
ous deterioration in the condition of a patient [22, 23]. It is not legally required to 
submit laboratory test results for performance evaluation simulating accelerated 
physiological conditions. The previous investigation showed that alkaline degra-
dation of PET under applied loading conditions produced surface cracks when the 
applied load was above the yield load at room temperature [24]. The investigation 
discussed herein utilizes two loading conditions (applied load and preload) and 
three aqueous chemical solutions (sodium hydroxide, sulfuric acid, and ammonium 
hydroxide) to determine if the in vivo formation of circumferential and longitudinal 
cracks in PET implants can be predicted before implantation. Moreover, the inves-
tigation has used empirical equations to calculate the approximate lifetime of the 
PET implants made from high-tenacity medical-grade polymer.

17.2 � Changes in Properties of NaOH-Treated PET

PET-A and PET-B samples have been treated in aqueous NaOH in relaxed state 
and under applied loads as well, and the weight loss (%), breaking load (cN), and 
breaking load (%), and also the surface characteristics have been determined. The 
weight loss (%) in both the cases increased with increasing duration of treatment 
[25]. A similar trend in weight loss (%) increase with treatment time has been 
noticed for the samples treated with aqueous NaOH in applied loading and pre-
loading conditions. But, the weight loss (%) of the applied-loaded and preloaded 
samples has been found to be greater than the relaxed samples under the same 
conditions of treatment. As an instance, after 4  days of treatment in aqueous 
NaOH, the relaxed PET-A samples (PET-A/NaOH/zero load) lost 15.3 % weight, 
whereas the applied-loaded samples (PET-A/NaOH/246  MPa applied load) lost 
20.2 %, and the preloaded samples (PET-A/NaOH/246 MPa preload) lost 19.4 % 
weight. One reason for the slight increases in weight loss (%) for the stressed 
and prestressed samples was the increase in surface area, or reduction in lin-
ear density of the fiber due to stress, as the relationship was found to be inverse 
between weight loss (%) in alkaline medium and fiber decitex (weight loss (%) 
α 1/sqrt d: d is the fiber decitex) [26]. The reduction in breaking load (%) in the 
case of the relaxed samples treated in aqueous NaOH has been found to be simi-
lar to the corresponding weight loss (%), except for the 96-h-treated samples. The 
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96-h-treated samples in the relaxed condition (PET-A/NaOH/zero load) produced 
a higher breaking load (%) than the corresponding weight loss (%). The reduction 
in the breaking load (%) in the case of the applied-loaded (PET-A/NaOH/246 MPa 
applied load, PET-B/NaOH/246 MPa applied load) and preloaded samples (PET-
A/NaOH/246 MPa preload; PET-B/NaOH/246 MPa preload) has been found to be 
much greater than the corresponding weight loss (%). The reason for the higher 
breaking load (%) for the applied-loaded and preloaded samples than the relaxed 
samples is highlighted in the scanning electron micrograph section.

17.3 � Changes in Properties of Sulfuric Acid  
and Ammonium Hydroxide-treated Poly 
(Ethylene Terephthalate)

In the case of PET—samples treated with sulfuric acid and ammonium hydrox-
ide—the weight loss (%), breaking load (cN), and breaking load loss (%) have been 
measured. There has been an insignificant weight loss (%) for sulfuric acid-treated 
samples in relaxed and applied loading states [25]. But, the breaking load loss (%) 
was significantly higher for all three conditions and increased with the increas-
ing duration of treatment. For example, the sample (PET-A/sulfuric acid/246 MPa 
applied load) treated with 5 % sulfuric acid for 96 h lost 70 % of the breaking load. 
A similar trend in weight loss (%) and mechanical loss (%) was observed with the 
ammonium hydroxide-treated samples. The extent of influence on the mechanical 
properties of PET by the aqueous solution of ammonium hydroxide is dependent 
on the solution concentration and stressing conditions. While the weight loss (%) 
of ammonium hydroxide-treated samples was unchanged, the breaking load loss 
(%) increased with the increasing applied loading conditions and concentration of 
ammonium hydroxide. As an instance, at 2 % ammonium hydroxide and 246 MPa 
applied load, the reduction in breaking load has been 23.5 % compared to 69.1 % 
for 5 % ammonium hydroxide under similar treatment states. The data obtained for 
weight reduction (%) match with those published in the literature, as no weight loss 
(%) has been obtained when PET was treated in aqueous ammonia at 30  °C for 
10 days and n-butylamine at 21 °C for 72 h [17, 27]. But, a small amount of weight 
loss (3.3 %) has been reported when polyester was treated with 10 % (w/w) aque-
ous solution of ethanolamine for 6 h at 100 °C [17].

17.4 � Scanning Electron Micrographs

Figures  17.1 and 17.2 depict the scanning electron micrograph (SEM) photo-
graphs for the virgin (untreated) PET-A and PET-B samples. There are no cracks 
or grooves observed in these two PET samples [25].

17.2  Changes in Properties of NaOH-Treated PET
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The surface appearance of the PET-A sample treated in the relaxed condition 
(PET-A/caustic soda/zero load) for 96  h with 10  % caustic soda (weight loss: 
15.3  %). The overall fiber surface treated with alkali in the relaxed condition is 
rougher than the surface of the virgin PET sample. Even though no circumferen-
tial cracks have been observed on this micrograph (Fig. 17.3), a few longitudinal 
pits can be seen. These longitudinal pits are similar to those obtained in the alka-
line hydrolyzed PET samples containing titanium dioxide [28] and are responsi-
ble for the larger breaking load loss (%) than the corresponding weight loss (%). 
Conversely, the micrograph of PET-B (PET-B/caustic soda/zero load) treated in the 
relaxed state for up to four full days in 10 % caustic soda (weight loss: 18.5 %) did 
not produce any longitudinal or circumferential cracks. There have been no notice-
able longitudinal pits as samples of PET-A (PET-A/caustic soda/zero load) have 
been treated for up to 72  h (weight loss: 11.9  %) in the relaxed condition with 
10  % caustic soda. The surface characteristics of PET are different for different 

Fig. 17.1   Scanning electron 
micrograph of virgin PET-A 
[25]

Fig. 17.2   Scanning electron 
micrograph of virgin PET-B 
[25]
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Fig. 17.3   Scanning electron 
micrograph of PET-A treated 
in the relaxed state with 10 % 
NaOH, 96 h [25]

loading conditions and PET types. Longitudinal cracks have been noticed in the 
PET-A samples (not visible in SEM photographs) as the applied load was below 
yield load (<246 MPa) of PET, and no visible cracks in either direction have been 
seen in the PET-B samples (not seen in SEM photographs), except the treated sam-
ples of 4 full days with 123 MPa applied loading condition, which shows the onset 
of crack formation. But, as the applied load exceeded the yield load of 2000 g or 
246 MPa, severe circumferential and longitudinal cracks have been created in the 
PET-A samples (Fig.  17.4), and longitudinal cracks have been observed in the 
PET-B sample (Fig. 17.5). The length and width of the cracks increased with the 
severity of the hydrolysis. The yield load was determined by the ‘slope threshold’ 
method using an Instron Universal Strength Tester and was found to be 1220  g 
for PET-A and 1240  g for PET-B. The longitudinal cracks have been more pro-
nounced in the stressed PETA sample (Fig.  17.4: PET-A/caustic soda/246  MPa 
applied load) than the relaxed PET-A sample (Fig.  17.3: PETA/caustic soda/
zero load) under identical hydrolysis conditions. The longitudinal crack patterns 

Fig. 17.4   Scanning electron 
micrograph of PET-A 
treated with 10 % NaOH, 
96 h/2000 g load [25]

17.4  Scanning Electron Micrographs
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(crack length, width, and frequency) are different for PET-A (Fig. 17.4) and PET-B 
(Fig. 17.5) for similar treatment conditions. The difference in dimensions of crack 
size in PET-A and PET-B arises from the presence of different size crystals, which 
depend on the processing history. The size and number of crystal formation are 
influenced by the rate of heat-setting and cooling (nucleation rate). It is known that 
smaller and more numerous crystals are formed with a high nucleation rate, while 
larger and fewer crystals are formed with a slow nucleation rate [21]. The circum-
ferential and longitudinal cracks in the stressed PET samples are similar to those 
observed in the ruptured PET implants in vivo that resulted in numerous human 
deaths [7, 9, 10]. There have been no cracks when samples have been treated under 
loading conditions in water alone (micrograph not shown).

The circumferential cracks have been created due to the applied load, which 
exceeded the yield load and alkaline environment, and the longitudinal cracks in 
the PET-A sample could possibly have arisen from surface defects or due to the 
presence of titanium dioxide, as the sample is bright and contains about 0.1  % 
TiO2, although titanium dioxide should not be used in medical-grade PET as it 
damages cell membranes [29]. Alternatively, the PET-A sample might have manu-
facturing defects, possibly from the heat-setting treatments.

As the surface defects can be identified by the treatment of PET with caustic 
soda in relaxed and applied loading conditions, further studies have been con-
ducted to find whether other loading conditions and chemicals could be used to 
detect such defects in PET implants before their implantation into the human 
body. One such loading condition was ‘preloading’ the PET samples before their 
treatment with the alkaline solution. A residual stress is generated in the samples 
by the preloading condition. The residual stress in the textile structure is created in 
two ways: (a) during conversion of fibers to yarns and yarns to fabrics spinning/
winding/warping/weaving) and (b) during normal functioning in the human body 
because of intermittent pulsatile forces. It is reported that the residual stress in the 
textile structure is responsible for premature rupture of small-caliber straight tubes 
(bifurcated grafts, femoro-popliteal grafts and axillo-femoral grafts). Figure 17.6 

Fig. 17.5   Scanning electron 
micrograph of PET-B 
treated with 10 % NaOH, 
96 h/2000 g load [25]
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shows the scanning electron micrographs obtained from the prestressed sample 
of PET-A (PET-A/NaOH/246  MPa preload) treated in 10  % alkaline solution at 
40  °C. Both circumferential and longitudinal cracks can be seen in this micro-
graph. In contrast, only circumferential cracks are present in the PET-B pre-
stressed (PET-B/caustic soda/246 MPa preload) sample (micrograph not shown). 
The longitudinal cracks in the prestressed sample (Fig. 17.6) are much wider and 
deeper than the relaxed sample (Fig. 17.3) [25].

But, the longitudinal and circumferential cracks are far less pronounced than 
those in the 246 MPa applied-loaded samples (Fig. 17.4). The longitudinal cracks 
in the prestressed sample are far more pronounced than the circumferential cracks. 
It appears that the longitudinal cracks in all three alkaline-treated PET-A samples 
(relaxed: Fig. 17.3, applied loaded: Fig. 17.4 and preloaded: Fig. 17.6) are paral-
lel to each other and the angle between the longitudinal cracks and fiber axis is 
approximately 2°–5° (Fig.  17.6). Similar longitudinal pits and craters have been 
observed in the explanted Vanguard stent–grafts [7]. The surface of the virgin pol-
yester fiber normally has many flaws or cracks, which are absent in the scanning 
electron micrographs (Figs. 17.1 and 17.2), but can be seen using very high mag-
nification in the form of fine surface topography [30]. The molecular force in the 
case of PET along the transverse direction is much weaker in comparison with the 
molecular force in the longitudinal direction, and, in thermotropic polyesters, the 
circumferential strength is only 20 % of the longitudinal strength and the modulus 
is less than 10 % of the longitudinal value [31, 32]. As the fiber is subjected to 
stress, the stress concentration at the tip of each crack increases the magnitude of 
the crack. The line of maximum stress in the whole fiber is across a plane 90 to the 
fiber axis, and locally, it is along the line of the crack opening. These two direc-
tions usually coincide to give circumferential cracks when the fiber is under stress 
during alkaline hydrolysis [33]. Moreover, circumferential cracks are formed dur-
ing aqueous alkaline treatment in the loaded state, as the load becomes more than 
the yield load because of the transformational changes of the fiber [24, 34]. This 
conformational change exerts strain on the ester bonds that break easily due to 
the weakest bond energy of C–O in the ester bond [35]. As for the longitudinal 

Fig. 17.6   Micrograph 
of prestressed sample 
(prestressed for 48 h) treated 
with 10 % NaOH in relaxed 
condition, 40 °C for 96 h [25]

17.4  Scanning Electron Micrographs
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cracks in the applied-stressed and prestressed samples, the load beyond yield load 
increases the shear stress in the inherent defects of the fiber, thereby overcoming 
the circumferential forces responsible for longitudinal cracks. These longitudinal 
cracks stay in the fiber and help in the penetration of hydroxide ions, increasing 
the depth and length of the longitudinal cracks [36]. Though the pH of the blood 
(7.4) is far lesser than that of the caustic soda, however, the similar level of applied 
loading and preloading conditions can be encountered by implants in the human 
body. In the case of PET-A samples treated with 5  % sulfuric acid, the cracks 
have not been noticed in the relaxed (not in figure) and the stressed states as well 
(Fig. 17.7: PET-A/sulfuric acid/246 MPa applied load).

The same surface characteristics have been noticed in the case of the PET-A 
samples treated with 2  % (not in figure) and 5  % ammonium hydroxide in the 
relaxed state (PET-A/ammonium hydroxide/zero load [25] (Fig. 17.8).

The smooth appearance of the acid and ammonium hydroxide-treated samples 
with 246 MPa loading conditions was surprising, as both PET-A samples (PETA/
sulfuric acid/246 MPa applied load; PET-A/ammonium hydroxide/246 MPa applied 

Fig. 17.7   Micrograph of 
2000 g stressed sample 
treated with 5 % H2SO4, 
40_C/48 h [25]

Fig. 17.8   SEM of PET 
having 5% NaOH at room 
temperature in relaxed 
state (120 days)



203

load) lost about 70 % breaking load. The findings indicate that the reaction of sulfu-
ric acid and ammonium hydroxide in relaxed and stressed states (below and above 
yield loads) occurs all over the actual substance of the fibers with a gradual chemi-
cal degradation of PET and splitting of linkages in the long-chain polyester mol-
ecules. In the case of polyester treated with neat n-butylamine at 21 °C for 72 h, 
however, the formation of spiral, helical, circumferential, and longitudinal cracks 
on various amine-treated polyesters has been reported [17, 37].

17.5 � Proposed Chemical Reaction

The degradation effect of caustic soda on the properties of polyester fibers arises 
because of chemical reaction [25]. The hydroxide anions react with the carbonyl 
oxygen atoms of the ester group to form one hydroxyl and one carboxylate end 

Fig. 17.9   Scanning electron 
micrograph of PET1 treated 
with 5 % ammonium 
hydroxide, at room 
temperature, 120 days, under 
1 kg load [25]

Fig. 17.10   Micrograph 
of 2000 g stressed sample 
treated with 5 % NH4OH, 
room temperature/120 days 
[25]

17.4  Scanning Electron Micrographs
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group in the aqueous alkaline and relaxed states [21]. Under the relaxed state, 
the highly ionized compound cannot readily diffuse into the nonpolar polyester. 
Hence, hydrolysis is confined to the polyester surface, and only the diameter of the 
fiber is decreased, but the tenacity does not change. The diffusion of the hydroxyl 
groups takes place as its size is much smaller than the cracks in PET (3.56 Å), and 
also because of the crack formation under stressing conditions, and particularly 
above the yield stress is apparently much smaller than the cracks in PET [38]. This 
diffusion of hydroxyl ions inside PET results in the removal of more PET layers in 
stressing samples than the relaxed samples, which leads to more weight loss, and 
the reaction produces one hydroxyl and one carboxylate end group as given below:

A hydroxyl and a carboxyl end group is formed due to protonation of the in-chain 
oxygen atom of the ester group, followed by the reaction with water in the acid 
media [21].

The protonation takes place in the case of ammonium hydroxide, as the ammo-
nium ion (NH4

+) is slightly acidic and dissociates into H+ and NH3. As the con-
centration of ammonium hydroxide is relatively low, more ammonium ions are 
formed in the bath as compared to the hydroxide ions, and hydrolysis takes place 
in a manner similar to acid hydrolysis [39]:

17.6 � Calculation of Poly(Ethylene Terephthalate)  
Implant Lifetime

It has been earlier reported that the weight loss (%) of medical-grade PET roughly 
fits the ICI formula given in Eq. (17.1) [27]. An empirical equation relating loss in 
breaking load with treatment time and applied load for a particular concentration 
and treatment temperature of caustic soda has also been reported [24]. The generic 
empirical equation is given in Eq. (17.2). Eqs. (17.3) and (17.4) have been com-
puted statistically for PET-A and PET-B, respectively, at 40 °C and 10 % NaOH 
concentration using breaking load (cN) data [24]

where t is the time in hours, x is the concentration of NaOH (%), T is the tempera-
ture in °C, and d is the decitex of the fiber.

R−COO−CH2CH2−O−OH −
→ RCOO+ OH−

R− COO−CH2CH2−O−H+
→ RCOO−

+ OH−

NH+

4 → H+
+ NH3

(17.1)Weight loss(%) =
0.47t

(

x
2
+ 6x

)

1.082110−rsqrt. d

(17.2)Y = β0 + β1T + β2L
2
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where Y is the predicted breaking load (cN), T is the treatment time (days), and 
L is the applied load (g).

In Eqs. (17.3) and (17.4), R2 is the coefficient of determination, S is the standard 
deviation about regression, and 95 % confidence limits for the predicted breaking 
load Y are given by _t0.025S, where t0.025 is obtained from probability points of 
the t distribution table using n2(¼12) degrees of freedom [25].

Using Eq. (17.3) for PET-A, the lifetime for 50  % loss in breaking load for 
the ‘zero applied loading’ condition would be only 7  days in 10  % NaOH at 
40  °C. As the dependence of NaOH concentration with the weight loss (%) is 
(x2 + 6x) as per Eq. (17.1), and assuming the rate of weight loss is proportional 
to breaking load loss, the lifetime can be calculated using the lower concentra-
tion of alkali that is likely to be encountered by PET implants. Thus, the lifetime 
will be about 50 years in zero loading condition considering 0.01 % or 0.0025 M 
NaOH (pH < 11). Similarly in the case of the PET-B sample, the lifetime would 
be about 45  years, considering Eq. (17.4) and taking the dependence of NaOH 
(x2 +  6x), in 0.0025 M NaOH at 40  °C. As the pH of blood is only 7.4, physi-
ological fluids alone cannot be responsible for the premature rupture of PET 
implants, as reported in a number of medical literatures. But, when a premature 
rupture takes place, the important contributing factor is possibly the site-specific 
physiological loads that exceed the polymer yield load. The use of apparel-grade 
PET materials can be another reason for premature rupture of PET implants since 
it has been observed that the retrieved PET implants in different hospitals have 
been produced from semi-dull, round cross-sectional, textured multifilament, Type 
56T Dacron [40]. This specific polyester was apparel grade and not meant to be 
used for implants. The textured and semi-dull polyesters degrade faster than the 
clear (bright) and flat filament polyester yarns [17]. The research investigation dis-
cussed herein could be the first to compute the lifetime of PET implants. But, in 
this work, the empirical equations have been computed for applied loading and 
alkaline (NaOH) conditions only, as PET implants encounter alkaline conditions 
in the human body due to the slightly alkaline nature of blood and physiological 
stress. Further, only breaking load was used for computing the empirical equa-
tions. The lifetime can also be calculated by the use of other mechanical proper-
ties such as elongation, constant stress (creep), constant strain (stress relaxation), 
and work of rupture. Elongation may be a more sensitive property to monitor than 
breaking strength, because elongation is associated with low molecular weight 
chains that degrade faster than high molecular weight chains. Certain types of PET 

(17.3)
Y = 47.1− 3.44T − 2.26 ∗ 10

−6
L
2

R
2
= 0.85, S = 2.88, 95% confidence lim = ±6 : 27

(17.4)
R
2
= 0.90, S = 3.56, 95% confidence lim = +7 : 77

Y = 56.4−4.79T − 4.36 ∗ 10
−6

L
2
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implants are subjected to constant stress in the human body, and in such implants, 
it is more suitable to use creep data for lifetime prediction. In the case of implants 
that are fixed and immovable, the lifetime requires to be computed using constant 
strain data. In the case of hypertensive patients, work of rupture is very suitable. In 
the calculation of lifetime, a number of other relevant polymer properties such as 
hardness, molecular weight, and carboxyl group formation can prove useful, based 
on the area in which the implant is situated in the body.
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18.1 � Introduction

Firefighting is a very risky task. The demands of firefighting equipment are very 
high and necessitate specific material properties. The factors involved in the 
design of protective clothing and respiratory protection are available in the lit-
erature [1, 2]. In terms of striking an optimal compromise, which is important 
due to the high level of potential hazards that are involved, it is often not pos-
sible to make a one size-fits-all decision. Practical demonstration has been done 
to determine whether the structural firefighting should also carry equipment 
specialized for fighting wildfires [3]. As the respiratory tract of the human body 
strongly influences the control of body temperature, and accounts for about 10 % 
of heat loss from the body, selection of appropriate respiratory protection is of 
paramount importance [4, 5]. The choice becomes increasingly important at high 
ambient temperatures when the ambient vapor pressure exceeds that of the skin 
as the cooling effect from sweating is inhibited under those circumstances. In the 
case of highly exertive situations, firefighters are unable to wear proper respira-
tory protection due to the increased difficulty to breathe and heat stress. The use of 
handkerchiefs and bandannas is ineffective in providing relief, unless the fabrics 
hold an electrostatic charge for the entrapment of respirable particles. During the 
First World War, electrostatically enhanced filter media have been developed for 
respiratory protection. They are sealed in a container wherein the particle ranges 
between 0.1 and 1 μm [6]. Various forms of electrostatic media have since been 
described and characterized [7], and while nonwoven filter structures currently 
dominate the market for highly charged media, it has been shown that such fil-
ters can also be manufactured in woven or knitted form for use in apparel [8–10]. 
One application that is of particular interest to this work is the use of electrostatic 
filter materials for the protection of trained and private individuals involved in 
the fighting of wildfires. If it is possible to use the superior effectiveness of such 
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filters to trap smoke particles, this protection can be achieved while imposing 
only a relatively low physiological stress on the wearer. Performance, however, 
varies strongly with the choice of materials that are used for making the electro-
static filter medium because only some fiber materials can take on and retain large 
amounts of electrostatic charge. A range of materials have been reported [11] to 
produce highly charged webs that retain stored charge over periods of many years 
[12, 13]. In firefighting, it is critical that materials resistant to high temperatures 
are used in order to avoid scalding should a person come into contact with a naked 
flame. Only a few publications on electrostatically enhanced filter media have so 
far given consideration to the aspect of high temperature [14]. This investigation 
is aimed specifically at high-temperature polymers that are used to date in PPE 
for firefighters or emergency personnel. These include polybenzimidazole (PBI), 
polyimide-amide (two different forms of Kermel), meta-aramid (Nomex), and 
para-aramid (comparable to Dupont’s Kevlar). Performances are compared to 
polypropylene (PP) blended with wool (Merino), which is another fiber that is cur-
rently used in firefighter apparel. Results of investigations showed differences in 
performance for different fiber blends. Some of these blends attained best practice 
filtration performance.

18.2 � Materials Used

Electrostatic blends of Merino wool and polypropylene have been previously 
investigated [15]. The studies indicate that such fiber blends can develop high 
levels of electrostatic charge and that the charge remains unchanged in the filter 
medium for several years. To extend the range of electrostatic blends investigated 
to include high-temperature and high-performance polymeric fibers, the new pol-
ymeric fiber materials were combined with either wool or polypropylene as the 
second component because these fibers had shown remarkable performance in pre-
vious experiments [16].

18.3 � Fiber Details

The fiber properties of the Merino wool, polypropylene, and high-temperature pol-
ymer fibers have been considered. More information pertaining to the fiber prop-
erties has been obtained from fiber length profiles which are determined using a 
fiber array sorter and from fiber diameter measurements. Data pertaining to mate-
rial densities, maximum operating temperatures, glass transition temperatures, and 
melting points are available from the literature. Wool being a nonthermoplastic 
fiber is characterized by a degradation temperature rather than a melting point. The 
properties of the various fibers clearly outlines the potential performance improve-
ment that could be achieved in terms of the operating temperature, particularly 
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over polypropylene, if it was possible to use these materials successfully in elec-
trostatic fiber blends [16].

18.4 � Processing Equipment

The nonwoven filter media have been produced on a small-scale process involv-
ing two types of fibers that were blended into a loose web before carding. More 
entanglement has been permitted by use of needle punching, so as to increase the 
mechanical strength of the web. Batches of typically 100–150 g were blended on 
a flat surface and processed on a small-scale processing line in two stages, web 
formation followed by web consolidation. Web formation was carried out using 
a card that comprised of a single swift (1000 mm wide, 1525 mm diameter, with 
card wire), three worker sets, a single doffer, and a doffer fly-comb. A corona bar 
was located at a distance of 50  mm from the fly-comb. Web consolidation was 
done on a Hunter fiber locker (needle punch) with a 300-mm by 300-mm needle 
board with 1000 needles (40 gauge, 3  in. long, barb configuration 322). Needle 
penetration was 12 mm, and the drive speed was adjustable. The width has been 
restricted to 300 mm.

18.5 � Results of Findings

The study is directed toward a specific type of electrostatic filter media, which are 
webs made from a blend of two different fiber materials. The electrostatic charge 
is created in the web due to rubbing of the fibers with each other. The rubbing 
action results in a selective accumulation of positive electrostatic charge on one 
type of fiber material (e.g., wool) and negative electrostatic charge on the other 
(e.g., polypropylene) under a process called ‘triboelectric’ charge separation. 
These clusters of accumulated charge become an electrostatic field that attracts 
fine dust particles to the fiber surfaces where they are captured. The accumula-
tion of charge in the filter medium can be very stable in the right circumstances, 
particularly at moderate to low relative humidity, and can remain there for many 
years.

18.5.1 � Filter Media

The physical properties of manufactured filter media have been evaluated. The 
blend ratio shows differences in fiber diameter, and material density for each 
fiber combination and the needling density have been set to achieve thickness of 
5 mm. The basis weight and porosity have no specific bearing, but are shown for 
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information. Variations in pressure drop arise due to design-driven differences in 
the respective web structures and are affected during dust loading by the pene-
tration of the medium and the fiber surface smoothness (e.g., affected by scales 
on wool). They are undesirable, but can only be avoided if fiber diameters are 
matched and fiber surfaces smooth.

18.5.2 � Fiber Cleanliness and Surface Charge

Wool fibers have a natural waxy coating on their surface and can store electrostatic 
charge. But it is necessary to remove this wax due to its stickiness that binds fib-
ers together. Synthetic fibers and clean scoured wool fibers are generally coated 
with spin finishes to suppress electrostatic charge, which disrupts the flow of 
fiber through the processing equipment. These surface finishes cause electrostatic 
charge to dissipate and therefore need to be removed prior to triboelectric charg-
ing of the filter medium. A number of spin finishes are soluble in water and can 
be removed by water-based scouring. Figure 18.1 depicts an infrared ATR spec-
tra obtained from meta-aramid (AM) fibers both before and after DCM Soxhlet 
extraction.

The presence of surface active agents on the fibers has been seen in the form of 
CH2 stretching vibrations. Carbonyl (C=O) stretching vibrations have also been 
seen often. Aliphatic esters have been usually seen on the high-temperature poly-
mer fibers, upon analyzing the extract residues. This is consistent with the spec-
tra obtained from the fiber surface (Fig.  18.1). Analysis of the extract obtained 
from the carbonized wool (not shown) revealed residual wool wax and surfactant 
to be the major surface contaminants. The extract residue from the polypropylene 

Fig. 18.1   Infrared ATR 
spectra of (A) as received 
AM and (B) AM after 
DCM Soxhlet extraction. 
Showing loss of CH2 and 
C=O functional groups after 
extraction [16]
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showed the presence of a POE (polyoxyethylene) fatty acid ester-based spin finish. 
In all cases, these were no longer identified after extraction. It would be reason-
able to anticipate an effect from the natural presence of surface charged species 
on some of the materials. For example, the surface of wool in its natural state is 
weathered and will thus have negatively charged sulfonate groups present from 
the oxidation of the amino acid cystine. This negative charge can be easily trans-
ferred through contact with the surface of a suitable electron-accepting material, 
thus leaving the wool surface positively charged. Hence, wool acquires a position 
on the positive charge accepting side of the ‘triboelectric series [11, 12, 17]. The 
surface of carbonized wool carries increased levels of negative charge as sulfate 
groups due to the carbonizing treatment [18]. A perceivable overall decrease in the 
fiber’s positive charge can be observed. The stability of stored electrostatic charge 
was assessed by means of nondestructive clean filter testing. Figure 18.2 depicts 
temporal changes of filter penetration for a duration of 75 days for two high-tem-
perature polymers, Nomex (AM) and Kermel Beige (PIAP), where samples were 
stored in sealed plastic bags at less than 65 %RH between individual repeats of 
tests. Each high-performance polymer fiber has been blended separately with 
polypropylene fibers or with wool and processed.

PIAP blended with PP shows a very high performance (low penetration) that 
is stable over time. But, the same polymer blended with wool shows a drastic 
decrease in performance with the penetration increasing to about 65 % before set-
tling on a performance level. The wool blend with AM is exhibiting a temporal 
performance decay that is similar to that of PIAP but settles on 70 % penetration. 
The blend of AM with PP is also decaying, but settles on a lower penetration of 
about 40 %. As it is usual for some of the stored electrostatic charge to dissipate 
over a period of about 3 days after manufacturing, even if the fiber blend is elec-
trostatically stable, it is not possible to clearly infer on the AM-PP blend merely 
on the basis of this measurement. Further information from dust loading experi-
ments may shed some light on this.

Fig.  18.2   Temporal changes in the penetration of fine particles of 0.3–0.5  mm diameter for 
blends of PP or WC with PIAP (left) and AM (right) [16]

18.5  Results of Findings
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18.5.3 � Dust Loading Performance

The deposition of dust in most filter media causes the penetration to decrease and 
the pressure drop to increase due to clogging [19]. But, if a filter medium contains 
high levels of electrostatic charge, the effect of the charge becomes the dominat-
ing influence over all other particle capturing processes and influences the change 
in penetration dramatically. Under such circumstances, the penetration increases 
rather than decrease, due to the effect of stored charge is being reduced by the 
accumulation of dust in the filter medium. As the dust load in the filter medium 
increases, the effect of clogging is strengthening and eventually becomes the new 
dominant effect which causes the penetration to decrease again [20–25]. The filter 
performance has been characterized so as to satisfactorily account for this rela-
tively complex behavior by plotting the penetration and pressure drop as a depend-
ence of the cumulative dust load challenge, which is the amount of fine particle 
dust that the medium has been subjected to. Figure 18.3 exemplifies this aspect.

Past experience has shown that in the case of uncharged media, the quality fac-
tor Q remains in the vicinity of a characteristic value Q0, which depends slightly 
on the construction of the filter test instrument. The value of Q0 is approximately 
7  kPa−1 for the ‘dust loading’ test and about 20  kPa−1 for the nondestructive 
‘clean filter’ test. From previous results, it appears that this relationship shows 
surprisingly little dependence on fiber diameter in the range of 100 nm–100 mm 
(based on comparisons of meltblown and electrospun media) and a porosity of 
the medium within 0.80–0.96 [26]. Electrostatically enhanced media, on the other 
hand, can reach Q-values that are 10–100 times higher than Q0 while they are 
in a clean state. But, with dust accumulation in the filter structure, the effect of 
electrostatic charge is decreased due to a charge shielding effect [27]. This effect 
is reflected in the dependence of the quality factor Q on dust load, as shown at 
the bottom of Fig. 18.3, which shows the value of Q falling continuously until it 
reaches an asymptotic value in the vicinity of Q0, where the medium is fully dis-
charged. This dependency is typical of highly charged electrostatic filter media, 
although there are some exceptions as illustrated in the discussion of results. 
Figure 18.4 shows the performance of P1-rated filter masks of melt blown poly-
propylene versus electrostatic wool–polypropylene filter medium. The filter masks 
investigated are model 8710 from 3  M and FR 5710 used by fire authorities in 
Australia. The latter mask has the lowest penetration of the three media compared 
and performs close to a P2 rating but imposes also the highest breathing resistance 
on the wearer, as expressed by the pressure drop [28].

The electrostatic medium shows the least pressure drop and complies with a P1 
rating for dust loads above 10 gm−2. It is well known that the electrostatic charge 
inside of a suitably designed triboelectric filter medium will remain there almost 
indefinitely [27]. An important criterion that should be satisfied to achieve this is 
to avoid adding charge depleting chemicals to fiber surfaces or to remove these 
chemicals as highlighted in the previous section. Satisfying this criterion will how-
ever not essentially always result in a highly charged triboelectric medium. The 
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combination of fiber materials used also has a very significant influence on the 
outcome as will become more obvious from the dust loading results that are pre-
sented below [29]. Figure  18.5 shows changes in penetration and pressure drop 
with increasing quantities of collected dust.

Fig. 18.3   Some examples 
of filter performances 
obtained from three types 
of electrostatic media: a 
polypropylene split-fiber 
electret (FiltreteTM), an 
all synthetic triboelectric 
medium (Technostat_) and a 
triboelectric blend of Merino 
wool and polypropylene 
(Wool–PP). The plots 
show from the top changes 
in penetration, pressure 
drop, and quality factor 
as a function of dust load 
challenge [16]

18.5  Results of Findings
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Results of four high-temperature polymers blended with polypropylene, PP, 
(left-hand side) or wool, WC, (right-hand side) illustrate clearly the initial rise 
of the penetration to a specific maximum, from which it continues to diminish 
monotonically until clogged. The pressure drop increases monotonically at the 
same time, due to continuously increasing dust load collected by the medium. 

Fig. 18.4   Comparitive 
evaluation of dust load filter 
performances of P1-rated 
dust masks 3M 8710 and FR 
5710 with an electrostatic 
wool–polypropylene blend 
filter medium [16]
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Fig. 18.5   Dust load dependencies for penetration, pressure drop, and quality factor of various high-
temperature fiber blends with polypropylene PP (left column) and wool WC (right column) [16]

18.5  Results of Findings
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The  quality factor given below is used to simultaneously track penetration and 
pressure drop changes of the filter medium, as it changes also with increasing dust 
load.

where Q is the quality factor and Δp is the pressure drop.
This quantity is generally fairly constant for essentially uncharged filter media, 

as is the case for the WC–PIAT blend in Fig. 18.5. Strongly enhanced media like 
WC–PP, on the other hand, can initially reach quality factor values more than 
10 times higher due to electrostatic charge. The quality factor then drops to an 
asymptotic value close to that of an uncharged medium. All quality factor curves 
of fiber blends containing polypropylene (left-hand column) follow this behavior. 
But, in the wool fiber blends (right-hand column), only the blend of wool with 
polypropylene shows high levels of electrostatic charge. All other blends com-
mence in the vicinity of the discharged value Q and Q0 from where some blends 
reach slightly higher values for a period of time (e.g., WC–PIAP), while others 
drop (e.g., WC–PIAT), but only to return to Q0 as the media lose the effect from 
electrostatic charge. In the case of the blends of WC–PBI and WC–PIAT, the 
measured penetration attains values greater than 1, which is reflected in the nega-
tive quality factor values. This behavior is seen on many occasions where filter 
media with nonpermanent charge have been tested. One possible explanation is 
that the filter medium is actively releasing some of the collected test dust back into 
the airstream. Dust loading performances of electrostatic fiber blends that contain 
aramids (AM, AP) are shown in Fig. 18.6.

A typical strong electrostatic enhancement is obtained for para-aramid fibers 
(AP) blended with polypropylene (PP), while results for the respective blend with 
wool (WC) suggest the presence of low levels of unstable charge. Meta-aramid 
(AM) fiber blends, on the other hand, have shown quite unusual performance pat-
terns that have not been seen for any other fiber combination. The penetration of 
AM blends with both PP and WC, remained remarkably constant for dust loads 
up to 70 gm−2 in the case of PP–AM, and even higher for WC–AM. The initial 
quality factor of 30 kPa−1 is not terribly high, but it remains significantly elevated 
for the duration of the test, up to 120 gm−2. This implies an intermediate perfor-
mance level of permanent electrostatic charge that is for some reason only weakly 
affected by charge shielding [27]. Moreover, the blends of AM with WC and PP 
with WC are the only wool-containing blends that show significant levels of elec-
trostatic charge.

18.5.4 � Discussion of the Findings

The range of electrostatic filter media used can be grouped into three main cat-
egories based on their penetration maxima from dust loading performance testing. 

Q =
− ln (P)

�p
.
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Fig. 18.6   Dust load 
dependencies for penetration, 
pressure drop, and quality 
factor of aramid blends 
(meta-aramid AM, 
para-aramid AP) with 
polypropylene (PP) or wool 
(WC) [16]

18.5  Results of Findings
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But, as the pressure drop has to be included with the penetration in the perfor-
mance assessment, the corresponding grouping based on quality factor Q is also 
done. It is interesting to note that there is a group of filter media that perform to 
an intermediate level for which the stored electrostatic charge is perfectly stable 
over time. Such media do not match with the performance of the very best fiber 
blends. This is quite different to the media that exhibit low performances, where 
electrostatic charge is unstable and generally decaying over a period of a few days. 
A subgroup in the intermediate performance group shows unusual charge deple-
tion characteristic. The quality factor is not particularly high for the filter medium 
as new, but it remains at that level for accumulated dust loads of 80 gm2 or more. 
Hence, the medium has an unusually high ‘dust holding capacity,’ as the expected 
‘standard’ behavior would be a continuous, asymptotic reduction of the quality 
factor into the vicinity of Q0 where the medium is discharged. These media all 
have meta-aramid (Nomex) as one of the blended components. It would be con-
venient if it was possible to predict which blends generate high levels of quasi-
permanent electrostatic charge and would hence be suited for the manufacture of 
high-performance filter media. The storage of electrostatic charge locally on fiber 
surfaces and the conditions under which they remain quasi-permanently attached 
has however been a scientific challenge for some time [11, 12, 17, 30, 31]. It has 
been suggested that the ‘triboelectric series’ of polymers, from which it is possible 
to determine for a combination of fiber polymers which one is likely to attract the 
positive charge and which one the negative, can provide some useful guidance in 
this regard. A number of polymers, like poly(ethylene terephthalate) (PET), read-
ily accept charge when they are rubbed against a surface, but subsequently lose 
this charge within a period of hours to a few days. It has been suggested that the 
quasi-permanence of electrostatic charge, or the lack of it, is dependent on the 
electrical resistance of the polymer material, which must be very high for a mate-
rial to preserve electrostatic charge over very long durations [32]. But, Merino 
wool appears to oppose this principle by producing quasi-permanently charged fil-
ter media in a blend with polypropylene, while the electrical conductance is fairly 
high because of the huge quantity of moisture that the fiber can absorb from ambi-
ent air [33]. In effect, while the triboelectric series may give some indication of 
the chargeability of a certain combination of fiber materials, the situations which 
enable the permanence of stored electrostatic charge are still now evading any suc-
cessful prediction. Hence, it is required to determine the blends that perform best 
as electrostatic filter media through experiments. This can be done by monitoring 
the filtration performance to fine particle challenges over the useful service life of 
the medium. For the design of actual products such as bandannas, flexible respira-
tors, and respirator canisters, it is necessary to consider, in addition to the filtration 
performance, other factors that are relevant to its use. The high-temperature poly-
mers discussed herein are familiar to the firefighter apparel market, and properties 
relating to mechanical strength and abrasion resistance have been investigated by 
their manufacturers. But, the requirements of a respiratory protective device are 
different to those of apparel as breathability is a prime consideration. The elec-
trostatic filter media can be manufactured as stretchable knits with fine particle 
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penetration remaining below 0.5 (50  %) at any time during loading with dust 
[10]. Also, there is no obvious obstacle to the production of electrostatic weaves. 
In this regard, it is possible to change from respirators as add-on devices to fully 
integrated all-apparel solutions. While the filtration performance is not as good 
as that of optimized respirator cartridges, it is still highly superior to nonelectro-
static materials being used in apparels. It can be useful during prolonged exposure 
to low or medium levels of smoke particles where individuals would not wear a 
half-face respirator so as to preserve stamina and energy. Electrostatic filter mate-
rials will furthermore provide some thermal protection after short exposure to high 
temperature. When polypropylene is used as one of the components, the smoke 
particle protection will probably cease after exposure to high temperature for a 
significant time duration. This leads to reduction in protection from smoke parti-
cles. However, the high-temperature component of the fiber blend can maintain 
the thermal protection and mechanical integrity. But, because of its low melting 
point, the presence of polypropylene in a filter medium to be used in firefighting 
applications makes the wearers susceptible to scalding if they come into contact 
with a naked flame, as indicated by flame spread tests. A blend of meta-aramid 
(AM) with wool (WC) is the only material found that contains no polypropylene 
and shows a stable electrostatic charge. However, even such blend fails the flame 
spread test, which is probably because of the presence of the wool. The filtration 
performance of this material is only average, but still interesting, particularly due 
to its unusual charge dissipation behavior and the suggestion that its performance 
shows only a minor dependence on the load of captured dust. On the basis of 
higher glass transition temperatures, it may also have a superior high-temperature 
filtration performance over other materials, but has not yet been proved. When 
considering results of polyimide-amides, it is interesting to observe that the ‘as 
is’ technical-grade material of the polymer, Kermel Tech (PIAT), belongs to the 
intermediate filtration group, while the dyed apparel-grade material, Kermel Beige 
(PIAP), matches the benchmark performances set by commercial products such as 
the wool/polypropylene blend. It would mean that the dye used plays a key role in 
the overall electrostatic properties of the material.
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19.1 � Introduction

There has been a long history regarding the application of textile wound dress-
ings. Viscose fiber has been widely used in woven and nonwoven textiles as 
well. Despite the fact that viscose outscores other similar fibers such as lyo-
cell, and modal, with respect to sorption capacity and wet ability rate, these 
properties are well below those of alginate fibers. The absorption charac-
teristics of cellulosic materials can be enhanced by a number of techniques 
and chemical processes [1–7]. But, the properties of the treated materials get 
degraded by such chemical processes. The low-temperature gaseous plasma 
offers an eco-friendly option. This medium exists as thermodynamically non-
equilibrium state of gas [8–11]. The charged particles attain particular kinetic 
energy by getting accelerated in electrical fields. A number of electrical dis-
charge methods are available for producing plasma, and electrode-less high-
frequency discharges are more common as they permit production of many 
neutral excited reactive particles that include radicals, neutral atoms, and 
molecules excited to both electronically and vibrationally excited states [12]. 
Light particles (electrons) can follow changes in the local electrical field in 
such discharges so they gain kinetic energy well above the energy of random 
movement at room temperature, but heavy particles (neutral as well as posi-
tively and negatively charged atoms and molecules) cannot, providing the 
electric field frequency is more than about 1  MHz. The electrons can trans-
fer only a small amount of their kinetic energy to heavy particles and hence 
remain essentially at room kinetic temperature. In the gas phase, neutral atoms 
are often stable at considerably less pressure. They do not get lost by het-
erogeneous surface recombination, under the absence of metallic electrodes.  
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They are not lost, and hence, the dissociation fraction of gaseous molecules 
at room kinetic temperature can attain a sufficiently high percentage [8–10].
The reason for good stability of atoms at low pressure is a low probability for 
three-body collisions that can only lead to recombination of atoms to a par-
ent molecule in the gas phase. The created plasma particles are highly reac-
tive and hence create a conductive medium for the surface modification, like 
functionalization of organic materials and formation of nanostructured mate-
rials without affecting the bulk properties of solid materials [13–16]. In the 
past, the traditional theory has always been that wound should be kept dry so 
that a scab may form over the wound: The wound should be exposed to the 
air and sunlight as much as possible. The distinct demerits with these princi-
ples are that the scab, composed of the dehydrated exudate and drying dermis, 
pose a physical barrier to healing which is then delayed, since the epidermal 
cells cannot move through the scab formed. The temperature at the wound sur-
face exposed to air decreases, resulting in peripheral vasoconstriction affecting 
the flow of blood to the wound and thereby delaying further healing. Earlier it 
has been shown that the wound healing under moist conditions healed faster 
than the wounds under dry conditions, open to air [17]. The removal of exces-
sive exudate from the wound without allowing the wound to dry out, thereby 
maintaining a moist environment alone, is an insufficient benefit in modern 
wound dressings. Additional properties promoting wound healing are required, 
for example, the ability to prevent infection. The use of biologically active 
polymers through either by binding drugs onto them or by introducing vari-
ous functional groups enables to check bacterial or fungal growth on fabric. 
The quality and quantity of protonated amino groups have a good effect on 
the antimicrobial properties of functionalized fiber-oriented polymers [18, 
19]. Many metal ions have antimicrobial activity [20–22] but are either very 
toxic or not safe for patients [23–26] and the environment. Considering the 
aforementioned aspects, the wound infection control in the wound environ-
ment can be beneficial, and wound dressings having both properties are desir-
able. Most available procedures combine different functionalization steps one 
after another, that is, for improving sorption [1–7] and antimicrobial properties 
[27–38]. Also, more than 400 individual advanced hydrophilic wound dress-
ings, including 25 alginates, 55 foams, 50 hydrocolloids, 51 hydrogels, and 
24 transparent films [39] and dressings that contain and release antimicrobial 
agents at the wound surface, are available in the market [40]. However, there 
is a small literature available addressing a one-step procedure resulting at the 
same time in an excellent adsorption and bacterial load management, which 
leads to longer wear time of dressings and quicker wound healing. The influ-
ence of environmentally friendly treatment on hydrophilicity and antimicro-
bial activity has been discussed herein, and an attempt was made to define 
the practical balance between high hydrophilicity and antimicrobial activity. 
The surface composition and morphology of viscose after plasma treatment 
can be changed based on the gases used and the duration of the treatment  
[41–43]. Considering this aspect, viscose nonwoven fabric has been exposed 
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to ammonia gas at various time durations. X-ray photoelectron spectroscopy 
has been used to study the surface properties, while atomic force microscopy 
has been used to determine the morphological changes. The antimicrobial 
activities have been measured by adopting the AATCC test method, and the 
influence of plasma modification on the hydrophilicity of viscose has been 
assessed by monitoring the water rise and contact angle [44].

19.2 � Surface Chemical Composition

The effectiveness of producing nitrogen functionalities onto sample surface has 
been studied by utilizing the X-ray photoelectron spectroscopy. The spectra 
have been obtained for untreated and ammonia plasma-treated viscose samples 
(Fig.  19.1). The Fig.  19.1b exhibits a typical spectrum for a sample exposed 
to ammonia plasma for 20  s yarn. The same spectra have been obtained for 
samples treated with plasma at other exposure times (not discussed herein). 
The elemental survey spectrum of the ammonia plasma-treated viscose sample 
shows an N peak with a binding energy (BE) of 399.2 eV, which is a good evi-
dence for the presence of nitrogen atoms on surfaces [45]. The detailed data 
from XPS scans on different surfaces have been obtained. The O/C ratio for 
untreated sample slightly differs from theoretical value. The difference arises 
due to surface contaminants along with small amounts of C–C carbons prac-
tically found on all measured samples [46, 47]. The data relating to higher 
atomic percent carbon and lower atomic percent oxygen for a short duration of 
plasma exposure have been gathered. It has been observed that atomic percent 
nitrogen attains a value of 10 %. This value does not reflect the real content of 
nitrogen on the surface of the sample, since the escape depth of photoelectrons 
should be taken into account. The real concentration of N-atoms on the surface 
is probably higher. Longer duration of treatment and lower discharge power 
favor high nitrogen, as pointed out by other researchers [48]. But it is necessary 
that a high-resolution scan signal could also be acquired and properly charge 
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Fig.  19.1   X-ray photoelectron spectroscopy spectra of a nontreated, b and ammonia plasma-
treated viscose sample for 20 s [45]
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compensated to establish the peak BE. However, the technique is not useful in 
this specific case, owing to the rich morphology of the particular samples. Best 
results using high-resolution XPS spectra have been obtained for almost flat 
and homogeneous surfaces, as available from literature, and the rich morphol-
ogy leads to broadening of peaks. Hence, the characterization of materials using 
high-resolution XPS on the C1s peak fails in cases of heterogeneous materials 
with complex morphology [49].

19.3 � Surface Morphology

The application of ammonia plasma treatment on the surface morphology changes 
has been studied using atomic force microscopy (AFM). The 3D AFM images of 
untreated as well as plasma-treated viscose samples using ammonia gas for 100 s 
yarn are shown in Fig. 19.2.

It can be seen that there is a substantial difference between untreated and 
plasma-treated samples [45]. The morphology of the plasma-treated sample 
appears much richer. This type of behavior has been noticed in a number of poly-
mers [50]. However, the phenomenon is clearly understood. One possible explana-
tion is that the small in homogeneity of the original material reflects in selective 
etching, since the etching rate depends on the degree of crystallinity of polymers, 
as demonstrated by Junkar et al. [51]. Recently, a number of complex mechanisms 
have been reported [52]. The nanosurfaces which are rough and functionalized do 
not permit for accommodation of bacteria.

5 µm × 5 µm
(a)

(b)

2 µm× 2 µm

2 µm × 2 µm

2 µm ×2 µm

2 µm × 2 µm5 µm × 5 µm

Fig. 19.2   X-ray photoelectron spectroscopy spectra of nontreated (a) and NH3 plasma-treated 
viscose sample for 20 s (b) [45]
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19.4 � Hydrophilic Properties

Figure  19.3 shows the rise of water in untreated and plasma-treated viscose sam-
ples based on the duration of exposure to ammonia gas [45]. The curves are plot-
ted as terms of gained mass versus time. The absorbency capacities presented as the 
amount of liquid uptake in equilibrium are also shown in the figure. The untreated 
sample exhibited the slowest water rise, as the complete wetting was noticed only 
after about 100 s. The quantity of water uptake in equilibrium was about 0.98 g.

The ammonia plasma-treated samples attained the equilibrium value quicker. 
Even a brief treatment for 20  s permitted for reaching the equilibrium uptake in a 
much lesser of about 20 s. The above figure showing water uptake imply a monoto-
nous decrease of the time required for attaining equilibrium with increasing duration 
of plasma treatment. The duration is only a few seconds for prolonged plasma treat-
ment and the equilibrium amount of water uptake more than 1 g. On the other hand, 
in the initial stage of water uptake, the mass2 data plotted versus time, as presented in 
Fig. 19.4, are fitted by straight lines, according to the modified Washburn equation.

During the initial water uptake for the first three seconds, the curves show the 
minimum imbibition of water as indicated by the untreated sample. In the case of 
all ammonia-treated samples, the rate of water uptake was quicker and was based 
on the duration of plasma treatment. For short duration of treatment, the differences 
between samples are very significant, and for longer duration of treatment, the dif-
ference is less significant. In the case of absorbent nonwoven materials, the absor-
bency rate is also an important performance parameter to be taken into account. 
The figure four indicates the absorbency rate, which is plotted as mass2 versus 
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time. The absorbency rate is governed by the balance between the forces exerted by 
the capillaries and the frictional drag offered by the fiber surfaces.

The above figure exhibits a marked increase in the absorbency rate. The results 
shown in Fig.  19.5 demonstrate a dramatic increase of the absorbency rate by 
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plasma-treated material versus the untreated material. The duration of treatment 
influences the absorbency rate of the plasma-treated material. The absorbency 
rate increases with the increase in the duration of exposure. The plasma treatment 
improves the hydrophilicity. The nontreated sample shows a water contact angle of 
about 89°. The contact angles constantly decreased with increasing plasma expo-
sure time up to about 140 s. Thereafter, the contact angle remains fairly constant at 
the value of about 40°. Apparently, some kind of saturation of surface wettability 
is observed at long durations of treatment.

19.5 � Antimicrobial Activity

The ammonia plasma-treated viscose and untreated viscose materials have been 
compared for a range of bacteria. Staphylococcus Aureus and Enterococcus 
Faecalis (Gram-positive) and Escherichia coli and Pseudomonas Aeruginosa 
(Gram-negative) have been tested in the investigation [45]. All the four bacteria 
have been selected as they are known to be common wound pathogens having 
higher antibiotic resistance, rendering them difficult to treat. Only the materials 
exposed to ammonia gas for 60 and 300 s are being considered, as reduction (R) 
after 24 h of tested bacteria incubation. The AATCC test method 100–1999 shows 
the percent of reduction as result R¼0 or R < 60 in the situation where the sample 
does not possess bacteriostatic characteristics. The mentioned was evident by non-
treated sample, except the 77 % reduction with E. Faecalis was a surprise. Viscose 
material treated with plasma, irrespective of used treatment time, showed antimi-
crobial properties by Gram-positive bacteria, which has been more pronounced 
for S. Aureus. The duration of exposure of the plasma had considerable effect by 
Gram-negative bacteria, as the reduction was clearly visible only for viscose mate-
rials imparted by ammonia gas for 300 s.

19.6 � Discussion of Findings

19.6.1 � Effect of Plasma Parameters

The plasma is abundant in reactive particles that are charged and neutral as well. 
In addition, the plasma created in hydrogen-containing gases is a good source of 
ultraviolet (UV) radiation. Despite the fact that the UV radiation is not really vis-
ible from the optical spectrum presented in Fig. 19.6, it exists due to the following 
reasons. Firstly, very intensive hydrogen atomic lines are observed in the spec-
trum. The lines originate from transitions of H atoms from the higher to the first 
excited states (Balmer series). As usual, the highest line, marked Ha, corresponds 
to the transition from the second to the first excited state of hydrogen atoms [45]. 
If these transitions are intensive, even more intensive will be the transitions to the 
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ground state (Lyman series). Namely, H atoms do not have metastable excited 
states, so the excitation of any state is due to the direct transfer of kinetic energy of 
electrons (electron impact excitation) (Figs. 19.7 and 19.8).

Moreover, strong radiation can arise from the relaxation of excited molecules 
formed by heterogeneous surface recombination of H atoms. This recombination 
certainly appears in the experimental system and is proved by the mass spectrum 
presented in Fig. 19.2.

The proof for such intensive UV radiation has been reported recently [53]. This 
emission is not noticed in Fig. 19.1, since the sensitivity of the optical spectrom-
eter in the UV range is much lower than in the visible range, and the fact that 
transmission of borosilicate glass for light quanta reduces quickly with reducing 
wavelength in the UV range. Energetic photons are thus present in the reactor and 
cause destruction of molecular bonds in the materials, leading to formation of free 
radicals on surfaces [54]. The depth of photon penetration is not large but large 
enough to modify viscose material not only on the surface but also in the bulk of 
the material. The plasma has positively charged molecules and atoms. The ions 
are accelerated across the sheath next to the sample and cause modification of sur-
face functionalities on the surface of the samples. Considering a flat surface and 
the possibility for interaction between an impinging ion and a carbon atom on the 
surface was 1, the surface can saturate with ion-induced functionalities in a short 
duration that can be estimated considering the flux of ions onto the surface and 
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the surface density of atoms in solid materials. The required duration for satura-
tion in the upper approximation is thus solely 0.05  s. Practically, the surface is 
very rough due to fibril structure of the sample, so the real surface area is orders 
of magnitude larger than the geometrical time. However, if ions were responsible 
for modification of the surface properties, the saturation would appear in a much 
shorter duration of treatment than about 140 s. In surface modifications, ions are 
not apparently the only plasma particles responsible. Besides charged particles 
whose density in plasma has been determined with the double electrical probe, 
neutral reactive particles are also present in the plasma.

A substantial number of ammonia molecules dissociate in plasma at reasonably 
high RF power (Fig. 19.9). The molecular density is about 4 × 1022 m−3 at the 
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pressure of 150 Pa. The density of reactive nitrogen atoms is about 1 × 1021, thus 
five orders higher than the density of ions, and they definitely play a role in func-
tionalization of the materials [45].

19.7 � Plasma Surface Chemical Modifications

The nitrogen-containing functional groups are influenced by ammonia plasma, 
and the distribution and density of the functional groups can be suitably altered 
with plasma parameters. In the case of many materials, the saturation of the 
materials with nitrogen has been noticed even after a short exposure to an atmos-
phere filled with N-atom [55]. The XPS results just confirm this theory, since 
the surface of our samples contains a substantial amount of nitrogen as revealed 
from Fig. 19.8. Efforts to achieve a high-resolution C1s peak failed because of 
the nature of the samples, as well attenuated total reflectance (ATR). Fourier 
transform infrared (FT-IR) spectroscopy cannot be used to identify the chemical 
groups if the thickness of a plasma polymer material is in the micrometer range 
[56, 57]. Hence, extraction of the exact functional groups appearing on the vis-
cose samples upon ammonia plasma treatment has not been possible. According 
to the relevant literature, a variety of functional groups may appear on the sur-
faces and the effect of post-plasma oxidation could convert amines into amides 
[58]. But it is intriguing to note that the oxygen concentration on the surface 
as shown from the XPS results dropped by almost a factor of 2 for prolonged 
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plasma treatment. This significant reduction in oxygen concentration can be 
explained by the formation of oxygen-free nitrogen-functional groups, particu-
larly when considering the chemical structure of nontreated viscose and the final 
depth resolution of XPS devices [45].

19.8 � Changes in Surface Topography

Plasma particles can be etched on polymer materials in a very selective manner 
[53, 54]. A significant increase in the surface roughness can be observed on the 
surface morphology (Fig. 19.5) of the plasma-treated sample in comparison with 
untreated material. While the fibers are rather flat prior to plasma treatment, they 
obtain rich morphology after the treatment. The morphological change certainly 
has an effect on both adsorption and absorption of water and other fluids. The 
results summarized in Figs.  19.3 and 19.8 are therefore explained by combined 
effects of surface functionalities and roughness. The two factors influence the con-
tact angle of a liquid on a solid surface. Increased roughness allows for excellent 
hydrophilicity of materials with high surface energy. The high merit of weakly 
ionized plasma created by electrode-less high-frequency discharges is that the neu-
tral reactive particles abound and their density attains values over 1021m3.11. The 
neutral atoms play a crucial role in etching, as excellent functionalization of the 
sample surface is easily obtained even by gaseous ions from plasma. The synergis-
tic effects of ions and neutral nitrogen atoms allow for etching of polymer materi-
als even at room temperature. This etching is restricted to the fibers on the very 
surface of the samples, as the ions cannot penetrate through inter-fibril spaces. 
Neutral atoms, on the other hand, easily penetrate deep into pores due to poor 
probability for heterogeneous surface recombination. Despite not being as reactive 
as ions, they also cause slow etching of polymer materials and can modify surface 
morphology of fibers even within the bulk of materials. Recently, it has been that 
neutral atoms can etch polymers at room temperature without the presence of any 
ions [59]. Hence, the etching enables increased roughness of fibers, which is a cer-
tainly advantageous.

19.9 � Plasma-Induced Hydrophilicity

Hydrophilic properties are not only based on the functionalization of the sample 
on the surface, but also on the functionalization of the bulk of the material as well 
[45]. The used nonwoven samples were a few millimeters thick and composed 
from randomly oriented viscose fibers. Hence, it is necessary to modify the bulk 
of the sample so as to achieve optimal hydrophilicity. A big difference is seen 
between nontreated and ammonia plasma-treated samples. The water rise (defined 
as the squared mass gain in a unit time) is rather low in the case of untreated 
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material. During the initial 3 s, it is only about 0.04 g2 s−1. As the untreated mate-
rials are moderate in hydrophobic properties, the rise is rather low. For the next 
sample tested (treated with plasma for 20  s), the water rise is improved signif-
icantly and is about 0.16  g2  s−1 during the first 3  s of uptake time. The water 
rise curves keep increasing with increasing plasma treatment time, and for treat-
ment times exceeding, say, 140 s, the material saturates with water already in a 
few seconds of uptake time (Fig.  19.3). The corresponding initial water rise 
curves approach values above 1 g2 s−1, which are about 30× larger values than 
for untreated material. This significant improvement in the water rise cannot be 
explained merely by improved adsorption of water on the surface of samples, but 
bulk effects need to be considered. Obviously, the prolonged treatment of sam-
ples with plasma permits for optimization of the hydrophilic properties of viscose 
material. The optimization is explained by the modification of surface properties 
throughout the bulk of the sample. The high-energetic photons penetrate deep 
into materials and cause bond scission in solid material. Such interaction results 
either in reorganization of the atoms in cellulose material or in chemical interac-
tion with hydrogen and nitrogen atoms that abound in plasma reactor. Moreover, 
neutral atoms in the ground state can form functional groups on the surface of 
polymers even in the absence of UV radiation. Namely, experiments performed 
in late flowing afterglows, where only the most stable particles created in plasma 
(predominantly neutral atoms in the ground state apart from metastable molecules 
with long radiation relaxation times) are present, showed similar results in terms 
of polymer surface functionalization as the experiments in plasmas themselves 
[59]. Hence, the functionalization in the bulk is influenced by diffusion of neu-
tral reactive plasma particles, and it explains the rather slow improvement of the 
water rise versus plasma treatment time (Figs. 19.3 and 19.4). The sorption prop-
erties should improve in a second plasma treatment if functionalization of the sur-
face alone is considered. Here, it is worth mentioning that there is not a strict 
parallelism between the water uptake amount and the exposure time of samples 
with ammonia gas. The deviation is roughly within the limits of statistical errors 
that are presented in Fig.  19.3. Considering the systematic error, which is also 
estimated to about 10 %, the curves lay well within the total error for this sort of 
measurements. The poor parallelism between the water uptake amount and the 
plasma exposure time can thus be explained with the accuracy of this particular 
experimental procedure. The contact angle of untreated material (Fig.  19.5) is 
rather high at about 90°. Even a short exposure to plasma for 20  s results in a 
drop of the contact angle for several degrees and the contact angle keeps reduc-
ing monotonously (almost linearly) with increasing treatment time until it attains 
an angle of 40° after roughly 140 s of plasma treatment. Further, the water con-
tact angle remains fairly the same. Obviously, some kind of saturation appears 
after 140 s of plasma treatment. Considering upper considerations, it is possible 
to conclude that this treatment time permits for throughout functionalization of 
the material and further exposure does not affect the wettability of the samples. 
The structural geometry of the textile material also affects the penetration of the 
fragmented gas particles into the voluminous textile. The nonwoven sample has 
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many fibers disorderly gathered together, which also forms spacing between fib-
ers. At low pressure, the mean free path (the distance traveled by a molecule or 
atom between successive collisions) in the gas phase is higher than the textile dis-
tances, and the collision of gas molecules with the fiber surface is enhanced as 
compared to gas–gas collision, thus favoring a good penetration of plasma species 
into the textile. This implies that the obtained hydrophilicity of the plasma-treated 
sample has improved significantly because of the loosely structured nonwoven 
material [60].

19.10 � Plasma-Enhanced Antimicrobial Properties

The reduction rate for untreated material is zero, while surprisingly enough a 77 % 
reduction for E. Faecalis has been evident, within the tolerance limits of experi-
mental error. Plasma treatment for smaller duration shows a sufficient antimi-
crobial effect as long as S. Aureus is the merit. Longer duration of exposure to 
ammonia gas showed adequate antimicrobial effect for Gram-negative bacteria 
and does not seem to affect the growing of E. Faecalis. The observed effect cannot 
be explained directly, as the interaction between the bacterial cell wall and plasma-
treated materials is generally unknown [45]. The nitrogen-rich functional groups 
on the surface of viscose materials may cause a stress to bacteria and thus inability 
to grow and multiply in such an environment [18, 19]. The stress is due to par-
ticular interactions between nitrogen-containing functional groups and the bacte-
rial receptors, but any discussion on exact mechanisms is out of scope here. As the 
type and concentration of various nitrogen-containing functional groups cannot be 
seen from XPS results, any further discussion is not valid. E. Coli and both Gram-
positive cultures are nonmotile, while P. Aeruginosa is a motile bacteria. Hence, 
the reason for ‘’discrepancy’ in reduction, irrespective of used treatment, could 
be in bacteria cell size and shape [46]. S. Aureus is cocci of 1 mm diameter and 
mostly arranged like irregular clusters [61]. E. Faecalis is a spherical bacterium 
of cell size 0.5–1 mm and seen as singly or in pairs with short chains. Both Gram-
negative bacteria are straight or slightly curved rods, 1.5–2 mm long and stacked 
up next to each other. While the smaller individual bacteria such as E. Faecalis 
could easily get through the porous sample, larger arrangement settled cultures 
appearing as clusters or pairs have been unable to do so.

19.11 � Factors Influencing Bacteria Adhesion

The very complex process of bacterial adhesion is influenced by a number of 
factors including the environmental factors, such as the associated flow conditions, 
the presence of serum proteins or antibiotics, the bacterial properties, and the 
material surface characteristics [62]. The factors influencing bacteria adherence 
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to a biomaterial surface include chemical composition of the material surface 
charge, hydrophobicity, and simply surface roughness or physical configura-
tion [63–72]. The bacterial adhesion and proliferation are influenced by surface 
chemistry. Materials having various functional groups alter bacterial adhesion in 
a manner based on material hydrophobicity and charge. Upon altering or modify-
ing the surface chemistry by plasma treatment (as an example), the bacterial adhe-
sion to these surfaces gets hampered [71, 73–76]. It has been shown that decreased 
bacterial adhesion happens due to significant alteration in the hydrophilicity (i.e., 
decreasing of contact angle) [71, 76]. It has been found that the irregularities of 
polymeric surfaces promote bacterial adhesion and biofilm deposition, whereas the 
ultrasmooth surface does not favor bacterial adhesion and biofilm deposition [77]. 
It occurs because a rough surface has a greater surface area and the depressions 
in the roughened surfaces provide more favorable sites for colonization. The sur-
face morphology exhibited a significant increase in surface roughness (Fig. 19.5b), 
whereas the data obtained show satisfactory antimicrobial effect. Similar results 
have also been obtained [78]. A small increase in surface roughness showed 
a significant increase in bacterial adhesion, while larger roughness increase had 
no significant effect in bacterial adhesion compared to the smooth surface. This 
can be attributed to the nonlinear dependence of bacterial adhesion on surface 
roughness, which provides scope for further investigations, like broader range of 
surface roughness, surface area measurement, or analysis of surface configura-
tion. Generally, bacteria with hydrophobic properties prefer hydrophobic mate-
rial surfaces; the ones with hydrophilic characteristics prefer hydrophilic surfaces. 
But, the surface hydrophobicity of a material plays a more important role in bac-
terial adhesion than bacterial surface hydrophobicity. The bacteria are negatively 
charged in aqueous suspension. The surface charge of bacteria varies accord-
ing to bacterial species and is influenced by the growth medium, the pH and the 
ionic strength of the suspending buffer, bacterial age, and bacterial surface struc-
ture. But, the relative contribution of bacterial surface charge to bacterial adhe-
sion is not clear. As bacterial adhesion is a very complicated process influenced 
by a number of factors, such as bacterial-material properties and environment and, 
moreover, the experimental evaluation of the relative contributions of such factors 
is extremely difficult, more investigations are necessary to get better knowledge of 
the mechanisms of bacterial adhesion.
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	56.	Kregar Z, Bišćan M, Milošević S et  al (2012) Interaction of argon, hydrogen and oxygen 
plasma early afterglow with polyvinyl chloride (PVC) materials. Plasma Process Polym 
9:1020–1027

	57.	Ishikawa K, Sumi N, Kono A et  al (2011) Synergistic formation of radicals by irradiation 
with both vacuum ultraviolet and atomic hydrogen: a real-time in situ electron spin resonance 
study. J Phys Chem Lett 2:1278–1281

	58.	Holmes-Farley SR, Reamey RH, Nuzzo R et  al (1987) Reconstruction of the interface of 
oxidatively functionalized polyethylene and derivatives on heating. Langmuir 3:799–815

	59.	Vesel A, Kolar M, Doliska A et  al (2012) Etching of polyethylene terephthalate thin films 
by neutral oxygen atoms in the late flowing afterglow of oxygen plasma. Surf Interface Anal 
44:1565–1571

	60.	Hossain MM, Herrmann AS, Hegemann D (2006) Plasma hydrophilization effect on different 
textile structures. Plasma Process Polym 3:299–307

	61.	Cvelbar U, Mozetic M, Hauptman N et al (2009) Degradation of staphylococcus aureus bac-
teria by neutral oxygen atoms. J Appl Phys 106:103303–1–103303–5

	62.	An YH, Friedman RJ (1997) Laboratory methods for studies of bacterial adhesion.  
J Microbiol Meth 30:141–152

	63.	Cordero J, Munuera L, Folgueira MD (1996) The influence of the chemical composition and 
surface of the implant on infection. Injury 27:S–C34–37

	64.	Kiremitci-Gumustederelioglu M, Pesmen A (1996) Microbial adhesion to ionogenic 
PHEMA, PU and PP implants. Biomaterials 17:443–449

	65.	Gottenbos B, van der Mei HC, Busscher HJ (2000) Initial adhesion and surface growth of 
Staphylococcusepidermidis and Pseudomonas aeruginosa on biomedical polymers. J Biomed 
Mater Res 50:208–214

	66.	Tegoulia VA, Cooper SL (2002) Staphylococcus aureusm adhesion to self-assembled 
monolayers: effect of surface chemistry and fibrinogen presence. Col Surf B Biointerf 
24:217–228

	67.	Buczynski BW, Kory MM, Steiner RP et al (2003) Bacterial adhesion to zirconium surfaces. 
Col Surf B Biointerf 30:167–175

	68.	Henriques M, Azeredo J, Oliveira R (2004) Adhesion of Candida albicans and Candida 
dubliniensis to acrylic and hydroxyapatite. Col Surf B Biointerf 33:235–241

	69.	Speranza G, Gottardi G, Pederzolli C et al (2004) Role of chemical interactions in bacterial 
adhesion to polymer surfaces. Biomaterials 25:2029–2037

	70.	Gottenbos B, Grijpma DW, van der Mei HC et al (2001) Antimicrobial effects of positively 
charged surfaces on adhering Gram-positive and Gram-negative bacteria. J Antimicrob 
Chemother 48:7–13

	71.	Balazs DJ, Triandafillu K, Chevolot Y et al (2003) Surface modification of PVC endotra-
cheal M tubes by oxygen glow discharge to reduce bacterial adhesion. Surf Interf Anal 
35:301–309

	72.	Scheuerman TR, Camper AK, Hamilton MA (1998) Effects of substratum topography on 
bacterial adhesion. J Col Interf Sci 208:23–33

References



242 19  Ammonia Plasma Treatment of Viscose Wound Dressings

	73.	Francois P, Vaudaux P, Nurdin N et  al (1996) Physical and biological effects of a surface 
coating procedure on polyurethane catheters. Biomaterials 17:667–678

	74.	Davenas J, Thevenard P, Philippe F et al (2002) Surface implantation treatments to prevent 
infection complications in short term devices. Biomol Eng 19:263–268

	75.	Whitehead KA, Colligon JS, Verran J (2004) The production of surfaces of defined topog-
raphy and chemistry for microbial retention studies, using ion beam sputtering technology. 
Intern Biodeter Biodegrad 54:143–151

	76.	James NR, Jayakrishnan A (2003) Surface thiocyanation of plasticized poly(vinyl chloride) 
and its effect on bacterial adhesion. Biomaterials 24:2205–2212

	77.	Scheuerman TR, Camper AK, Hamilton MA (1998) Effects of substratum topography on 
bacterial adhesion. J Col Interf Sci 208:23–33

	78.	Taylor RL, Verran J, Lees GC et al (1998) The influence of substratum topography on bacte-
rial adhesion to polymethyl methacrylate. J Mater Sci Mater Med 9:17–22



243

20.1 � Introduction

The recent years have seen the development of interventional heart valve therapies 
[1–4], while there is commercially available prosthesis to treat aortic and pulmonary 
valves [5–8]. Regurgitation is the most common mitral valve disease in Western coun-
tries. The recent trend focuses on the reconstruction of valve rather than replacement, 
owing to many reasons. The preservation of the subvalvular apparatus, which is nec
essary for ventricular performance, is an important aspect to be considered. Since 
mitral valve therapies do not give satisfactory results in comparison with interven-
tional aortic or pulmonary valve placements, mitral valve therapy remains a task of 
open heart surgery [9–12]. The interventional placement of a biological valve in the 
mitral position has been partially investigated [13, 14]. This is due to the fact that this 
valve presents a challenging anatomy to anchor a biological heart valve. In order to 
solve this problem, a hollow body has been created, which is equipped with a heart 
valve that utilizes all surrounding structures inside the heart to anchor or permit the 
additional valve to cure the underlying disease. The main requirements for such pros-
thesis were as follows: self-expansion after compression in all dimensions and adap-
tion to the atrial wall with approximated blood tightness through the prosthesis wall 
to allow exclusion of the left atrium. Hence, a new complex hollow body has been 
designed, which is made of nitinol and polyvinylidene fluoride. A certain number of 
prosthesis prototypes have been built, and its functionality has been tested in vitro and 
its overall performance has been studied in a porcine model of mitral incompetence.

20.2 � Requirements of the Prosthesis

The required prosthesis should completely cover the left atrial wall from the pulmonary 
veins down to the mitral annulus and contain a biological heart valve (Fig. 20.1).

Chapter 20
Sutureless Atrial-mitral-valve Prosthesis

© Springer Science+Business Media Singapore 2015 
N. Gokarneshan et al., Emerging Research Trends in Medical Textiles,  
Textile Science and Clothing Technology, DOI 10.1007/978-981-287-508-2_20



244 20  Sutureless Atrial-mitral-valve Prosthesis

The following characteristics have been decided from prosthesis:

(a)	 Compressible with good self-expansion after release;
(b)	 Compression stability vertical to the valve plain; and
(c)	 Approximated blood tightness and low thrombogenity inside.

A single-wall design has been decided based on a number of earlier studies [18]. 
The hollow body of the prosthesis has been designed for prosthesis wall, from a 
warp-knitted fabric of polyvinylidene fluoride. The external frame has been made 
from Nitinol, so as to achieve stability and self-expansion. The polyvinylidene flu-
oride polymer (of medical grade) has been melt spun into multifilament fibers with 
30 filaments and having a yarn titer of 320 dtex. Warp-knitting technology has 
been adopted so as to produce a blood tight and elastic textile structure. The warp-
knitted fabrics besides having the possibility of adjusting the design parameters 
such as size, shape, Young’s modulus, and porosity of the textile structure have the 
additional merit of being fray proof. A double raschel warp-knitting machine has 
been used for the purpose and is capable of producing 3D textiles of varied yarn 
materials and counts. A two-bar tricot pattern has been selected for the fabrication 
of a dense structure having the required elastic properties (Fig. 20.2).

Appropriate needle gauge has been chosen and the loop density adjusted suitably.  
The polyvinylidene fluoride yarns have been designed considering the above 

Fig. 20.1   Prosthesis shown 
schematically (in red) with 
additional valve in left 
porcine atrium with two 
pulmonary veins [18]
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parameters and have been converted into a tubular bifurcation. Polyvinylidene 
fluoride shows better properties than polypropylene, which is normally used in 
cardiac surgery [15–17]. Medical-grade nitinol wire with a diameter of 200  mm 
has been used to produce the external skeleton. The Nitinol has been tempered in 
the super elastic phase at 500 °C for 15 min. Hence, the Nitinol wire was fixed to  
the desired shape using a mold representing the porcine left atrium from the 
pulmonary veins as far as the mitral valve. Subsequently, the super elastic Nitinol 
skeleton in the shape of the porcine left atrium was sutured onto the PVDF tubular 
bifurcation fitting the mold, whereas the two branches fitted the pulmonary vein 
ostia. The polyvinylidene fluoride Nitinol composite structure which is assembled 
forms a new self-expandable hollow body customized to the porcine anatomy. The 
prototypes so developed have been made up of a biological heart valve and Nitinol 
brackets joining the prosthesis rim up to the pulmonary vein stents (Fig. 20.3). The 
load from the valve is displaced through the Nitinol skeleton to the atrial wall and the 
pulmonary vein ostia. Eight such prostheses have been produced.

Fig. 20.2   a CAD sketch of warp-knitted two-bar tricot binding, b SEM photograph of two-bar 
tricot binding [18]

Fig. 20.3   Pictures of a prosthesis prototype with integrated biological valve [18]

20.2  Requirements of the Prosthesis
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All prostheses have been first observed and tested in the pulsatile circulatory 
mock loop simulator. Hence, an elastic silicone model of the porcine left atria has 
been created, including the pulmonary veins and the upper portion of the mitral 
valve. It has been possible to directly see the behavior of prosthesis and function 
of the valve inside the model atrium due to the clarity of the silicone and water. 
The prostheses were compressed, inserted via the mitral valve part of the model 
atrium, and released again. The model has then been connected to the simulator 
with an inlet through the pulmonary veins and an outflow through the mitral valve, 
and pulsatile circulation established. The pulsatile circulatory mock loop simulator 
worked at heart rates ranging between 70 and 110 bpm and cardiac outputs of 2, 
4, 5, and 7 l/min. It has been filled with saline. Positioning of the hollow body, its 
stability and the function of the embedded valve prosthesis have been monitored. 
Eight pigs, each weighing 70 kg, have been used in the animal trials.

20.3 � Results of the Findings

All the prosthesis has been studied in vitro in the circulatory simulator before [18]. 
A good evaluation of the overall prosthesis performance has been enabled by the 
method of constructing the simulator coupled with the transparent model atrium 
(Fig.  20.4). The procedure of prosthesis implantation could also be controlled by 
visual inspection by considering simulation in the silicone atrium. The compres-
sion and release of the two extensions and the main body has been done separately 
through development of a method. The fully compressed prosthesis measured about 
1.5 cm × 9.5 cm. After insertion of the prosthesis into the atrium first, the two exten-
sions were released one after the other followed by the release of the main body. 
The prostheses fitted to the model atria very well. The expanded prostheses had 
no dislodgements in both the cases of without pumping and with maximal pump-
ing of 7  l/min. The prostheses lay tightly on the model annulus in all cases. The 
valve re-expanded inside the prosthesis, and no signs of stenosis or insufficiency  

Fig. 20.4   Prothesis in the 
circulatory simulator [18]
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have been noticed. In one case, the suture fixation between prosthesis body and  
the biologic valve became insufficient with time and further pumping. The prob
lem has been rectified after resuture. All eight animals survived after the operation, 
CPB time and the follow-up of 90 min without CPB. All the animals could be surgi-
cally implanted with the prosthesis through the longitudinal atriotomy. Tight closure 
of the fragile atrial wall was sometimes challenging. The atrial fibrillation happened 
during implantation on one instance but has been effectively treated. After termina-
tion of CPB and a brief compensatory period, hemodynamics reached a steady state 
comparable to preprocedural conditions in all animals. There has been no significant 
pulmonary hypertension or a v-wave in the wedge pressure, in particular. In spite of 
attempting a number of acoustic windows in each animal, only a restricted access to 
echocardiography has been possible. But, some small, ever-changing acoustic win-
dows permitted gross; nevertheless, some small, always changing acoustic windows 
allowed gross echocardiography insights.

The prostheses exhibited good adaption to the atrial wall, and no relevant 
movement of the prostheses has been observed. The native as well as the bio-
logical mitral valve moved almost synchronously (Fig. 20.5). There has been no 
evidence for left ventricular outflow tract obstruction in any case. Even though a 
higher grade mitral regurgitation has been observed at the posterior leaflet of the 
native valve (artificial defect), the inadequacy jet has been stopped at the addi-
tional valve. The biological valve itself appeared with a normal movement of the 
cusps and without regurgitation and stenosis. It has not been possible to gather 
information regarding paravalvular leakage or rather tightness at the atrial wall, 
even by the use of echocardiogram. Fluoroscopy has been performed through the 
pulmonary artery as an angiography as well as a ventriculogram from the apex 
of the left ventricle. Such radiographic studies illustrate complete patency of the 
pulmonary veins into the atrium and straight passage of the contrast medium into 
the ventricle. No relevant regurgitation over the biological valve could be seen. 
A slight deposit of contrast medium has been observed in the area of the anterior 

Fig.  20.5   Ultrasound image of the prosthesis [18]. a Closed additional valve inside the 
prosthesis, b open additional valve inside the prosthesis

20.3  Results of the Findings
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mitral leaflet between the atrial wall and the prosthesis. After restoration of coagu-
lation capacity, no relevant hemodynamic changes occurred indicating severe clot 
formation or valve thrombosis. As a result of difficult visualization, the last four 
animals were subjected to a CT scan.

In the study, the appropriate position of the prostheses in the left atrium can 
be checked well (Fig. 20.6). Nevertheless, precise information regarding parapros-
thetic leakage was not possible just as before. Autopsy showed a right (intended) 
overall position of the prosthesis in all cases. The prosthesis body was pressed on 
the mitral valve annulus, and in three animals, a slight gliding of the prosthesis 
into the mitral valve was seen. Apart from, in one case, there being a dissolved 
skeleton strut, there was no trauma to intracardiac structures.

The restriction of the mobility of the mitral valve leaflets or left ventricular 
outflow tract obstruction could not be identified (Fig. 20.7). In one instance, the 

Fig. 20.6   a CT scan illustrating extended prosthesis in a single plane, b 3D reconstruction [18]

Fig. 20.7   Autopsy samples showing correct position of the prosthesis [18], a without outflow 
tract obstruction, b unobstructed pulmonary veins
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malfunction of the prosthesis could not be observed clinically. There has been 
occlusion of the right pulmonary vein due to improper release of the prosthesis 
extension. In another instance, a small tear in the right pulmonary vein was caused 
by a sharp dissolved strut CT scans exhibiting expanded prosthesis in one plane 
(left) and in the 3D reconstruction (right). Figure had to be recognized.

The extension of the prosthesis could be identified at the appropriate position 
of the pulmonary vein, for all the animals tested, and adequately drained the pul-
monary vein. The thrombus has not been identified inside the complete prosthesis.

20.4 � Discussion of the Findings

Surgical repair has been considered to be the most effective treatment in mitral 
valve disease [18]. Interventional therapy for diseases of the mitral valve has 
shown remarkably good results in the case of patients with high risk, particu-
larly in the treatment of aortic stenosis. A number of interventional approaches 
for repair of the mitral valve have been proposed, and some of them are under 
implementation [9, 18–20]. The interventional placement of a prosthetic valve in 
the mitral position is rarely investigated because the issue of anchoring is very 
challenging. The objective behind the interventional mitral valve therapy was 
to develop a complex self-expanding hollow body for the whole left atrium to 
allow a suture less positioning of a biological heart valve in the mitral position. 
This hollow body should exclude the entire left atrium and tighten directly above 
the valve up to the inflow of the pulmonary veins. A flexible textile material that 
could adjust to the surrounding structures inside the heart has been used, so as 
to satisfy the above-mentioned criteria for the prosthesis. Also, the textile surface 
should be biocompatible without major thrombotic characteristics. A warp-knitted 
structure made from polyvinylidene fluoride has been selected so as to permit the 
best 3D fitting of the textile body, since it is a biocompatible material suited for 
surgical purposes [16, 17]. Although the PVDF used was not completely tight for 
blood (a slow but quantitative not relevant passage of blood through the PVDF 
was observed), a functional tightness of the valve was achieved. The initial blood 
tightness can be enhanced further by either preclotting of the prosthesis or tex-
tile coating (external) with degradable biomaterials such as gelatin or collagen. It 
has been considered in growing of the endocardium and hence further fixation is 
enabled. Despite the preference for an inner skeleton pressing the polyvinylidene 
fluoride against the atrial wall, the skeleton of Nitinol has been sutured very close 
to the textile body from the outside for practical reasons. Nevertheless, by the 
use of these two materials, the creation of a rather complex textile hollow body, 
with not only self-expansion properties but also a feature to press the valve on the 
annulus to transmit the load from the valve up to the pulmonary vein ostia, was 
possible. All of the prostheses produced were subjected to the pulsatile circula-
tory mock loop simulator. A transparent silicone model of the left atrium has been 
made specifically for the purpose. This allowed visualization of the prosthesis and 

20.3  Results of the Findings
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its behavior in circulation like in an aquarium. Only minor impairments of the 
prostheses, such as a dehiscence of the biological valve from the prosthesis body, 
have been visible after a duration of 3 h. Taken together, the stability of the pros-
thesis in the atrium and the function of the biological valve could be demonstrated. 
The prostheses have been effectively implanted on eight animals. An open access 
to the heart has been selected (which requires CPB) since the issue of transcath-
eter implantation has not found to be relevant for a proof of the overall concept. 
From the circulatory standpoint, the implanted prostheses had to function quite 
well; otherwise, circulation would have been massively depressed. Unfortunately, 
visualization of the prosthesis with its valve proved unexpectedly difficult, and 
this made thorough evaluation of the prostheses complex. Nevertheless, taking all 
of the visualizations together, it was possible to demonstrate that the prostheses 
filled the complete left atrium tightly, that the biological valve worked, and that 
the overall position of the prostheses in relation to the insufficient native valve 
was as intended. These findings were confirmed by the autopsies of these animals. 
Remarkably, in the autopsies, despite the custom-made character of the prostheses, 
there was no relevant thrombus formation on or inside the prostheses. This indi-
cates that the material PVDF together with Nitinol seems to be a very promising 
combination which can used for larger complex implants inside the heart. When 
the constraints on the investigation have been considered, the duration for which 
the new prostheses have been subjected to load conditions has been quite brief 
when compared to the actually required durability over the years. This can also 
apply when considering the potential side effects (such as perforation of the heart 
wall) of such prosthesis inside the heart. Future long-term investigation shall only 
be able to answer these questions.
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21.1 � Introduction

In the treatment of lymphedema on long-term basis and prevention of recurrence 
of venous diseases, medical compression hosiery is the commonly used type of 
compression [1–3]. Such a treatment reduces the necessity of medication and 
shortens the duration of treatment in the case of venous insufficiency [4, 5]. 
For each specific patient, a complex interaction of physical properties and con-
struction parameters influences the suitability of compression hosiery, which 
is supposed to ensure both comfort during wearing and an appropriate level of 
compression. The extent to which the patient can manage and tolerate compres-
sion hosiery depends on the venous disease stage (shape and size of the limb), 
the patients’ build (tall, short, normal, obese), and activity (mobility, age, life-
style). During the application of compression, it is necessary that the greatest 
pressure should be at the ankle and reduced at the upper part of the limb, so as to 
ensure a gradual compression. Apparel products require multifunctionality and 
superior comfort performance and also able to satisfy the physiological and psy-
chological needs. The garment fit and pressure comfort are considered to be cru-
cial factors [6, 7]. The European standard specifies the requirements for medical 
compression hosier, including custom-made hosiery knitted from elastic threads, 
and indicates the testing method for compressive properties. It is suitable for 
medical compression hosiery used in the treatment of venous and/or lymphatic 
diseases of the leg. It also specifies that the raw material used for compression 
hosiery includes a stretchable yarn, made by covering an elastic core of poly-
urethane with other types of fibers. However, this standard indicates no testing 
method for correlation assessment between pressure values and the compression 
perception during wearing. The correlation between compression perception and 
pressure values has been investigated, which enable development of hosiery and 
socks that provide wearing comfort. The pressure perception changes depending 
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on the wearing duration and the fitting of each individual consumer [9]. The ten-
sile deformation of medical stockings has been studied by many researchers at 
different levels of applied stress. The correlation between the results obtained by 
using different test methods is an important matter and is highly desirable for 
medical products. The relationship between uniaxial behavior and biaxial behav-
ior is not clear [10]. In the case of fabrics with small rigidity, the test results are 
agreeable [11, 12]. The use of medical stockings involves stress in more than 
one direction during wearing, implying the necessity to test the elastic fabrics 
in at least two directions. It has been shown that when a fabric is uniaxially 
extended at a bias angle, the data for situations in which one or both of the ten-
sile stress components are negative (as for the compressive stockings) could be 
important both for the manufacturing process and the subsequent use of knitted 
hosiery [13]. The research in the area has been done highlighting results of ear-
lier works [14–17]. This chapter discusses the post-wearing compression preser-
vation and the correlation between the size of medical stockings and the patient’s 
dimensions for best fitting and uses a new approach based on the grab method. 
This chapter aims to examine a new testing method for assessing the capacity 
of ready-made compression hosiery to retain its designated compression after 
repeated wearing–washing cycles, as well as to prove that there is a connection 
between fit and size of medical compression hosiery, depending on the particular 
shape of the limb. According to the presented results, the following observations 
were made.

21.2 � Medical Stockings

Medical compression stockings for the treatment of venous diseases have been knit-
ted on circular weft-knitting machines [18]. The degree of compression has been 
controlled by the amount of elastomer incorporated in the product and by the 3D 
knitting system. Two interwoven elastic yarn systems comprising of inlay and body 
yarns have been knitted together. A package of 22 versions of medical stockings was 
produced. Various values of compression level have been obtained for each version, 
with a pressure profile decreasing from the ankle (with maximum level of 30 mm 
Hg) to the thighs. This kind of hosiery is classified in the moderate compression 
classes (Ccl II), with 23–32  mm Hg compression at the ankle [8]. The measuring 
point details have been shown in Table 21.1 [8]. Figure 21.1 illustrates the connection 
between the measured regions of the leg and the compression zones considered in the 
earlier experiments [1, 14–16].

Four compression zones have been considered and gradually achieved:

•	 CZ1—ankle level, where maximum compression is developed (point B, 100 %);
•	 CZ2—calf level with intermediate compression (point C, 70 %)
•	 CZ3—above-the-knee level with medium compression (point E, 50 %);
•	 CZ4—thigh level with minimum compression (point F, 40 %).
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Table 21.1   Areas of compression for medical stockings [18]

Measuring point Description of the  
measuring point

Compression zone Description

a Sole of the foot at the heel

A Forefoot at the base of the 
toes

B Ankle at the point of its 
minimum girth

CZ1 (with point B) Ankle circumference  
at smallest girth

B1 Point at which the achilles 
tendon changes into the  
calf muscles

C Calf at its maximum girth CZ2 (with point C) Calf circumference  
at largest girth

D Just below the tibia

E Center of the patella and 
over the back of the knee

CZ3 (with point E) Between D and F

F Between center point  
of the crotch and E point

CZ4 (with point F) Thigh circumference  
at largest girth

G 5 cm below center point of 
the crotch, with the patient 
in the upright position

Fig. 21.1   Illustration of the 
compression zones along the 
leg [18]

21.2  Medical Stockings
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21.3 � Results of the Findings

The degree of compression of the medical stockings has been quantified by consider-
ing a reversely proportional dependence between the relative elongation and degree 
of compression [17]. The experimental results obtained with the triaxial tensile test-
ing performed with the grab method and graphically illustrated by the polar graphs 
indicate the stocking reaction to the applied loads, on the four analyzed compression 
areas [18]. The triaxial disposal of the mean values of the evaluated deformations 
for the fabrics selected along the stocking leg before use is depicted in Fig. 21.2a, b 
(tested for the minimum and the maximum load). The same characteristics for the 
samples picked out along the stocking leg used by each of the two patients after 15 
and 30 wearing–washing cycles are represented in Fig.  21.3a, b for patient 1 and 
Fig. 21.4a, b for patient 2, respectively, and also Figs. 21.5a, b and 21.6a, b.

21.4 � Discussions of the Findings

The research investigation aimed to evaluate a new testing method for assessing the 
capacity of ready-made compression hosiery to retain its designated compression 
after repeated wearing–washing cycles and also to establish that a relationship 
exists between fit and size of medical compression hosiery, based on the specific 
shape of the limb [18]. The following observations have been made based on the 
test results. The experimental results obtained for the triaxial testing of the stockings 
are depicted graphically in Figs. 21.2, 21.3, 21.4, 21.5, and 21.6 and permit estima-
tion of the deformation distribution along the leg. Irrespective of whether the stock-
ing is new or used, the grab tests in the wale–course and bias directions explain the  

Fig.  21.2   Variation of triaxial deformation on the compression zones before use: a minimum 
force; b maximum force [18]
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gradual compression features of the medical stockings used for the treatment of 
venous diseases. Both strip and grab tensile tests carried out on wale directions are 
uniaxial-like. Grab tests usually produce higher strength values than do strip tests, 
due to the contribution from adjacent areas to the central stressed area; conse-
quently, for the same applied load, the elongation values obtained with the grab test 
are smaller than those obtained with the strip test. The experimental values obtained 
from earlier tests made on the wale directions of the samples (before use) exhibit 
the above-mentioned trend. Using the stockings before use as a reference (see 
Fig. 21.2a, b), the aspects of triaxial deformations represented in Figs. 21.3, 21.4, 
21.5 and 21.6 suggest changes in compression level for all tested zones along the 

Fig. 21.3   Variation of triaxial deformation on the compression zones, patient 1 after 15 wear-
ing–washing cycles. a Minimum force; b maximum force [18]

Fig. 21.4   Variation of triaxial deformation on the compression zones, patient 2 after 15 wear-
ing–washing cycles. a Minimum force; b maximum force [18]

21.4  Discussions of the Findings
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leg. Medical stockings having similar size, after being worn by two different patients 
in moderate stages of chronic venous diseases but having different limb shapes, did 
not exhibit changes in their compressive features that may be considered as conse-
quences of both wearing and washing processes for different durations and stocking 
size fit (or lack of fit) for the patient dimensions. By wearing stocking of required 
size, the compressive features have been better maintained in the case of normal 
patients than for the sturdy shape patient (Figs. 21.5 and 21.6). In the case of sturdy 
patient, the smaller size of hosiery leads to a loss of compression properties with 
the passage of time, as shown by the increasing values of the triaxial deformation. 

Fig. 21.5   Variation of triaxial deformation on the compression zones, patient 1 after 15 wear-
ing–washing cycles. a Minimum force; b maximum force [18]

Fig. 21.6   Variation of triaxial deformation on the compression zones, patient 2 after 30 wear-
ing–washing cycles. a Minimum force; b maximum force [18]



259

With regard to this aspect, medical monitoring revealed that compression percep-
tion was not well endured by the sturdy-shape patient at the beginning of the test-
ing period. When the medical stocking is designed, the aim is to ensure a gradual 
decrease in compression starting from the value achieved at the ankle level, and this 
compression profile should be preserved for approximately six months; our research 
confirmed this requirement. The ankle value is assumed to be 100 % of the com-
pression value for both patients, regardless of wearing time. The compression profile 
is represented by the percentage changes in elongation from CZ1 to CZ4, for both 
patients and wearing–washing times, under this level. Even though the experimental 
values obtained do not follow exactly the theoretical evolution of compression (100, 
70, 50, and 40 %), the maintenance of well-differentiated compression areas after 
30 cycles of normal wear circumstances can be clearly seen. When considering that 
compression variation is inversely proportional to elongation variation, the values of 
compression reduction expressed as percent have been represented. An illustration 
of comparative evolution of compression reduction after wearing–washing cycles is 
depicted in Fig. 21.7 for maximum (CZ1–ankle girth) and minimum (CZ4–tights at 
larger girth) compression zones. It is necessary to mention that wearing stockings of 
inappropriate size to patient’s body measurements results in more accentuated reduc-
tion of compression, irrespective to the number of washing–wearing cycles.
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Fig.  21.7   Comparison of reduction in compression after wearing–washing cycles for two 
patients studied [18]
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22.1 � Introduction

For the management of surgical wounds, dressings have been commonly used.  
A wide range of wound dressings have been developed to treat the different prob-
lems that happen during the process of wound healing [1, 2]. It is desirable for a 
wound dressing to be easily applicable and removable and cover the affected areas 
so as to avoid bacterial entry [3–6]. Gelatin is a protein biopolymer derived from 
partial hydrolysis of native collagens, the most abundant structural proteins found 
in animal skin, tendons, cartilage, and bones [6, 7]. Gelatin has a number of desir-
able properties such as good biocompatibility, low immunogenicity, plasticity, 
adhesiveness, promotion of cell adhesion, growth, and cost economy and hence 
has attracted attention of many researchers. It is hence suited for tissue engineer-
ing [8]. Anthocyanin is a natural product with polyphenolic structures that have the 
potential to generate hydrogen-bonded structures and nonbiodegradable collagen 
matrices [9–11]. It possesses good anti-oxidant properties, eliminates free radicals, 
reinforces blood vessel walls, protects from cardiovascular diseases, and has there-
fore been used in many clinical applications [12–14]. This chapter highlights the 
use of an innovative type of nonwoven fabric comprising a blend of gelatin and 
anthocyanin. This composite wound dressing has been investigated for a number of 
properties that include air permeability and stability of the gelatin and anthocyanin 
film. The wound healing capacity has also been evaluated.

Chapter 22
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22.2 � Preparation of the Wound Dressing

The well-stirred gelatin and GA solutions were cast onto the nonwoven fabric 
using the halftone technique (Fig. 22.1), and each time the volume of casting solu-
tion was 0.05 ml/cm2. The mechanical properties of the nonwoven composite were 
then evaluated [15].

22.3 � Measurement of Film Stability in Water

For stability studies, the weight of each film immersed in water was compared with 
that of the original sample [15]. To prevent inaccuracies in final film weight, all 
immersed samples were dried in an oven. Film stability was calculated as follows:

where

Wa	� weight of sample after immersing and
W0	� weight of sample before immersing

22.4 � FTIR Spectra

The FTIR spectra for the 10/0, 10/5, and 10/10  % GA films are depicted in 
Fig. 22.2. Considering the 10/0 % GA film for instance (wavelength between 3200 
and 3400/cm), the function group (NH2) vibrated and the strength of absorbance 
was moderate [15].

Stability = Wa/W0 × 100%

Fig. 22.1   Wound dressing preparation [15]
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Increase in the concentration of anthocyanin under the given range of the 
wavelength did not yield the desired changes. The wavelength of C=O (1690–
1750 cm−1) was not obvious [15]. With the rise in the concentration of anthocy-
anin, the function group vibrated intensely. This is due to the cross-linking that 
tends to arise from hydrogen bonds formed between the polyphenolic structure of 
anthocyanin and gelatin [6], which improves the stability of GA film.

22.5 � Stability of GA Film in Water

The influence of the concentration of anthocyanin on the stability of GA film in 
water is depicted in Fig. 22.3. On the first day, the GA film (10/0 %) got degraded 
fully due to the solubility of gelatin in water. The rate of degradation of the GA 
film reduced with the increase in concentration of anthocyanin.

Anthocyanin consists of highly hydroxylated structures capable of generating 
insoluble complexes with carbohydrates and proteins [8, 9], thus establishing that 
the anthocyanin concentration can control the degradation rate [15].

22.6 � Mechanical Properties of Nonwoven Fabrics

A conducive environment is needed for wound healing to repair tissues. Tencel 
nonwoven had a basis weight of about 260 ± 15 g/m2. The nonwoven has been 
made by opening, carding, laying, and needle punching of the Tencel fiber 
(Fig.  22.4). The air permeability reduces after casting GA solution onto the 
dressing [15]. This led to the conclusion that the GA solution blocked the dressing 
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pores, which has resulted in the development of novel dot coating method. The 
investigation also compared the whole-plane coating and dot coating methods.

The tensile as well as the tear strengths of whole-plane coating have been 
greater than those obtained by dot coating, but the air permeability was almost 
nil. The dot coating method created some blank spaces. Hence, the blank spaces 
retained air permeability and could absorb tissue fluid.

22.7 � Macroscopic Evaluation

Earlier literature has confirmed that gelatin is not cytotoxic and is crucial in 
wound healing [7, 10]. Four full-thickness round wounds have been made on 
the flank of each rat. The wound closure rate for each wound has been analyzed 
depending on the area covered with a commercial wound dressing as a function 
of time. The healing has been fast in the case of rats treated with the nonwoven 
GA composite dressing (Fig.  22.5). The wound covered with 10/0  % GA 
composite dressing festered and has been drier than other wounds. The wound 
has apparently inflamed [15]. The wound has been scabbed with proliferation of 
the epidermis on the ninth day. The scab of the wound covered with the com-
mercial wound dressing and GA 10/5 % had peeled off due to the beginning of 
wound repair.

We believe that physical forces initiated by adsorption of various protein 
molecules from the wound surface into the GA caused the wound contractions. 
In contrast with the wound treated with the nonwoven GA (10/10 %) composite 
dressing, the wounds with the treatments healed slower.

Fig. 22.3   Stability of GA 
film in water [15]
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22.8 � Histological Studies

Known differences have been perceived in the wound healing of the commercial 
wound dressing and various concentration ratios of GA composite dressing [15]. 
In order to draw more inferences, the wound sites have been removed, sectioned in 
5-m increments, and stained with hematoxylin and eosin reagent. On the third day, 
the inflamatory cells of the wound appeared and the injury could be seen upon 
removal of the dressing on the surface. But, infiltration of inflammatory cells and 
phagocytosis of the gelatin by macrophages have not been seen in the wounds 
treated with the nonwoven GA composite (Fig.  22.6a–d). On the sixth day, 

Fig. 22.4   Sequence in 
production of needle 
punching nonwoven [15] Tencel Fiber

Opening and Blending

Carding

Laying

Needle Punching

Thermal Bonding

Needle Punching Nonwoven

Physical property Evaluation

22.8  Histological Studies



266 22  Tencel/Gelatin Composite Wound Dressing

collagen fiber, fibroblasts, and blood vessel have been produced (Fig.  22.6e–h).  
On the twelfth day, the proliferation of the epidermis progressed accompanied 
with increase of thickness (Fig.  22.6i–l). The epidermal structure of the wound 
with commercial wound dressing treatment was better than the sample, and the 
epidermis of the GA 10/5 % composite dressing did not proliferate. The replace-
ment of the dressing wound may have been damaged, leading to slow tissue 
growth. The contraction of the wound has been noticed on the twenty-second day, 
and the GA 10/10 % composite showed improvement over the commercial wound 
dressing. But, the GA 10/0 % composite dressing was slow (22.6 m–p).

Fig. 22.5   Stages in the wound healing [15]. a The first day, b the third day, c the ninth day, and 
d the eighteenth day
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Fig.  22.6   Histological study of wound repair [15]. a Commercial wound dressing on day 3, 
b G/A 10/0 % composite dressing on day 3, c G/A 10/5 % composite dressing on day 3, d G/A 
10/0  % composite dressing on day 3, e Commercial wound dressing on day 6, f G/A 10/0  % 
composite dressing on day 6, g G/A 10/5 % composite dressing on day 6, h G/A 10/0 % compos-
ite dressing on day 6, i Commercial wound dressing on day 12, j G/A 10/0 % composite dressing 
on day 12, k G/A 10/5 % composite dressing on day 12, l G/A 10/0 % composite dressing on 
day 12, m Commercial wound dressing on day 22, n G/A 10/0 % composite dressing on day 22, 
o G/A 10/5 % composite dressing on day 22, and p G/A 10/0 % composite dressing on day 22

22.8  Histological Studies
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Fig. 22.6   (continued)
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23.1 � Introduction

Pressure ulcer also known as ‘Decubitus’ ulcer is the injury caused to skin and/or 
underlying tissue due to pressure, or pressure coupled with shear and/or friction 
[1]. They are generally found in immobile patients and can take a long time to heal, 
and also are expensive to treat [2–4]. Pressure ulcers may be deep, originating in 
underlying tissue, or superficial, resulting from repeated surface friction or abra-
sion. Deep ulcers are caused due to lack of oxygen and nutrient supply to the skin 
and underlying tissue due to prolonged pressure. These ulcers result from the mass 
of the body pressing the skin against any hard objects such as chair, bed [5–7]. A 
number of pressure-relieving materials and methods are available, such as alternat-
ing pressure systems that redistribute the load or relieve the pressure at regular inter-
vals [7, 8]. Pressure-reducing equipment, such as mattresses, cushions, and dynamic 
air loss systems, redistributes pressure by spreading the weight over a larger surface 
area [7, 9]. Superficial pressure ulcers occur due to repeated surface friction or abra-
sion. Shearing and friction cause skin to stretch and blood vessels to kink, resulting 
in impaired blood circulation in the skin. Superficial pressure ulcers are also caused 
by microclimate around the skin. The skin is rendered very soft and vulnerable to 
injury by the moisture and wetness [10]. Many investigations have been focused 
on the use of Australian medical sheepskin in the prevention and treatment of pres-
sure ulcers [11, 12]. Though the findings reveal some merits, there are innumerable 
demerits such as itching, discomfort, excess heat. Thermal and tactile properties of 
textile products in direct contact with the patient’s body (bed clothes and bedding) 
play an important role in creating a proper microclimate around the patient’s body. 
Thermal properties are related to dissipation of metabolic heat and evaporated sweat 
from the skin into the environment. For patient comfort, the fabric should help main-
tain a thermal balance and allow the transmission of water vapor. Tactile properties 
of fabrics, on the other hand, are mainly established by fabric surface structure and 
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often expressed as feelings of softness, smoothness, itchiness, etc. [13–19]. A soft 
fabric with a smooth surface is desirable. This chapter focuses on the development 
of a functional textile product that enables to maintain appropriate microclimate 
around the patient’s skin and provides some pressure relief for reducing or delaying 
the development of pressure ulcers.

23.2 � Objectives and Fabric Development

The fabric has been developed with the twin objectives of achieving moisture manage-
ment and pressure relief. In this regard, a face-to-face velour weaving technique was 
utilized to produce a spacer fabric. A spacer fabric is one that comprises of two distinc-
tive fabric layers stitched together by a group of yarns (pile yarns). Such a structure 
promotes pressure relief and enables better moisture management and improved air 
permeability [20, 21]. Spacer fabrics can be produced either by warp knitting or weft 
knitting technique on a double-jersey circular knitting machine, or even on a double-
insertion rapier machine. The rapier machine produces two pieces of fabric face to face 
in a sandwich form, and then, a reciprocating knife blade on the front of the machine 
separates the pieces [22]. The knife blade system has been dispensed with to obtain a 
spacer fabric. The spacer fabric structure has been constructed by the use of two differ-
ent engineered polyester yarns that have better moisture wicking ability. One of them 
was made from four-channel Dacron polyester fiber (Fig. 23.1), and the other is made 
from microdenier polyester blended with cotton [23].

These yarns have a good ability to wick moisture away from the surface 
which are in contact. Earlier research revealed that ChPES yarn has better water 

Fig. 23.1   A four-channel 
polyester fiber shown  
cross-sectionally [28]
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absorbency and wicking ability. MbPES/CO yarn, on the other hand, has supe-
rior air permeability [24]. Furthermore, this yarn was found to be more compact, 
which in turn, was expected to lead to higher bending rigidity and less depres-
sion. Considering these findings, for the top and bottom base fabrics, ChPES yarn 
was chosen as warp. Top weft, which will have direct contact with skin, consisted 
of one of the following: ChPES, MbPES/CO, and polypropylene (PP). Also, cer-
tain special yarns having antimicrobial properties have been incorporated in 
the fabric structure as top weft in some fabrics. Despite these yarns being quite 
expensive for use in hospitals and nursing homes, based on the results of this 
investigation, they might be offered to patients in home care. The function of top 
weft yarn was to wick moisture away from the top layer of the fabric, transport it 
to the bottom layer, and help the dispersion of moisture to the drier areas. Bottom 
weft, on the other hand, consisted of one of the following yarns: ChPES, MbPES/
CO, cotton (CO), and viscose (CV). The role of CO and CV was to absorb body 
liquids wicked away from the skin and entrap them in the bottom layer. Three 
types of pile yarn, comprising of channeled polyester yarn, have been made [28]. 
Microdenier polyester/cotton blended yarn and also polypropylene yarns have 
been incorporated in the pile yarns to get better stability and enhanced compres-
sion resilience in the fabric. From these combinations, 32 different spacer fabrics 
having 2/2 twill weave, 15 ends, and 20 picks per cm have been woven (Fig. 23.2).

Various types of yarns and pile heights have been used in the spacer fabric 
structures. Pile height was measured on the loom when the fabric was under ten-
sion by a ruler. The setting of the pile height on the loom has been 3.9 mm. The 
pile height has been enhanced to 5.0 and 6.5 mm to obtain thicker and more vol-
umes fabrics. But, it was hard to weave the double-layered fabrics with pile height 
of 6.5 mm. As a result, only one sample was woven. All yarns, except polypropylene 

Bottom weft
     thread

Pile thread

Top layer
Bottom layer

Bottom warp
     thread

Pile thread

Top weft
thread

Top warp
thread

Fig. 23.2   Spacer fabric structure [28]
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and Crabyon®, had a linear density of 20 × 2 tex. Crabyon®’s linear density was 
10 × 4 tex, and polypropylene linear density was 300 denier. In the case of SeaCell® 
yarn, a SeaCell® and a MbPES/CO yarn of 20 tex were twisted together. Since the 
cotton yarn was bleached, greige fabrics were only subjected to a washing at 25 °C, 
and subsequently a moisture management agent (Cassapret® SRH A) was applied.

23.3 � Thermal Properties

Figure 23.3 shows the thermal resistance values of the fabrics. Statistical evaluation 
has revealed that for all pile types, the greater the pile height, the better would be the 
thermal resistance. This effect can be observed from the samples 3-3, 6-1, and 9. As 
the fabrics have been woven from 100 % channeled polyester yarn, the difference 
between the thermal resistances values arose entirely from the pile height. This was 
expected since the high pile height causes more air to be captured in the structure and 
air has much lower thermal conductivity compared to fibers [28]. Pile type caused 
a significant difference in thermal resistance values as well, with pile type I having 
lowest and pile type II having highest value. Yarn type used as top weft and bottom 
weft also affected the thermal resistance values. Thermal resistance of the special test 
yarns (Crabyon® and SeaCell®/microdenier polyester/cotton blend yarns was lower 
than the rest. They were followed by polypropylene and microdenier polyester/cot-
ton yarns. Channeled polyester yarn exhibited the best thermal resistance. In the case 
of the bottom weft, channeled polyester and cotton caused greater thermal resist-
ance compared to microdenier/cotton and cotton viscose. In particular, the difference 
between the thermal resistance values of samples produced from channeled polyester 
and microdenier polyester/cotton is interesting. The channels incorporated into the 
fiber structure in polyester fibers seem to have substantial influence on thermal resist-
ance. The results are in agreement with the previous investigation [24]. Figure 23.3 
shows the thermal conductivity of samples. Samples with pile type I and II have sub-
stantially lower thermal conductivity than that of pile type III.

As expected, 6.5-mm pile height exhibited lesser thermal conductivity 
compared to 3.9- and 5.0-mm pile height. The thermal conductivity of the fabric 
samples with channeled polyester and cotton bottom wefts has been lesser than 
that of the fabric samples with microdenier polyester/cotton and cotton viscose. 
The entrapped air in the channeled structure of channeled polyester yarn possibly 
caused low thermal conductivity. Overall, cotton fiber has higher thermal conduc-
tivity compared to cotton viscose. The deviation could have arisen due to the yarn 
structure. Polypropylene exhibits a considerable difference in thermal conductivity 
among the yarns used as top weft. The fabric samples containing polypropylenes 
exhibited the least thermal conductivity.

This was expected since polypropylene fibers have the lowest thermal conduc-
tivity among the fibers used in this study. Moreover, the thermal conductivity of 
the samples with SeaCell®/microdenier polyester/cotton and Crabyon® was par-
ticularly high when a viscose bottom weft was used. This was understandable as, 
like viscose fibers, both SeaCell® and Crabyon® are regenerated cellulose-based 
fibers. Therefore, their thermal conductivity properties are expected to be identical 
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to viscose, which has considerably high thermal conductivity [26, 27]. Figure 23.4 
shows the thermal absorptivity values of the fabric samples.

The type of pile or height of pile did not have considerable impact on thermal 
absorptivity as analyzed statistically. This has been acceptable, as thermal absorp-
tion is a surface property. The top weft had a considerable effect. While poly-
propylene weft caused the lowest thermal absorptivity value, Sea-Cell®/MbPES/
CO weft caused the highest one. Effects of other yarn types on thermal absorp-
tivity were similar. Among the yarns used as bottom weft, CO weft resulted in 
the lowest thermal absorptivity, which significantly differed from that of samples 
with ChPES and MbPES/CO bottom wefts. ChPES and MbPES/CO gave similar 
results. A less value of thermal absorptivity implies that the fabrics have a warmer 
feel, and this is preferable for the required product end use.
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Fig. 23.3   Thermal conductivity values of fabric samples [28]
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23.4 � Water Vapor Permeability

The water vapor permeability of the fabrics is shown in Fig. 23.5. The water vapor 
permeability has not been significantly by the type of bottom weft and pile, as ana-
lyzed statistically, while the pile height had a significant influence. Referring to 
the figure, fabrics 3-3 (3.9 mm), 6-1 (5.0 mm) and 9 (6.5 mm) clearly indicate that 
the water vapor permeability reduces with increase in the pile height [28]. This 
can be explained by the higher amount of water vapor captured in the structure as 
pile height gets higher. PP and Crabyon® top wefts resulted in higher water vapor 
permeability. The rest of the yarns, on the other hand, caused similar values. These 
results showed that in the case of this particular double-layered fabric structure, 
water vapor permeability mainly depended on pile height. The influence of the 
type of weft yarn on water vapor permeability is not important.

23.5 � Water Absorbency Test

23.5.1 � Vertical Wicking Test

The height of fabric wicking on either direction after a duration of one hour is 
shown in Fig. 23.6.

Statistical results have shown that the type of pile had a considerable influence 
on vertical wicking properties of fabrics. Pile type I and II show better result in 
comparison with pile type III. The fabrics with channeled polyester weft yarns and 
polypropylene-added pile yarns exhibited highest wicking height in either direction. 
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Polypropylene and ChPES top wefts improved the wicking height in both weft and 
warp directions. MbPES/CO and viscose bottom wefts, on the other hand, deterio-
rated the vertical wicking. Increasing pile height increased the wicking height. The 
capillary forces that act upon the capillary spaces in the fabric structure causes wick-
ing [28]. Evidently, the channeled polyester fiber structure leads to fast liquid trans-
port. Microdenier blended polyester/cotton yarn consisting of natural and synthetic 
fibers combined together to transfer the moisture. It appears that the synergy created 
by the natural and synthetic fiber composition of MbPES/CO yarn was not as effec-
tive as the channeled fiber structure in transporting liquid moisture. Pore size is a 
significant factor here. The water flow selects small pores during the capillary action. 
The channeled structure seems to create smaller pores.

23.5.2 � Drop Test

The fabrics have been visually analyzed for yellow mark as shown in Fig. 23.7.
On observing the above figures, the water spread in the direction of warp in the 

case of the fabric having polypropylene (e.g., sample 1-3) or microdenier blend 
of polyester/cotton (e.g., samples 2-4 and 7-1) top weft. The transfer of water has 
been uniform in either fabric direction in the case of channeled polyester weft yarn 
(e.g., samples 3-3 and 7-2). This is due to the higher wicking ability of channeled 
polyester yarns [28]. Pile type or height did not seem to affect the water propaga-
tion on the fabric surface. The shape and the size of the yellow-marked area on 
samples with same weft yarns, and different pile type and pile height were very 
similar. It appears that the effect of yarn type on water spreading is dominant over 
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Fig. 23.6   Vertical wicking test results [28]
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pile type and pile height in this particular type of fabric structure. As accurate 
quantitative measurements have been difficult during the test, only visual observa-
tions have been done.

23.5.3 � Fabric Hand

Figures 23.8 and 23.9 depict subjective fabric hand evaluation for 19 test fabrics 
having viscose bottom weft.

Fig. 23.7   Selected results from the drop test [28]
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The channeled polyester yarns exhibit a positive influence on fabric hand. 
However, microdenier polyester/cotton blended yarn and polypropylene yarns 
appeared to have a negative influence. The highest rating has been given to the 
fabric with the maximum pile height. Fabric hand can be defined as the total sen-
sations experienced when a fabric is touched or manipulated by the fingers [28]. 
Fiber type and yarn structure plays an important role in these sensations. In this 
study, apart from polypropylene, all of the other yarns were made from staple fib-
ers. Convincingly, polypropylene has been given the lowest rating. It appears that 
the cross-sectional shape of the channeled polyester fibers enhanced the flexibility 
of fiber and so also the smoothness and softness of the fabric as well.

23.5.4 � Compressibility

The thickness of the fabrics has been determined under the compression loads of 
75 and 1700 g/cm2, and the compressibility percentage is calculated. The pile type 
and height strongly influence the compressibility of the fabrics. The polypropylene 
pile yarns, due to their greater stiffness, were less compressible. The compress-
ibility of the fabrics having pile height of 5.0 mm and 6.5 mm was the same. On 
the other hand, the fabrics having pile height of 3.9 mm had substantially high 
compressibility in comparison with them [28]. Fabric thickness becomes impor-
tant in compressibility of fabrics made from same fibers. Thicker fabrics are less 
compressible unless the structure is very bulky. Despite the fact that the double-
layered fabric structure showing only a small improvement in pressure relief, it 
could possibly help patients feel more comfortable. Clinical trials are to be carried 
out to prove its effectiveness.
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24.1 � Introduction

Shape memory polymers are a group of actively moving polymers that can instantly 
change their shapes in a predefined manner under a given set of conditions such as 
heat, electricity, pH value, ionic strength, light, and magnetic field [1–6]. As these 
polymers find medical applications owing to their combination of biocompatibility 
with large shape deformation and recoverability, they have attracted a great deal of 
scientific interest. Shape memory polymers have a wide range of tunable stiffness, 
tailorable switch temperatures, fast actuation, and elastic properties of the materials 
which are of benefit for their biomedical applications. The switch temperature can 
be easily adjusted by varying the soft segment and hard segment type and contents 
[7–9]. Earlier researches have pointed out many biomedical applications of shape 
memory polymers [10–12]. One example is a laser or magnetic-activated shape 
memory device for the mechanical removal of blood clots [13–16]. Another exam-
ple is an aneurysm coil for the treatment of intracranial aneurysm in place of a plat-
inum coil [17]. A third example is a biodegradable suture with shape memory effect 
[18–20]. The suture can tie itself into a perfect knot in the body after being applied 
to wounds. Shape memory foams are helpful for overweight patients to lose weight 
[21]. They could also be used to deliver drugs in the treatment of stomach and intes-
tinal disorders [22, 23]. Shape memory polymers could also find application in 
orthodontics [24–26]. There are only a few biomedical applications of shape mem-
ory fabrics. This arises because of the problems associated with the synthesis of 
high-quality shape memory polymer for fiber spinning and the spinning technique 
of shape memory polymers. Recently, shape memory fibers have been developed 
via the wet and melt spinning techniques [27–31]. Shape memory fibers possess 
excellent mechanical properties and shape recovery force due to molecular orienta-
tion. They enable to create intelligent fabrics with a self-regulating structure and 
performance responding to surrounding temperature, in the case of apparel designs 
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[32, 33]. Besides, the fabrics have more capability to form 3D structures, compared 
with spandex and polyester due to their good shape fixity. Moreover, they possess 
good wearer fit and comfort, due to their good shape deformability and retention 
property of the fibers. They also hold promise in the biomedical material applica-
tions owing to their soft structure and permeability and are therefore more biocom-
patible in comparison with films or bulks. In the case of biomedical applications, it 
would be desirable that the shape recovery be stimulated by the temperature of the 
human body [34, 35]. Shape memory polyurethanes can have alterable temperatures 
between −50 and 100 °C, by varying soft segment and hard segment type and con-
tents. This chapter highlights a shape memory polyurethane of the glass transition 
type with appropriate temperature alteration ability. Polybuthyleneadipatediol has 
been used as the soft segment.

24.2 � Evaluation of Thermal Properties

The image of the prepared shape memory multifilament is presented in Fig. 24.1.
The glass transition temperature of the shape memory polymer has been 

measured by means of differential scanning calorimetry (DSC), and the curve so 
obtained is shown in Fig. 24.2.

The fiber so analyzed exhibits an endothermic step change at 35.90 °C, point-
ing the glass transition of the soft segment phase [29–31]. This temperature per-
taining to the soft segment phase is used as the switch transition for the fiber to fix 
or unfix the shapes of the shape memory fiber below and above the thermal transi-
tion temperature. The switch temperature is almost the same as body temperature, 
so as to enable shape changes to be caused by human bodies. The curve shows 
two hard segment melting transition peaks at 121.9 and 144.0 °C. This points out 
that the hard segment phase has strong crystallizability [28]. In the case of shape 

Fig. 24.1   The image of the 
shape memory multifilament 
[36]
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memory polyurethanes, the shape recovery happens through the release of the 
stress accumulated during deformation caused by the hard segment phase [29]. 
Hence, it is possible to predict that the fiber can have good shape memory effects 
[36].

24.3 � Mechanical Fiber Properties

The static strain–stress curves of shape memory fibers and films can be seen in 
Fig. 24.3.
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Fig. 24.2   The differential scanning calorimetric curve of the shape memory fiber [36]

Fig. 24.3   The tensile 
properties of the shape 
memory multifilament and 
shape memory film [36]
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The average fiber tenacity is found to be 1.04 cN/dtex, and breaking elongation 
is 76 %. The shape memory fiber has a breaking strength around five times that of 
the shape memory film. These values can be attributed to the molecules’ orienta-
tion in the shape memory fiber caused by the spinning process. Figure 24.4 shows 
the molecular orientation of the shape memory fiber by using SAXS.

The fiber axis is indicated by the arrow. The reflection from the surface of the 
fibers is shown as equatorial streak [36]. The complete molecular orientation of 
the fiber is depicted as asymmetric scattering pattern.

24.4 � Shape Memory Effect of the Fiber

Figure 24.5 shows the curves depicting the thermomechanical cyclic tensile test of 
the shape memory fiber.

During the first phase, the shape memory fiber has a fixity ratio of more than 
80 % and a recovery ratio of up to 90 %. This is indicative of good shape memory 
effect for the fiber prepared. The reorganization of fiber molecules, which includes 
molecular orientation, and crystallization or breakage of a weak place during 
elongation partially creates a significant difference between the first and remain-
ing thermal phase [36]. The stress–strain behaviors become very similar after a 
cycle. Shape memory polymer cannot fix the temporary shape completely because 
of instant elastic recovery after external stress is released. Moreover, its original 

Fig. 24.4   The SAXS pattern of the shape memory fiber [36]
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length is not completely recoverable owing to stress relaxation, rearrangement of 
molecules, and a breakage of weak point.

24.5 � Shape Memory Effect of the Fabric

The shape memory characteristic of the fabric is shown in Fig. 24.6a, b.
The height of the bag speedily recovers to about 0.4 cm, after a time duration of 

about 2 min with rise in temperature. Figure 24.6b indicates that the bag does not 
recover complete flatness. This may be partially due to the molecule orientation 
and the broken weak point of the fiber molecules. The knit structure of the fabric 
is also an influencing factor. The recovery ratio could get reduced due to the fric-
tion and entanglement between fibers in the fabric. The various fabric mechanical 
properties and shape memory effects can be affected by alteration of fabric struc-
tures that would suit varied applications and conditions [36].

24.6 � Cytotoxicity

Table  24.1 shows the biological reactivity (cellular degeneration and malforma-
tion), which has been rated on a scale of 0–4.

The responses obtained from the negative and positive controls as well as the 
shape memory fabric are shown in Table 24.1. The test system has been consid-
ered suitable due to the observed response, which relates to the labeled biologi-
cal reactivity grade of the reference standard considered [36]. The test article met 
the requirements of the test if none of the cell cultures exposed to the test article 
exhibit greater than a mild reactivity (grade 2). The test results revealed that the 
shape memory fabric is cytotoxic.

Fig. 24.5   Curves depicting 
the thermo mechanical cyclic 
tensile test of the shape 
memory fiber [36]

24.4  Shape Memory Effect of the Fiber



288 24  Smart Shape Memory Fabrics—Biological Aspects

24.7 � Hemolysis

The hemolysis index has been calculated as per following the equation

Hemolysis index (%) =
A1 − A2

A3 − A2

× 100

Fig. 24.6   The curve showing recovery of the shape memory fabric. a The bag shapes during the 
shape recovery test and b the variation in the height of the bag during the shape recovery as a 
function of time [36]

Table 24.1   Rating of biological activity [36]

Grade Reactivity Description of reactivity zone

0 None No detectable zones around or under specimen

1 Slight Some malformed or degenerated cells under specimen

2 Mild Zone limited to area under specimen

3 Moderate Zone extends 0.5–1.0 cm beyond specimen

4 Severe Zone extends greater than 1.0 cm beyond specimen but does not involve 
entire dish
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where

A1 is the absorption of the test group,
A2 is the absorption of the negative control group
A3 is the absorption of the positive control group

A mean hemolysis index from the three test samples of 5 % or less was consid-
ered to be nonhemolysis [36]. Absorption of negative control solution should not 
be more than 0.03; absorption of positive control solution should be 0.8 ± 0.3. The 
absorption data of test and control groups are presented in Table 24.2.

The free hemoglobin concentration has been measured to find out the hemoly-
sis index of the test article extracts using the spectrophotometrical method. Under 
the conditions used in this study, hemolysis was not observed in the diluted rabbit 
blood which was in direct contact with the test article extracts. Hemolysis index of 
the test article was 0.35 %.

24.8 � Sensitization

Table  24.3 shows the specific rating standard. The guinea pig closed patch sen-
sitization test results of the test group (induction: 25-hilltop chamber moist with 
saline; challenge: 1 square inch test article using a 25-mm hilltop chamber moist 
with saline) are shown in Table 24.4. The guinea pig closed patch sensitization test 
results of the control group (dosage: 1 square inch test article using a 25-mm hilltop 

Table 24.2   Agar diffusion test results [36]

Article Reactivity grade at 24 h

Positive control (1 cm2 latex) 3

Positive control (1 cm2 latex) 3

Positive control (1 cm2 latex) 3

Negative control (physiological saline, 0.1 ml) 0

Negative control (physiological saline, 0.1 ml) 0

Negative control (physiological saline, 0.1 ml) 0

Shape memory fabric (1 cm2) 0

Shape memory fabric (1 cm2) 1

Shape memory fabric (1 cm2) 1

Table 24.3   Hemolytic index [36]

Group Absorption Average Hemolysis index (%)

Test group 0.006 0.005 0.008 0.006

Negative control group 0.005 0.003 0.002 0.003 0.35

Positive control group 0.870 0.850 0.884 0.868

24.7  Hemolysis
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Table 24.4   Scoring criteria for skin reactions [36]

Erythema formation Edema formation

No erythema 0 No edema 0

Slight erythema 1 Slight edema 1

Well-defined erythema 2 Well-defined edema 2

Moderate erythema 3 Moderate edema 3

Severe erythema to slight eschar formation 4 Severe edema 4

Total possible erythema score = 4 Total possible edema 
score = 4

Table 24.5   Scoring criteria for skin reactions (rabbit) [36]

Erythema formation Edema formation

No erythema 0 No edema 0

Very slight erythema (barely perceptible) 1 Very slight edema (barely perceptible) 1

Well-defined erythema 2 Slight edema (edges of area well defined  
by definite raising)

2

Moderate to serve erythema 3 Moderate edema (area raised approximately 
1 mm)

3

Severe erythema (beet redness) to slight 
eschar formation

4 Severe edema (area raised more than 1 mm 
and extending beyond area of exposure)

4

Total possible erythema score = 4 Total possible edema score = 4

chamber moist with saline) are given in Table 24.5. Based on the test results, the 
shape memory fabric was not considered a sensitizer in guinea pigs [36].

24.9 � Dermal Irritation

The scoring criteria for skin reactions are shown in Table 24.5. The skin irritation 
summary of scores for skin irritation (dose =  25 ×  25  mm2 (moist with physi-
ological saline)) is shown in Table 24.6. All sites were intact [36]. Based on the 
test results, according to ISO 10993-10, the test article was not considered a der-
mal irritant.
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25.1 � Introduction

During the recent years, cellulosic fibers have been used in the development of 
medical textile products, as proved by the literature available [1–8]. Owing to 
their active surface area, strength, and molecular structure, cellulosic fibers exhibit 
enormous possibilities in the design of bioactive, biocompatible, and advanced 
materials [9]. One such area of application could be cellulose tampons which are 
used by women and have biodegradable and antimicrobial properties. It protects 
from physiological and pathological vaginal discharge, which could otherwise 
increase the vaginal pH beyond the desirable limit of 3.6–4.5 [10]. An increase 
in pH may cause a reduction in the natural defense of the vagina. This suggests 
conduciveness for development of bacteria [11] and hence prone to infection of 
bladder [12]. A number of techniques and formulations have been evolved in order 
to manage the problem of increased pH value of the vagina, than the normal [13]. 
But these have been unsatisfactory from the practical point of view considering 
the usage and acceptability. Therefore, the development of materials for prevention 
and treatment of gynecological infections still represent a significant challenge. 
Chitosan is the next most abundant polysaccharide found on earth, in comparison 
with cellulose. It is a biopolymer that is polycationic and covers a broad spectrum 
of medical properties activity, such as antibacterial, antifungal, and hemostatic 
properties [14–18]. Chitosan possesses many desirable characteristics, with regard 
to vaginal infections

(a)	 It is effective against yeast Candida albicans, which is the etiological agent 
causing vaginal candidiasis most frequently [19]

(b)	 It is effective against Staphylococcus aureus, which is the etiological agent 
causing toxic shock syndrome most frequently [20]
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(c)	 It is effective in pharmaceutical applications as a drug delivery system, such 
as in the case of treatment for ovarian cancer [21], and

(d)	 As it has no harmful effect, it can be safely used during pregnancy, since it 
helps to maintain a healthy vaginal environment conducive for avoiding 
premature childbirth [22].

Hence, chitosan is highly suitable for adsorption onto cellulose fibers and thereby 
impart antimicrobial activity. This chapter highlights the functionalization of vis-
cose cellulose using chitosan. The objective is to assess the potential use of such 
a material for the development of new tampons, which apart from maintaining/
creating the desired physiological pH value, would also possess antibacterial 
and antimycotic properties. The tampons do not exhibit negative effects, such as 
inflammation risks, and infections from yeasts, and on repeated use, help to sus-
tain the required moisture in the vagina.

25.2 � Technical Aspects of Tampons

Table 25.1 shows the mass of the tampons, absorbency, and vertical pressure sta-
bility. The results are the mean values of five separate measurements. The mass of 
the tampons increased slightly with the spraying of chitosan–lactic acid and chi-
tosan–acetic acid. However, the increase is almost within standard deviations of 
the measurements. The chitosan–lactic acid formulation shows a higher increase in 
absorbency ranging between 16 and 26 %, when compared with the chitosan–acetic 
acid formulation(14 and 0 %), without considering the drying techniques [23]. Both 
acetic and lactic acid are highly hygroscopic; acetic acid melts at about 16 °C and 
lactic acid at 53  °C, and hence, the increased absorbency for functionalized, air-
dried tampons was expected. The lower values of absorbency for both samples was 
due to the drying in the air chamber; for the sample treated by chitosan–lactic acid 
formulation by around 10 %, meanwhile the chitosan–acetic acid sample dried in air 
had a lower absorbency than the one dried in the chamber. The capacity of absorp-
tion did not exhibit change when compared with the reference sample as observed 
with the formulation of chitosan–acetic acid dried in air. The reason for this is that 
acetic acid is liquid at room temperature, so one would expect it to evaporate more 
easily than lactic acid during drying. Hence, the hygroscopicity of functionalized 

Table 25.1   Technical factors of untreated tampons and tampons containing 1 % chitosan [23]

Notation Mass of tampon Absorbency Vertical pressure stability

A 3.2 ± 0.3 11.2 ± 0.1 32.0 ± 1.5

B 3.5 ± 0.1 13.0 ± 0.2 44.0 ± 1.2

C 3.7 ± 0.4 14.2 ± 0.3 49.0 ± 1.8

D 3.5 ± 0.2 12.8 ± 0.2 37.0 ± 0.9

E 3.3 ± 0.1 11.2 ± 0.05 32.0 ± 1.4
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dry tampons possibly decreases due to the acid evaporation. This was more pro-
nounced in the case of chitosan–acetic acid tampons (sample D). The formulation 
of chitosan–lactic acid combined with air-drying gave the highest increase in absor-
bency. Treatment with chitosan/lactic acid (samples B and C) considerably increased 
the tampon vertical pressure stability (from 32, to 44 and 49 N, respectively, higher). 
After treatment with chitosan–acetic acid, the tampon vertical pressure stability was 
approximately at the same level as for the referenced tampon. This can again result 
from the evaporation of acetic acid. Another possibility is intermolecular interac-
tions between cellulose and chitosan/lactic acid. The hydroxyl groups in chitosan 
lactates can form hydrogen bonds with the hydroxyl groups of cellulose leading to 
improvement in mechanical properties (higher stiffness), such as improved stabil-
ity of the final material. One of the most important parameters of the tampon is the 
pH of its aqueous extract. Earlier research has pointed out that lactic (US patents 
2005/0124799, 6656913, and 7056891), citric, and acetic acid incorporated into nat-
ural fiber strips are released from their surfaces and adjust the pH to a physiological 
acidic value. The pH values of the distilled water extract after immersion of the tam-
pons are presented in Fig. 25.1. The findings reveal that treatment with chitosan–lac-
tic acid or chitosan–acetic acid effectively reduces the pH value of water in contact 
with the tampons. This indicates a potential ability to maintain the pH value at the 
optimal physiological pH value in the vagina. The technical factors measured for the 
functionalized tampons fall within the limits of product standards, as defined within 
this special field, and in accordance with the European Pharmacopy.

25.3 � Adsorption of Chitosan 

25.3.1 � Amino Group Amount

The critical molecular properties which control the antimicrobial activity of 
chitosan are the quantity and location of amino groups. The amino groups of 
chitosan are protonated and permit the growth inhibition of different bacteria 

Fig. 25.1   pH of tampons’ 
aqueous extract [23]

25.2  Technical Aspects of Tampons
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(Gram-negative and Gram-positive) under acidic medium. The antibacterial activ-
ity of chitosan has been explained by two mechanisms, which stress upon the 
necessity of the amount of active amino groups [23]. In one mechanism, the poly-
cationic nature of chitosan interferes with the bacterial metabolism by stacking on 
the cell’s surface. The other mechanism is the binding of chitosan with deoxyri-
bonucleic acid (DNA) to inhibit messenger ribonucleic acid (mRNA) synthesis. 
Hence, it is necessary to measure the number of functional groups that influence 
the antimicrobial property of the material. The amounts of amino groups in dif-
ferent samples (tampons) determined by conductometric titration and conventional 
Kjeldahl analysis are shown in Table 25.2. The coefficient of variation (CV) of the 
amount of amino groups determined by conduct metric titration was less than 2 % 
for all samples. Both techniques confirm that amino groups were introduced into 
the viscose material by spraying with chitosan. The amino groups increased with 
higher chitosan concentration and have been independent of the method of drying 
the tampons.

Initial research has revealed (see Table  25.2) that viscose fibers treated by 
0.5 % chitosan solution in lactic acid and dried in an air chamber contain 20 % 
less amino groups than the same fibers treated by 0.8 % of chitosan solution. An 
increase in the concentration of chitosan in solution to 1 % caused increase in the 
fiber amino group content to about 40 % in sample B in comparison with the same 
sample impregnated by 0.8 % chitosan solution and even more than 80 % when 
this sample was impregnated by 0.5 % chitosan solution. More amino groups were 
detected on viscose material functionalized with chitosan dissolved in acetic acid 
solution (around 2 mmol/kg fiber higher than for lactic acid). It seems justifiable 
that the conformation of the chitosan was more expanded in the lactic acid than 
in the acetic acid solutions. Lactic acid is the stronger acid (lactic acid pKa 3.86 
at 25 °C; acetic acid pKa 4.76 at 25 °C), and thus, less lactic acid than acetic acid 
is needed to reach pH 3.6. Further, the ionic strength was lower at pH 3.6; the 
chitosan was more expanded and thus formed a thinner layer on the fiber surface 
when adsorbed. Therefore, less chitosan adsorbed from lactic than from acetic acid 
solutions. The results from Kjeldahl analysis (total nitrogen content in percentage) 
indicate similar trends as those obtained by conductometric titration.

Table 25.2   Amino groups in untreated viscose fibers and also fibers with 1 % chitosan [23]

Notation Conductometric titration 
(NH2) (mmol/kg fibers)

Kjeldahl method total nitrogen 
content (N2) (%)

A 0.5 0

B 14.80 15

C 14.18 13

D 16.12 20

E 16.52 21

B (0.5 % chitosan solution) 8.21

B (0.8 % chitosan solution) 10.55
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25.3.2 � In Vitro Growth Inhibition of Various 
Microorganisms by Chitosan-Treated Tampons

The antimicrobial properties of the samples have been tested. They have been 
measured within two weeks of sample preparation. The antimicrobial characteris-
tics have been tested for control samples sprayed with acetic and lactic acids only. 
The results show that these acids alone did not provide the tampons with antimi-
crobial properties. Inhibition of microorganisms was in both cases less than 67 %. 
The antimicrobial activity against the microorganisms of tampons air-dried and 
treated by chitosan–lactic acid solution increased with increasing amount of amino 
groups in the fibers. Among all samples, the best results were obtained with tam-
pons sprayed by 1 % chitosan in lactic acid and dried in the air chamber (tampon 
B). These were active against all microorganisms and inhibited growth of all of 
them, except S. aureus and Escherichia coli by 100  %. The inhibition has been 
75  % in the case of S. aureus and 27  % in the case of E. coli, which was very 
slightly or not at all inhibited by other tampons. Investigation has not been pos-
sible at higher concentrations of chitosan since the solution viscosities were too 
high to permit spraying. In the case of lactic acid, the decrease has been greater 
than with case of acetic acid. The lactic acid appears to contribute better to the in 
vitro growth inhibition of different microorganisms as compared with acetic acid. 
But, both control samples have been considered ineffective as antimicrobial mate-
rial. With tampon C, the same formulation was used (chitosan–lactic acid) as in 
tampon B, but drying was performed in an open-air atmosphere. The antimicrobial 
activity of tampon C was also good; all tested microorganisms were reduced, but 
not to the same extent as with tampon B (see Table 25.3).

The antibacterial activity of tampons D and E was substantially lower and 
they even stimulated growth of the fungi [C. albicans (–20  %) and Candida 
glabrata (−88 %)]. Obviously, the combination chitosan–lactic acid formulation 
is more appropriate for reduction of microorganisms than chitosan–acetic acid. 
Comparison of lactic and acetic acids shows that acetic acid is a much milder 
antibacterial organic agent. Air-dried tampons were apparently somehow contam-
inated by exposure to the air atmosphere, which stimulated the growth of microor-
ganisms or even caused microbiological or chemical degradation of the chitosan. 
The moisture content of air-dried tampons was actually still 37–40 % (determined 
by halogen dryer). Hence, microbiological contamination of them during stor-
age can be expected. It has been shown that any decrease in the molecular weight 
of chitosan increases antimicrobial activity, but this increase is limited to certain 
molecular weights only, 26 below which activity declines. Tampon E stimulated 
growth of fungi and showed no antimicrobial activity against S. aureus or E. coli. 
Sample D, prepared with identical formulation (chitosanacetic acid) as tampon 
E, exhibited much better results. It would appear that the phenomenon could be 
attributed to the drying procedure which resulted in the drying of the tampon 
within a few hours. The growth of the microbes has been limited in this case. On 
the hand, the tampons dried in air were wet and exposed to the air for more than 

25.3  Adsorption of Chitosan
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30 h e prior to drying. The investigation confirms that both lactic and acetic acid 
can be used to render the fiber samples capable of adjusting pH to physiologi-
cal level, and also that only chitosan enables antimicrobial activity of the viscose 
material, whether when sprayed by chitosan–lactic acid or chitosan–acetic acid.

25.4 � Suitability of Chitosan-Acid Treated  
Tampons for Gynecological Use

The tampons developed during this research proved better than existing ones, 
which only maintain the physiological pH value. Viscose fibers coated by chitosan 
dissolved in acetic or lactic acids both inhibit the growth of microorganisms and 
adjust the pH [23]. The optimum level of antimicrobial activity has been reached 
when a chitosan–lactic acid mixture was used in combination with drying in the 
air chamber. The growth of the various microorganisms tested has been inhib-
ited. The antibacterial activity of sample B has been evaluated for various types 
of microorganisms and ranged between 79 and 100 %, except for Gram-negative 
E. coli, which was reduced by only 27 %. When theoretically considered, the use 
of these tampons can reduce the possibility of repeated vaginal infections caused 
by yeasts, particularly, C. glabrata, which is very resistant to clinical treatment. 
During antibiotic treatment, women often experience vaginal discharge, mostly 
caused by C. albicans. Hence, the preventive use of tampons would be assured 
in these patients. The use of such tampons could prove beneficial for pregnant 
women, as (in vitro) trials have confirmed resistance of the tampons against 
Streptococcus agalactiae bacteria, which pose serious problems for pregnant 
women and their infants.
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26.1 � Introduction

Tubular structures are generally manufactured by the braiding technique. They 
find multivaried applications, such as medical textiles, composites, sporting goods, 
and mechanical and civil engineering parts. The braided structures used in medical 
application are known as stents, which are used in the cylindrical surfaces of the 
body. They are made of either plastic or metal materials. They are self-expanding 
and implantable and are used to repair blood vessels affected by disease [1]. The 
geometrical relationships between the variables in the case of metal stent have 
been established [2]. Even though the metal stents are biocompatible, the ratio of 
self-expansion to the initial diameter is very limited. Therefore, polymeric materi-
als may be preferred, which also have good long-term stability inside the body. 
The properties of materials used directly affect the behavior of the braided tubular 
fabrics. The feasibility of producing an ideal tubular braiding structure from poly-
meric materials suitable in medical applications has been investigated. Polyester 
has been found suitable owing to its biocompatibility and long-term stability [3]. 
Despite the fact that braiding is a conventional technique, little literature is avail-
able on it [4, 5]. Though braided fabrics have limited applications in traditional 
textiles compared to woven and knitted structures, it enjoys wider applications in 
technical and industrial applications, particularly textile composites and aircraft 
parts. The mechanical properties and basic model of the braided fabric structures 
have been well researched. In one of the works, a mechanical model of the braided 
fabrics has been provided by means of a repeated unit cell. A geometrical defini-
tion of a unit cell has been developed and the model has been used to predict the 
mechanical behavior of the braided fabrics [4]. In yet another interesting work, the 
crimp effects and the calculation of braid geometry have been studied [5], wherein 
the effects of the mandrel diameter on the geometry of the model have not been 
included. A subsequent work investigated the effects of mandrel diameter in fabric 
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braiding [6]. The maximum crimp is found to be at a braiding angle of 45°, at 
which the helical angle is at its maximum level [7]. The geometry of braided fab-
ric is characterized by many variables, including yarn bending stiffness. In this 
chapter, the radial force of the braided tube is considered in relation to the diam-
eter of the monofilament yarns. The relationships between the braid angle, helical 
length, braid diameter, and elastic force have been developed. In order to be used 
as stents, braided tubular stents should have a high elastic radial force. Upon appli-
cation of axial tensile force/radial compressive force, the stent extends in axial 
direction and its diameter gets reduced as shown in Figs. 26.1 and 26.2. On with-
drawing the applied force, an axial tensile force acts opposite to the initial tensile 
force balances the force, accompanied radial expansion of the stent.

26.2 � Geometry of Braided Stent

Due attention has to be given in the design of stent, so as to achieve satisfactory 
performance from a tubular-graded structure [8]. Hence, the analysis of the tubu-
lar braided geometric structures becomes essential. The expansion of the tubular 
structure generates outward radial forces. The diameter of the mandrel and the 
yarn are related to the initial average and external tube diameter (Fig. 26.3):

Fig. 26.1   Braided tube geometry before and after axial load application [8]
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where Da is the average stent diameter, Dm is the mandrel diameter, De is the max-
imum external diameter representing the outer border of the stent, and df is the 
filament diameter. The initial length of a filament twist can be obtained as

Da = Dm + 2df = De − 2df

ho =
πDa

tan α0

Fig.  26.2   Changes in stent structure under influence of forces [8]. a Initial condition—forces 
balanced. b F axial force and P axial extension, radial contraction. c Removal of axial force. 
d Force balance restabilized

Fig. 26.3   Mandrel and yarns shown cross-sectionally [8]

26.2  Geometry of Braided Stent
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where αο is the initial braid angle. Then, the number of coils, nc, in the braided 
tube is obtained as

where hs is the total length of the braided stent. The length of one filament per 
turn, Lf, which is defined as ‘coil length,’ is equal to

where D and α are the new stent diameter and braid angle, respectively. When 
subjected to an axial load, F, the length of the braided tube increases as its diam-
eter reduces. Coil length does not change before and after applying load F. This 
assumption is applicable provided there is no extension in the filament length 
under the force applied. Hence, the new stent diameter is

The extension of the stent length, Δh, is calculated as

and the length of one twist after applying the load becomes

The total stent length after application of the force, F, is

The total filament length, Lt, employed in the stent can be calculated as

where nf is the number of filaments. The braided tube surface area is πDL. 
Although the enclosed area of the structure is normally defined as the product of 
total filament length and filament diameter, the cover is reduced by the area of 
each intersection. The shape of the intersection takes a diamond form, and the area 
of this intersection is

The calculation for number of intersections, Ni, in a given braided tube is made by 
dividing the stent into transverse slices such that each slice contains nf/2 intersec-
tions. From above equation, the total area of the intersection becomes.

nc =
hs

ho

Lf =
πDa

sin αo

D = Da
sin α

sin αo

�h =
πDa(cosα − cosαo)

sin αo

h = ho +�h

Hs = nc(h+�h)

Lt = ncnfLf

Ai =
d2f

sin 2α

Atotal =
Nidf2

sin(2α)
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26.3 � Mechanical Properties of the Braided Tube

A braided tubular structure could be visualized as an open coiled helical spring 
having freely rotating ends [8]. In this case, the following equation was derived to 
determine the axial load, F, on a braided tube [2, 9, 10]:

where C1, C2, and C3 are constants depending on the initial average braided 
diameter, Da, and braid angle, αo.

I and Ip are the moment and polar moment of inertia of the fiber, respectively.
G is the modulus of rigidity and E is the modulus of elasticity of braided tubes.
The bending rigidity of fibers is influenced by radial load of the braided tube. 

When a load, F, is applied to a braided tube, the fabric diameter reduces, while its 
length increases. A specific amount of energy dW should be applied to the braided 
tube in order to stretch the length of a braided tube by an incremental value, dh. 
The same amount of dimensional rearrangement occurs with a radial pressure, 
P, at a diameter change, dD. The integrals of both longitudinal and radial change 
yield the amount of energy required for the dimensional changes. This situation 
can be simply demonstrated as

The deflection, dh, is the result of the radial pressure, P, applied to an idealized 
wall of the braided fabric tube. When an axial tensile or a radial compressive force 
acts on the braided tube, the length of the tube increases as the value of the tensile 
force or radial pressure increases. The diameter reduces as the braiding angle, α, 
reduces. The four cases are depicted Fig. 26.2 as given below:

F = 2nf

[

GIp sin α

C3

(

2 cosα

C3

− C1

)

−
EI

tan αC3

(

2 sin α

C3

− C2

)]

C1 =
cos(2αo)

Dα

, C2 =
2 sin2(αo)

Dα

, and C3 =
Dα

sin(αo)

dW =

L
ˆ

Lo

Fdh

dW =

D̂

Dα

Pdh
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•	 first case: during the initial condition, the braided tube is stable, and the total 
force acting on the tube is nil.

•	 second case: the tensile force, F, or radial pressure, P, acts on the structure. The 
diameter of the structure reduces and the length increases under the influence of 
the forces.

•	 third case: the structure tends to regain its original position, owing to the stored 
energy during release of the braided tube.

•	 forth case: it is a final stage in which the diameter increases with the decrease 
in length till restabilizes as in the preliminary state. For a braided fabric com-
pressed by a radial amount of dD/2, from above equations may be rewritten as

Then, the radial pressure, P, is given by

The radial stiffness of the structure affects the radial force. The radial stiffness is 
determined by a number of parameters that include the number of filaments used 
in the braided tube, the tube diameter, and the braid angle. The value of the radial 
stiffness is influenced by the modulus of the fiber.

26.4 � Description of Materials Used

Two different diameters of polyester monofilament yarns were used to make tubu-
lar braided structures. The properties of the monofilament yarns have been evalu-
ated. The tubular braided structures were produced by using 16- and 32-head 
braiding machines. It was necessary to use a cylindrical core, called a ‘mandrel,’ 
during manufacturing of the braided tubular samples. There were four different 
mandrel diameters used in this work. The mechanical and geometrical properties 
of the braided tubes produced have been measured. It was assumed that the braid 
tube retains constant volume when subjected to a load; therefore, the value of the 
rigidity modulus is only one-third of its modulus because the Poisson’s ratio is 0.5 
for constant volume deformation.

Due to the high stiffness of the polyester filament yarns, it was necessary to 
apply heat-set to the samples produced. The heat-setting operations are mainly used 
to remove the internal stresses in the fabric and obtain a more stable and predicta-
ble geometrical structure. Three different heat-setting temperatures and heat-setting 
times were used in the experiment with a laboratory-type oven that was able to heat 
the specimens up to 450 °C. The heat-setting temperatures were set to 175, 200, and 
225 °C and the heat-setting time was 10, 20, and 30 min for each temperature level. 
In total, three replicates were produced for each level of combinations. Figure 26.4 
shows some tubular braided structures that were manufactured in this study.

dW =
PπDLdD

2

P = −
2Fnc

DL
tan α
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26.5 � Results of Findings

The axial tensile force is plotted as a function of the filament extension for diam-
eters of 0.3 and 0.9 mm (Fig. 26.5).

The axial tensile force increases with the length of the stent [8]. At longer stent 
length, the curves get steeper since greater force is required to overcome the struc-
tural resistance to extension. In other words, the longitudinal stiffness of the stent 
increases as the stent is stretched further. The experimental values match well with 

Fig. 26.4   Experimentally produced braided tubular structures [8]

Fig. 26.5   Curves depicting axial tensile force and stent length extension [8]

26.5  Results of Findings
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the theoretically predicted values. The extent of the radial pressure exerted by the 
stent as a function of stent diameter is shown in Fig. 26.6.

The radial pressure increases with decrease in stent diameter. The agreement 
between experimental and theoretical data is also satisfactory for the radial pres-
sure, as in the axial tensile force. Considering that the stent volume remains fixed, 
an increase in the length of the stent reduces the diameter of the stent. The cover 
factor of a stent becomes crucial for providing a good support to the walls of the 
vein. Braided structures are most open type of structures compared to other types 
of fabric structures. The experimental and theoretical percentage of fabric cover as 
a function of the stent diameter is shown in Fig. 26.7.

As can be seen from the Fig.  26.8, there is a point in each curve where the 
area covered by the yarns is at the minimum level. This level corresponds to the 
case where the yarns on the braided fabric intersect each other at or close to 90°. 
As the braid angle deviates from 90°, the stent diameter increases or decreases, 

Fig. 26.6   Curves depicting radial pressure and changes in stent diameter [8]

Fig. 26.7   Curve depicting change in stent diameter with elongation [8]
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depending on the loading conditions. The extremes of these two cases are called 
‘jamming’ conditions, wherein the cover factor is at a maximum. Higher fabric 
covers are achieved at greater filament diameters.

The results show that the radial pressure and tensile force depend on the diam-
eter of the braided tube and the number of filaments used in that fabric. The 
axial load and the radial pressure increase as the number of filaments increase 
in a braided tube. The tensile force increases sharply from the diameter 22.3 to 
33.4 mm. However, this increase is very small, from 33.4 to 42.9 mm, due to the 
fact that the percentage of diameter increase is smaller. In order to analyze the 
mean differences of the tensile and the compression force of the tubular braided 
structures, ANOVA tests were conducted. The ANOVA analysis of the tensile 
strength and the compression tests have been done. The heat-setting temperature 
and heat-setting time did not show a significant effect on the tensile or compres-
sion force in the ranges that were used. The reason heat-setting did not make a big 
difference in the braided tubular structures in the present work could be because 
the heat-setting levels were above the critical temperatures. The tubular structures 
are openend loose structures; therefore, the fabric cover factor is very low. As a 
result, the structures respond to the tensile and compressive forces by undergoing 
a purely geometrical deformation rather than showing a ructural or material resist-
ance. Since the structure of the tubular braided tubes is very open, the heat-setting 
effects could be insignificant. Another reason for the indifference in heat-setting 
effects could be the testing range. During both tensile and compression test, the 
structures were never loaded to the extent where the maximum geometrical defor-
mation reached the point where the stent started to show structural and material 
resistance. However, heat-setting increased the handling of the stents during test-
ing of the samples. The experimental design was intended as a split-plotformat. 
The effects of time, heat-setting time, number of filaments, and diameter of the 
braided tube were analyzed. All factors were fixed. In the tensile and compres-
sion tests, there were three replicates for each level of testing combinations.  

Fig. 26.8   Curves showing influence of stent diameter on cover factor [8]

26.5  Results of Findings
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To calculate F-null values, residual analysis [11] was used. The SAS statisti-
cal package program was used to analyze the data observed from the heat-setting 
experiment. The number of filaments present and the diameter of the tube showed 
a significant effect at the 1 % confidence interval for both the tensile and the com-
pressive forces. Analysis of variance showed that the diameter of the braided tube 
and the number of the filaments used in the tube had significant effects for both 
compressive and tensile forces. The heat-setting temperature was significant for 
the tensile force, but it did not have any effect on the compression force. Since the 
main effect of temperature was insignificant, two-way interactions including the 
temperature were also insignificant. The rest of the two-way interactions showed 
a significant effect. Three-way interactions did not show a significant effect with 
the exception of time, number of filaments, and diameter for the tensile force, as 
expected due to the diameter and the number of the filaments involved.
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27.1 � Introduction

Percutaneous vascular surgery has made noteworthy progress during the past two 
decades [1, 2]. With the recent advent of the stent graft implantation, this noninva-
sive holds a good promise in heart valve replacement [3]. This chapter focuses on 
the investigation of the long-term fatigue behavior of polyester fabrics woven with 
different yarns and construction parameters so as to assess its suitability for heart 
valve replacement. During surgery, a heart valve undergoes flexural and tensile 
stress. A fabric having lower flexural resistance can be expected to have a longer 
working life. Textile materials possess high tensile strength and high flexibility. 
The flexibility renders them to be suitable for apparels. The fibers in yarns and 
yarns in fabric slip when subject to flexing. Polyester fiber has been commonly 
used in cardiac implants, owing to its biocompatibility and resistance to degrada-
tion on contact with body fluids [4, 5]. In vitro analysis has revealed that polyester 
fabric behaves in a dynamic manner [6–8]. When an assembly is bent, the resist-
ance to bending will be governed by the combined bending rigidity of the indi-
vidual elements and the frictional forces between the elements that resist slippage 
between them [9–11]. Very little content is available in the literature pertaining to 
the role of friction of cohesion between the elements of an assembly [12–14]. The 
inter-filament cohesion is considered to be crucial in the case of textile heart valve 
development, wherein extensive cyclic flexing should happen. The leaflet material 
of the valve is subjected to flexural and tensile stress during each valve cycle. The 
tension force active on the valve leaflet is borne by the filaments and exerts forces 
between yarns and also between filaments, owing to the cohesion of the fabric 
structure. The radial forces create friction forces at the contact points. During the 
flexure of the leaf let, these friction forces will consequently need to be overcome 
before the required flexing will occur. The energy associated with that movement 
will be dissipated at the contact zone where the phenomenon occurs. The cyclic 
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flexing tends to damage the surface it contacts, since it results in energy increase 
that gets dissipated. The continued cycling of textile heart valve prosthesis at the 
rate of heart pulse could result in filament damage or rupture, despite having a low 
fabric stiffness. A detailed assessment of these effects will help to predict a mate-
rial’s durability when used as a heart valve. The effects of yarn and fabric con-
struction on the long-term cyclic bending of fabrics has been investigated so as to 
assess which particular fabric construction parameters would provide the suitable 
for the application.

27.2 � Measurement of Fabric Stiffness Before Cycling

The effect of fabric construction and yarn parameters on the initial bending stiff-
ness has been evaluated by measuring the bending stiffness of the fabrics at 
loom state and after giving the necessary finishing treatments as well [15]. The 
obtained values also served as a control for subsequent performances after cycling. 
Figure  27.1 shows the findings wherein the absolute average value of measured 
stiffness is given. Five fabrics of the same construction were tested and their val-
ues averaged so as to get reliable results. The bars reflect the magnitude of the 
standard deviation. Also shown in this figure are the values of the stiffness ratio 
KB. These results show that there are some significant differences in values of 
both Bexp and KB among the fabrics tested. The stiffness values have been meas-
ured as well as calculated.
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Fig. 27.1   Initial bending stiffness [15]
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27.3 � Effect of Fabric Set on Initial Stiffness

Comparing the various fabrics, which have the same yarn but different fabric 
set, it can be observed that altering the structure of the fabric changes the stiff-
ness properties. When changing warp set (samples B and D), an increase in the 
number of ends by about 17 % causes a corresponding increase in Bth; however, 
Bexp increases by about 60 %. The higher bending rigidity caused due to increased 
thread count and increased adhesion between threads contributes to the higher 
bending rigidity of the fabric [15]. The greater the number of yarns within a fixed 
fabric width causes greater contacts between filaments of the warp yarn. The bend-
ing stiffness of the fabrics increases with more filament contacts, creating greater 
forces of adhesion. Similar phenomenon can be observed on comparing other fab-
rics (A and C in Table). The difference in that case is, however, much less, prob-
ably due to a lower pick density than considered in the previous pair. Thus, the 
frictions effects in both warp and weft directions are combined. The increase in 
pick density also caused an increase in fabric stiffness, which can be visualized 
on comparing fabrics A and B or C and D. The increase is attributed to the greater 
number of contacts between the yarns, and hence, this leads to increase in the 
yarn-to-yarn friction. Upon analyzing the KB values, for the same Bth value, for 
each pair, the ratio value increases greatly with pick density.

27.4 � Effect of Yarn-Specific Surface Area  
on Initial Stiffness

Making a comparison between a microdenier filament yarn fabric and a coarse 
denier filament yarn fabric (fabrics C and E), both of the same overall tightness 
(same Russel’s factor), the microdenier filament structure E is characterized by a 
higher measured stiffness value. This is in contrast to the fact that the theoretical 
stiffness of the microdenier filament yarn fabric is lower (Bth = 17 mg mm) than 
that of the coarse denier filament yarn fabric (Bth = 60 mg mm). Accordingly, 
the relatively higher measured value and the much higher KB value in the former 
is due to higher yarn-specific surface and higher surface contacts between 
filaments [15].

27.5 � Effect of Yarn Count on Initial Stiffness

By comparing fabric E with F, characterized by about the same specific surface 
area (around 4.8 cm2/m) but different count, it can be seen that the higher count 
led to higher stiffness [15]. It can be attributed to the greater moment of inertia 
associated with the coarser yarn.

27.3  Effect of Fabric Set on Initial Stiffness
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27.6 � Effect of Yarn Twist on Initial Stiffness

Fabrics F and G are identical except the yarns in F are twisted and those in G are 
flat. Hence, Bth values are identical. The findings indicate that the Bexp and KB val-
ues are much greater for the flat or nontwisted yarn [15]. Thus, flat yarns create a 
structure with higher tightness for similar warp and weft densities. The test results 
affirm that many yarn and fabric construction parameters influence a fabric’s meas-
ured or actual stiffness value. The filaments in a yarn and yarns in a fabric have 
varying degrees of contacts, depending on material and construction factors, and 
they lead to different amounts of internal friction that influences stiffness.

27.7 � Effect of Cyclic Loading on Properties and Material

Five samples of a particular fabric have been tested to assess sample to sample 
variability. The fabrics have been tested together at 5 Hz cycling rate for around 
five million cycles. Change in properties was determined for evaluation of short-
term response and long-term response of the fabrics. The tests did not exceed 
5 million cycles since it has been noted that for all fabrics tested, the construction 
was well conditioned and the properties were well stabilized with little or no fur-
ther change in bending stiffness values within this range of cycling. The change in 
stiffness with cycling tends to remain unaltered, irrespective of the fabric param-
eters. A typical result found is given in Fig. 27.2, which shows the behavior noted 
in the microdenier 88/272  fabric sample (sample B) in which the phenomenon 
observed is typical of all samples. The changes in the fabric stiffness could be 

Fig. 27.2   Change of bending stiffness with time [15]
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divided into three zones [15]. The first zone is characterized by an abrupt decrease 
in bending stiffness, spanning over only about 900  cycles (corresponding to a 
15-min period in vivo). The change happens irrespective of fabric parameters. The 
second stage involves a much slower change (the reduction rate is below 10 %/
minute), and the third is much slower (the reduction rate is less than 0.1 %/min-
ute). This stiffness modification pattern can be considered as a generally expected 
rearrangement process in fabric.

27.8 � The Fabric Rearrangement Process

Pictorial views of the fabric construction as taken from a microscope (magnified 
three times) so as to get a better understanding of the fabric rearrangement process 
before and after cycling (Fig. 27.3). As could be seen, the yarns that appeared previ-
ously compact became loose after the cycling process [15]. There has been an aver-
age increase of 10 % in warp yarn width (from initial state to first threshold value).

The explanation could be provided as follows. The fabric strips are subjected 
to a combination of flexure and tension stress during cycling Fig. 27.4. The warp 
yarns are held under tension by clamps, whereas the weft yarns are untensioned. 
Fabric structure under flexing stress tends naturally to reorganize in order to reach 
a minimum deformation energy state, like in any physical phenomenon. One way 
for filaments away from the neutral axis in warp yarns to reduce tension is for 
them to move toward the neutral axis. The yarn tends to flatten subsequently. 
Thus, the change that happens is irreversible owing to the friction at the crossover 
points. This results in an increase in yarn width, as can be seen in Fig. 27.3.

Fig. 27.3   Micrographs obtained from fabrics observed (pertaining to sample B) [15]. a Before 
cycling. b After cycling

27.7  Effect of Cyclic Loading on Properties and Material
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When the ends of the warp yarn are clamped, the movement of the neutral axis 
of the warp ends closer to fabric plane will lead to a decrease in crimp and hence 
results in an increase in slack between two picks (Fig. 27.5).

The warp yarn gets more slackened subsequently, resulting in some open 
space in the fabric structure as reflected at points A, B, and C in Fig. 27.3. Such 
an alteration of yarn structure is unchangeable and gets initiated at the first cycle 
and completed rapidly, that is, in the first zone, resulting in a stabilized relaxed 
state of fabric. The rearrangement creates a fall in the radial forces within the fila-
ments in yarn and results in reduced internal friction and hence in fabric stiffness. 
The observations made suggest bending resulted in reduced yarn density [12]. 

Flexed strip under

flexed strip  

filaments tension forces   

tension T

T

T

Fig. 27.4   Fabric strip subjected to tension [15]

Fig. 27.5   Slackening of yarn 
neutral axis [15]



317

The fabric dimensions and hence the fabric count remain unchanged. Accordingly, 
the rearrangement occurred only at the level of the warp yarn; the overall fabric 
construction was not affected by the rearrangement mechanism. Since weft yarn 
did not undergo changes, either in crimping or in yarn cross section, the fabric 
thickness measured was not different after cycling. Owing to the method we used 
in calculating porosity, its value also did not change. The rearrangement led only 
to the repositioning of the polyester filaments in a volume of porous material that 
remained constant. The differences in results among different fabric samples can 
now be examined. This is done on the basis of the following criteria: (1) the differ-
ence in the first threshold values (Tv1); (2) the difference in the second threshold 
values (Tv2); (3) the relaxation slope value as noted in zone 1; and (4) the stiff-
ness ratio KB reached when the conditioning is fully completed at Tv2. In order to 
use a linear scale, however, only part of zone 2 could be displayed. The total time 
window represented is 20  min at 5  Hz cycling corresponding to approximately 
1.5 h under physiological conditions. As the point representing Tv2 is outside the 
timescale represented, the values of bending stiffness and KB, and the number of 
cycles (millions) corresponding this point are noted separately in the figures.

27.9 � Influence of Fabric Set on the Rearrangement Process

Figures 27.6 and 27.7 show the stiffness evolution curves for fabrics A, B, and 
D of the fabric containing microdenier 88  dtex/272 yarn but having different 
construction sets. The increase in pick density value (for the same number of 
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ends) affected the rearrangement process (Fig.  27.6). The most outstanding 
differences we see are in the values corresponding to Tv1 and Tv2: the first 
stiffness threshold value Tv1 of the higher pick density (32 cm−1) fabric, rel-
ative to lower (22  cm−1), is higher (1520 vs. 878  mg  mm) and takes longer 
to reach (after 4  min, instead of 3  min). The second stiffness threshold value 
Tv2, which is reached after 2 million cycles for both sets, is also greater for 
the tighter fabric, that is, it is about 30  % higher. The difference in the value 
of KB  is due to higher residual forces of cohesion in the denser fabric, under 
the condition that calculated stiffness (elastic) is the similar for both fabrics. 
One may assume that continued cycling beyond Tv2 will convert these cohe-
sion forces into dissipated energy due to friction and eventually lead to a rup-
ture of filaments. Hence, based on the above results, it can be expected that 
the rupture will take place relatively sooner in the tighter fabric. Results in 
Fig. 27.7 show that decrease in the warp density leads to a decrease in the Tv1 
stiffness value as well as in the time corresponding this value. Tv2 value is also 
less (35 %) and reached relatively earlier (1 million vs. 2 million cycles) for the 
less tight fabric. The results obtained also imply the importance of friction in 
influencing bending stiffness, as observed with the results in the previous pair. 
The increase in density of warp contributed only 17 % increase in Bth value but 
26 % increase in final Bexp, clearly due to an increase in friction because of the 
increase in contacts.

Fig. 27.7   Stiffness and warp density [15]
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27.10 � Influence of Yarn-Specific Surface Area  
on the Rearrangement Process

It has been considered necessary to assess whether, for a fabric with the same 
Russel’s factor, it is better to work with a microdenier filament yarn fabric with 
increased specific surface area or with a coarse denier filament yarn fabric with 
lower surface area. Hence, the results of fabrics C (microdenier filament yarn fab-
ric) and E (regular denier filament yarn fabric) have been compared, both with 
the tightness values around 100 (Fig. 27.8). It can observed overall that in all fab-
rics, including this pair, the magnitude of Tv1 increases with higher initial or con-
trol Bexp value, and longer it takes to reach this first relaxed or threshold value. 
A unique result noted with the coarse denier filament yarn sample (E) is that this 
material has nearly reached its final threshold value Tv2 at the point that Tv1 is 
reached. It shows a rapid relaxation involving energy dissipation in the structure. 
Conversely, fabric made from the microdenier filament yarn (C), having higher ini-
tial stiffness (Bexp), takes longer duration to attain its first threshold value (Tv1) and 
then continued to relax and attain its second final threshold value after 1 million 
cycles, which is half the value of the fabric with coarse denier filament yarn. In 
other words, the line relating to the fine denier filament yarn sample crossed that 
of the coarse denier filament yarn sample and ended up at a significantly lower 
position relative to the coarse denier filament yarn sample. The bending stiffness 
becomes important at this point, to estimate the bending stiffness due to internal 

Fig. 27.8   Effect of specific surface area [15]

27.10  Influence of Yarn-Specific Surface Area on the Rearrangement Process
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friction (B friction) in the case of both materials. This stiffness is related to the 
elastic (theoretical, B elastic) and total stiffness. Using the data obtained, the stiff-
ness value due to internal friction can be given at the three points in the stiffness-
cycle curve. The results evidently point out that the microdenier filament yarn, 
owing to internal friction has been subjected to faster and greater structural rear-
rangement, resulting in lower final stiffness in comparison with the coarse denier 
filament yarn, and this is considered to be crucial. When the final friction stiffness 
values are divided by the number of filaments involved in the 5 mm width of the 
two structures (7888 for microdenier and 1320 for coarse), assuming that the fric-
tion energy dissipated is equally spread on all filaments, it can be concluded that 
the coarse filament would undergo a dissipation energy 10  times higher in each 
cycle than would the microdenier filament. Considering that the coarse denier fila-
ment is about 5  times greater in cross-sectional area in comparison with the fine 
denier filament (107 vs. 23 μm2), the coarse denier filament material would abrade 
and degrade faster than the fine denier filament material. It can thus be established 
that the microdenier filament yarn lasts longer in the dynamic flexing application.

27.11 � Influence of Yarn Twist on the Rearrangement Process

The results of two fabrics of 22  dtex/18  fil, with and without twist, have been 
analyzed to determine the role of twist. The two fabrics had identical set. These 
fabrics have low Russel’s factor of 70 due to low pick density, which enabled to 
separate the influence of twisting from the influence of fabric tightness. Both the 
fabrics attain their first threshold values almost at the same time (300  cycles). 
However, the twisted yarn fabric has been subjected to very little initial rapid 
relaxation. This fabric is already very close, even before cycling, to the final con-
ditioned structure. The low friction effects within the structure can be substanti-
ated by the Russel’s factor of 70 [15]. The micrographs of the twisted (Fig. 27.9) 
and the flat (Fig.  27.10) yarn fabrics show that the structure of the twisted is 
more open and has greater distance between the yarns than is the case with the 
structure of the flat yarn fabrics. The second threshold value of the twisted yarn 
fabric is close to its elastic value (KB = 2). Conversely, the flat yarn fabric has a 
first threshold value of stiffness about four times that of the twisted yarn and has 
higher relaxation slopes in phases 1 and 2. The end (second threshold) value of 
this material is also higher with a KB = 7. Figure 27.10 shows the micrograph 
indicating that the flat yarn structure ends up being tighter (with yarns closer to 
each other), even with same fabric set and strip width. The flat yarn sample is 
accordingly characterized by higher inter-yarn friction. Hence, the influence of 
lateral inter-yarn friction is higher in these materials resulting in greater stiffness 
(Fig. 27.11).
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Fig. 27.9   Fabric F (twisted) 
[15]

Fig. 27.10   Fabric G (flat)

27.11  Influence of Yarn Twist on the Rearrangement Process
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27.12 � Relative Changes in Structures with Cycling

When Bexp is plotted as a fraction of the initial value against the number of cycles, 
it is possible to observe that all fabrics undergo rearrangement in structures and 
become more flexible and the change varies from fabric to fabric [15]. All fabrics 
have undergone a reduction in stiffness to a smaller or greater degree due to cycli-
cal flexing. The reduction has been high, to the extent of 70 %, except for the fab-
rics with low-count coarse denier filament yarn (with and without twist).
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