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Chapter

Applications of Silk in Biomedical
and Healthcare Textiles

Edison Omollo Oduor, Lucy Wanjiru Ciera
and Edwin Kamalha

Abstract

Global trends are shifting towards environmental friendly materials and
manufacturing methods. Therefore, natural fiber applications are gaining traction
globally. Silk, a natural protein fiber is one of the textile fibers that have recently
received more attention due to the new frontiers brought about by technological
advancement that has expanded the use of silk fiber beyond the conventional textile
industry. The simple and versatile nature of silk fibroin process-ability has made
silk appealing in wide range of applications. Silk is biocompatible, biodegradable,
easy to functionalize and has excellent mechanical properties, in addition to optical
transparency. This review chapter explores the use of silk in biomedical applications
and healthcare textiles. Future trends in silk applications are also highlighted.

Keywords: Silk, Silk fibroin, Bio-applications, Functional textiles

1. Introduction

Silk is a natural fibrous protein biopolymer, spun by arthropods like spiders,
mites, fleas and silkworms [1]. The structure, composition and properties of silk
differ depending on their specific function and source [2]. Silkworms are one of the
silk spinning insects that has been researched in detail and finds wide applications
in textiles [3]. Silk production, also known as sericulture, has a long history that is
usually closely associated with China. Silk was discovered in 2640 B.C. by Hsi-Ling-
Chi, who also found out that silk fiber loosened and unwound in hot water; and
twisted to make thread that was used to weave a very strong cloth. Hsi-Ling-Chi
later developed a means of raising silkworms and a method of reeling the fibers to
make garments [4, 5]. As silk became a very precious commodity, sericulture spread
within china and to other countries. Demand for silk products created a trade route
that is famously known as Silk Road [6].

Silk filaments from silkworms are classified into two types; mulberry and non-
mulberry (also called wild or vanya silk). Mulberry silk are generally produced by
Bombyx mori which are insects belonging to the Bombycidae family. Bombyx mori
feeds on mulberry plant leaves. Mulberry silk is further divided into bivoltine and mul-
tivoltine, depending on the number of silk cocoon crops harvested annually. Bivoltine
is harvested twice a year while multivoltine is harvested throughout the year [7].
Non-mulberry silk on the other hand, is silk from Saturniidae family. Non-mulberry
silk includes tasar silk, muga silk and eri silk. Tasar silk is secreted by Antheraea
silkworms. They have hard and compact cocoons. Tasar silk can either be tropical tasar
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Schematic presentation of the silk fibroin (SF) structuve; d represents the diameter of a single silkworm thread
[13]. Reproduced with permission.

or temperature tasar. Muga silk is produced by Anteraea assamensis silkworm; it hasa
unique natural golden color, with significant luster and durability. Eri silk is produced
by Philosamia synthia ricini (also called Samia cynthia) silkworms, which usually feed
on castor or papa plant leaves. Eri silk being in the wild silk category, has however been
completely domesticated just like mulberry silkworms. Eri silk cocoons draw shorter
silk fibers when compared to other silks which draw continuous filaments [8, 9].

Silk cocoons comprise over 95% proteins and about 5% impurities (mineral salts,
waxes, ash). Raw silk consists of two proteins; sericin (gum) and fibroin (fibers).
Sericin and fibroin are composed of amino acid chains. The types and composition
of these amino acids are different for sericin and fibroin. Non-mulberry silk has
lower sericin with higher levels of impurities compared to mulberry silk [10]. After
degumming, sericin and other impurities are removed from the raw silk fibers.
Therefore, degummed silk is composed of mainly fibroin protein [11, 12].

Several authors have reviewed, described and demonstrated the structure of silk
fiber varieties, especially Bombyx mori in relation to several performance properties.
These include: conformations of silk, heavy chains with possible chain folding and
micelle assembly in water, primary structure, 12 repetitive and 11 amorphous regions,
amino acid sequences of i, ii, and iii, hierarchal structure among others (Figure 1) [13].

Silk fibers are usually used for conventional textile applications after the
removal of sericin and other impurities. Recently however, due to excellent
mechanical and optical properties, as well as its biocompatibility, biodegradability
and implant ability, silk has found increased applications in functional textiles [1,
14, 15]. This has been made possible by the simple and versatile nature of the silk
fibroin process ability into various forms such as sponges, gels, strands, blocks,
foam, films, and more recently, nanofibers [16-21]. Applications of silk in biomedi-
cal materials, drug delivery and in optics and sensing are therefore discussed in
this chapter. The chapter underscores the forms and properties of silk making them
suitable in these applications.

2. Common manufacturing processes for silk-based functional
products

More recently, silk fibroin (SF) films with fineness ranging from hundreds
nanometers to tens micrometres are obtained from regenerated solutions through
liquid processing including: spin coating, inject printing, doctor blade, soft lithog-
raphy, contact printing or nano- imprinting, among others; that support industrial
scale production. Doping, blending and functionalization of SF has also been a
route to achieve substrates for advanced technological use in organic electronic
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sensors based on field effect transistors, and with optically active dyes, particularly
for biomedical applications [22-25]. Nano and micro-patterning, through spin coat-
ing and lasing, was used to obtain stilbene-doped silk film of significant mechanical
performance and optical performance [24].

Innovative attempts during breeding and feeding of silk worms, through incor-
poration of dopants in the diet, have yielded modified SF substrates of functional
value; e.g. silk threads with electrical conductivity through incorporation of silver
nanoparticles in mulberry diet, fluorescence introduced in silk fiber through colo-
rant compounds in mulberry feed, among others [26-29]. These approaches save on
extra processes and time that would be required as after treatments, and enhance
the durability of such functions. Optimization of silk-worm breeding is often
required for control and reproducibility of functional substrates. For example,
among others, the silkworm survival rates, temperature conditions and duration of
the larval cycle are monitored.

Based on different varieties of B. mori, in 2019, a silk fibroin based technology
was developed in order to optimize and support industrial bio-manufacturing [30].
The evaluation and standardization of extraction, purification, and characteriza-
tion methods were reported; yielding biocompatible SF substrates with high purity
and outstanding chemo-physical performance. The result was a validated bio-
diagnostic microfluidic and photonic device (a lab-on-a-chip) (Figure 2).

Several conventional textile spinning and construction methods are used for pro-
duction of functional silk yarns, fabrics; including a variety of finishing technologies
through which active functional ingredients may also be introduced. Therefore, such
might be applied during fiber spinning (e.g. for sutures) and after fabric construction
through a variety of wet and dry finishing processes [31]. Innovative approaches include
micropatterning, 3D printing and more nanotechnology based systems (Figure 3).

Electrospinning is a common method used in the production of nanofibers and
microfibers from SF solutions. The ensuing fibers possess a high specific surface,
favoring the use of such scaffolds in tissue regeneration [34, 35]. The mechanism
of electrospinning (Figure 4) is based on a high electric voltage applied to the fiber
polymer solution. The polymer solution is ejected when the electric force overcomes
the surface tension of the polymer solution, forming a polymer jet. Electrospinning
can be of needle or needleless. The needle electrospinning utilizes a high-voltage
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Schematic picture of the biomanufacturing approach to obtain SF based technological substrates [30].
Reproduced with permission.
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Figure 4.
Schematic images of needle-less (A) and Needle (B) electrospinning processes [40]. Reproduced with
permission.

power supply, and a syringe needle connected to a power supply and pointed
towards a collector. Needle electrospinning options pose a demerit of very low
productivity, thus, unsuitable for practical commercial value. Needleless electros-
pinning setups have been innovated recently. In these systems, polymer jets form
simultaneously from the surface of polymer solution by self-assembly [36-41].

3. Silk in biomedical textiles

Biomedical textiles are composed of fibrous units produced from natural or
synthetic materials. These textiles are used in either external or internal environ-
ment of living organisms [42]. Biomedical textiles are further used, medically,
to improve the medical condition of a patient [43, 44]. Some biomedical textiles
include implantable, non-implantable and extracorporeal devices as well as hygiene
and health care products [45]. Non-implantable materials/devices include wound
dressings materials like bandages and gauzes. While, implantable materials/devices
include artificial arteries, heart valves, sutures, and vascular grafts among others.
Extracorporeal devices mainly include artificial body organs. Hygiene and health
care products include sanitary towels, tissue paper, wipes, hospital gowns and
uniforms, hospital bed covers, surgical covers, masks and caps. Other biomedical
textiles include polymer sensors and wearable medical implants [46, 47].

4



Applications of Silk in Biomedical and Healthcave Textiles
DOI: http://dx.doi.org/10.5772/intechopen.96644

Textile materials used in biomedical applications must be non-allergic, non-
carcinogenic, non-toxic, biodegradable and biocompatible. Additionally, biomedical
textile materials must be able to be stable to handling and use. For example, during
sterilization and use, they should not change their physical or chemical properties
(e.g. through oxidation or chemical reaction). Other important properties for these
textiles include: high tensile strength, elasticity, high burst stream, low permeability
and durability [42, 48, 49]. Different synthetic (e.g. polyester, nylon, acrylics, and
polyethylene) and natural (e.g. silk and cotton) fibers are used in production of
biomedical textiles. Silk fibers possess good toughness and ductility in terms of
elongation at break, tensile modulus and tensile strength; suitable for biomedical
applications[1, 50]. Additionally, regenerated silk solutions are gaining popularity in
producing various biomaterials in form of gels, films, membranes and sponges [51].

3.1 Silk in wound dressing

Studies have shown that silk fabricated through non-weaving and electrospin-
ning can be used in wound dressings, and as drug carriers [1, 46, 52, 53]. Xiaet al.
[54] reported that silk fibers functionalized with silver nanoparticles presented
special antibacterial properties in a wound dressing material. A two-layered wound
dressing developed from a wax-coated silk woven fabric, a sericin sponge and a
bioactive layer of glutaraldehyde cross-linked silk fibroin gelatin was reported to
reduce the size of the wound, collagen and epithelialization [55-57]. He et al. [58]
asserts that fibroin hydrogel from Bombyx mori cocoons has good healing properties
due to its biocompatibility nature, low biodegradability and immunogenic proper-
ties. On the other hand, Chouhan et al. [59] found that nanofibrous mats of silk,
functionalized with Poly Vinyl Alcohol, (as a blend) mat supported diabetic wound
healing. The mats were able to promote tissue re-modeling and also regulated
extracellular matrix; thus the wound healing.

3.2 Silk garments for dermatology treatment

Atopic Dermatitis is a worldwide health concern, with a higher prevalence in
developing countries, and occurring in among many age groups. Symptoms for
Atopic Dermatitis include redness and itchiness of the skin. These symptoms can
be severe leading to a chronically repeating flare characterized by serious eczema
(distribution of skin lesions) [60]. Treatment and management of this condition
requires skin stabilization, flare prevention, as well as the use of medication that can
cure the symptoms [61]. Silk garments have been used as a textile-based therapy for
Atopic Dermatitis owing to their hygienic properties including antibacterial proper-
ties. Additionally, silk filament fibers are strong and round in shape, and therefore
fine and smooth. Wearers experience comfort to the skin as this structure prevents
and scratching from friction and irritation to the skin [62]. Moreover, the fine and
smooth fibers have no or very little abrasive effect on atopic skin. This enhances the
recovery of the irritated skin unlike with rough fibers that irritate the skin. Due to
a significant moisture regain, silk fibers are also able to maintain body humidity
therefore reducing the sweat circulation and moisture loss that can make xerosis
worse [63]. A study by Hung et al. [60] further the ability of silk garments to signifi-
cantly decrease the severity level of dermatitis symptoms. The study emphasized the
merits with the smoothness of silk which is friendly to the irritated skin. The fiber
enhances collagen synthesis and also reduces inflammation which cures eczematous
lesion [63, 64]. Moreover, hygienic properties of silk act as a skin barrier, protecting
the skin from bacteria, viruses and other contamination that reduces the inflamma-
tion [60, 65]. Of importance is the sensory experience of patients with silk garments
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as highlighted by these studies; they contribute to the physical and emotional
comfort of dermatitis patients which possibly aids the healing process. Therefore,
silk garments can be used as a non-pharmacological therapy to impede the severity
of Atopic Dermatitis and other related dermatology conditions.

3.3 Silk in hygiene and health care products

The good mechanical properties of silk, its softness and antibacterial properties
partly account silk’s application in producing hygiene and health care products.
Some applications of silk in hygiene and health care include: materials used in
hospital wards and operating theatre as well as materials used in care and safety of
hospital staff and patients. Silk materials used in operating theatre are in form of
patient drapes, and surgical gear (as gowns, caps, masks and cover cloths) [46].
Silk, functionalized with titanium dioxide nanoparticles was used to produce a
photocatalytic silk mask paper. The mask was found to exhibit special protective
functions— degrading volatile organic compounds achieved by combining the
unique properties of silk fibers and nano-TiO, [66-69].

3.4 Silk-based tissue engineering

Tissue engineering applies principles of biological sciences and engineering to
develop biological substitutes to replace, enhance and maintain damaged or defec-
tive tissues such as cartilage, bone, skin and even organs [70, 71]. The choice of the
biomaterial and the methods used determines whether the resulting bio-substitute
will be functional. Silk has good mechanical properties, has a slow degradation rate
and a low inflammatory response which makes it fit for use in tissue engineering.
However, Sericin can elicit immune response and must therefore be completely
removed before being used [72]. The type of silk that is commonly used in tissue
engineering is Bombyx mori silk. Other types of silk that are gaining popularity
include silk fibers from; P, ricini, A. assama, A. pernyi and A. mylitta [71, 73].
Silk-based tissue engineering includes: Scaffolds in form of skin grafts/artificial
skin, bone grafts, artificial pancreas, cardiac tissue, artificial liver, artificial
Intervertebral Disc Intervertebral disc, among others [74].

3.4.1 Skin grafts/artificial skin

Skin, the largest body organ protects the body against infections from pathogens
and microorganisms [75]. Due to certain illness, the skin may get damaged and may
require some replacement in form of grafts. A good graft is supposed to cover and
protect the intended place without causing any negative immune response. This
promotes fast healing that reduces chances of scarring on the body [46].

In the recent past, different biomaterials like silk fibroin, cellulose alginate, colla-
gen, polycaprolactone (PCL), polylactic acid (PLA), silicone, dextranelastin and poly-
ethylene glycol(PEG) have been explored as possible cellular scaffolds for skin grafts
and wound healing [73, 76, 77]. Among these biomaterials, silk has been used to mimic
human skin as well as in wound healing. This is because silk has notable properties like
low immune response, biodegradability, biocompatibility and is cost-effective [1].

Additionally, studies have proved that silk supports human keratinocytes and
fibroblasts which are important in engineering artificial skin [46, 73, 78]. Studies
by Chauhan et al. [59, 79] have reported successful use of electrospun silk fibroin
from A. assama and P, ricini silk species in wound dressing. The studies also
reported that a blend of electrospun silk fibron with polyvinyl alcohol promotes
faster healing of wounds due to granulation during tissue formation. Other studies
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have demonstrated the use of electrospun silk fibroin from A. assama keratinocytes
being successfully used in engineering artificial skin.

The therapeutic performance of SERI Surgical Scaffold has been studied; includ-
ing open label clinical trials and case reports. A few studies have cited side effects
such as poor scaffold integration (Figure 5), that have required surgical removal of
the scaffold [80].

Comparing woven fabric, non-woven fabric and a film foam from silk fibroin in
relation to cell culture responses by human oral keratinocytes, studies reported that
water vapor-treated non-woven silk fibroin had better cell adhesion and dispersion
of human fibroblasts and keratinocytes [46, 81]. This suggests that silk based bio-
materials for tissue engineering requires a careful selection of fabrication techniques
and material to blend with. Electrospinning is one of the preferred techniques for
making non-woven nano-scale fiber mats for engineering artificial skin [51]. More
results from electrospinning silk for tissue engineering include: electrospun silk
fibroin scaffolds, 3D nonwoven scaffolds made from crosslinking silk fibroin with
formic acid, and water vapor-treated silk fibroin nanofiber matrices among others.
[46, 81, 82]. Reported blends that have been used successfully with silk for produc-
ing artificial skin include alginate, chitin, intermolecular cross-linked recombinant
human-like collagen and biomimetic nanostructured collagen [46, 83-85].

3.4.2 Bone grafts

Today, various biomaterials are available for developing scaffold-based bone
tissue. One of such material is silk fibroin which has good biological and physic-
chemical properties— making it suitable for developing osteoinductive functional

Figure 5.

Examples of SERI Surgical Scaffold implant loss in humans. A) Silk fibroin surgical mesh prior to
implantation. B) Intraoperative view showing a free lying scaffold in the breast pocket. C) Retrieved scaffold
surrounded with seroma. D) Interaoperative view of surgically removed scaffold with interpenetrated
granulation tissue/scar plate (at >5 months), and E) histology of retrieved sample showing granulation tissue
with neutvophiles and giant cells at the material (1) interface (dotted line). Reproduced with permission [80].
Copyright 2018, Elsevier.
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bone grafts that resemble collagen [86, 87]. Silk fibroin from A. mylitta is reported
to make porous scaffolds that mimic borne tissue [88]. Meinel et al. [89] induced
osteogenic differentiation of human mesenchymal stromal cells in B. Mori silk
fibroin to develop a bone graft. Other studies have explored blending B. Mori silk
fibroin with hydroxyapatite to repair segmental bone defects [90, 91]. Findings

by Reardon et al. [92] suggest that electrospun B. mori and A. assama silk fbroin
blended with 70S bioactive glass repairs osteochondral tissue defects. Moreover, a
study by Moses et al. [93] reports use of copper-doped bioactive glass silk composite
matrices to repair large volume bone defects.

Fixation devices, including bone plates and bone screws have been manufac-
tured from B. mori fibroin by casting in hexafluoroisopropanol, and formed into
desired shaped (Figure 6) [94]. Silk screws tested in rats were well tolerated,
showed early resorption and new bone formed around the threads of the screw.
Such devices are easily malleable with hydration, allowing shaping for unique
anatomical locations during surgery.

3.4.3 Artificial ligament and tendon

Tissue engineering for ligament and tendons requires biomaterials that are
biodegradable, have good mechanical properties, good structural integrity,

Figure 6.

Silk-based devices for fracture fixation. A) scanning electron microscopy image of a silk fibroin screw. Scale
bar is 1 mm. B) Silk fibvoin screw inserted into a vat femur at 4 weeks postsurgery. C, D) Cross-sec-tions of the
silk fibroin screw inserted into a vat femur at 4 weeks post-surgery; sections stained with HeSE and Masson’s
trichrome, respectively. Adapted with permission [94] Copyright 2014, Macmillan Publishers.
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biocompatible and promote regeneration of new ligament and tendon tissues [46].
Silk is thus a suitable fiber that meets these requirements for performance and func-
tion [1, 93]. Weaving and braiding are reported as the most preferred techniques
for making silk based ligament and tendon [95-97]. Other studies have reported
crosslinking silk fibers with collagen matrix, coating poly(lacticco-glycolic acid)
fibers with silk, blending silk fibers with fibroblast growth factor and transforming
growth factor-f (TGF-p) in developing artificial ligament and tendon [46, 98-100].

3.4.4 Cardiac tissue

The most difficult part in cardiac tissue engineering is to perfectly mimic the
original extracellular matrix. Patra et al. [101] and Stoppel et al. [102] reported to
have successfully used scaffolds made B. mori and A. mylitta silk fibroins to treat
myocardial infarction. Moreover, Mehrotra et al. [103] developed a 3-D cardiac
construct made from stacking cell-laden silk films; the constructs proved to be good
for cardiac tissue regeneration [73].

3.4.5 Liver modules

Different bio-artificial liver and cell therapies to treat liver diseases are available
today. Cirillo et al. [104] developed a film from a blend of silk fibroin and collagen. A
study by She et al. [105] examined a film made from silk fibroin, chitosan and heparin
scaffolds that showed hepatocyte regeneration. Another study [106] reports scaffolds
made from a blend of polylactic acid (PLA) and silk fibroin had a higher differentia-
tion and proliferation as compared to scaffolds made from pure PLA alone. Likewise,
astudy by Janani et al. [107] reports that a functional liver can be fabricated from a
blend of mulberry (B. mori) and non-mulberry (A. assama) silk fibroin.

3.4.6 Artificial pancreas

Different types of microspheres, hydrogels and nanoparticles have been devel-
oped to ensure a continuous release of insulin in diabetic patients [108]. In the
recent past, islets have been encapsulated with biomaterials before they are trans-
planted to prevent immune response and to have a continuous insulin release [109].
A study by Davis et al. [110] reports encapsulating islets in silk hydrogel which
improved the in vivo functions of the islets after transplanting. In another study,

a bio-artificial pancreas was developed using silk alginate to encapsulate insulin
secreting cells [73].

3.4.7 Artificial intervertebral disc

A perfect biomaterial for making artificial intervertebral disc must have high
tensile strength, be biocompatible and be able to simulate the natural extracellular
matrix [111]. A study by Park et al. [112] reports a biphasic hybrid scaffold that was
developed from a blend of silk fibroin and hyaluronic acid to simulate the compo-
nents of an intervertebral disc (nucleus pulposus (NP)) and an annulus fibrosus
(AF)). In arelated study, Du et al. [113] fabricated a 3-D biphasic silk fibroin
scaffold to mimic the AF phase and phase separation technique for the NP phase.
Moreover, Bhunia et al. [114] developed a bio-artificial AF construct with direc-
tional freezing technique involving concentric rings of lamellar silk scaffolds. The
study further reports the proliferation of primary porcine AF cells using a mulberry
and a non-mulberry silk combination which helped in cellular maturation, align-
ment and extracellular matrix deposition.
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3.5 Silk in sutures

Sutures are an important material in surgical operations for primary wound
closure. For this reason, various materials have been used in making sutures. These
materials can be classified as either organic or synthetic according to their origin,
or absorbable and non-absorbable according to their durability in the body [115].
Important properties for a good suture include: high tensile strength, elasticity,
wound safety, knot safety and tissue reactivity [116, 117].

Silk, a natural non-absorbable suture material has been in use as a suture for sev-
eral decades. However, other degradable synthetic sutures have dominated the market
in the recent past. Nonetheless, silk suture is still preferred in cardiovascular, ocular
and neural surgery because of its superior properties like good knot strength, ease of
processing, minimum propensity to tear through tissue and biocompatibility [117].

Various modifications have been done on silk to improve its weak characteristics
such as adding poly vinyl alcohol into silk fibroin to improve the tensile strength, elon-
gation at break and the knot strength [118]. Bloch & Messores [119], reported coating
silk filaments with fibroin and bounding them together to reduce the capillarity of silk
sutures. Viju & Thilagavathi [120] coated silk-braided sutures with chitosan to improve
the antimicrobial activity, tenacity and knot strength. Sudh et al. [121] developed a drug
loaded antimicrobial silk suture for use in wound closure and wound healing meant to
prevent surgical site infections. Choudhury et al. [122] developed a low-temperature O,
plasma-treated (Antheraea assama) silk fibroin (AASF) yarn impregnated with amoxi-
cillin trihydrate. This was aimed at producing a controlled antibiotic-releasing suture
(AASF/O,/AMOX) to prevent site bacterial infection and fasten wound healing. This
shows the potential of silk in developing suture with special properties.

Type of Drug Delivery Associated active Key results
System/material ingredient
Silk sponges Erythromycin Sustained drug release and prolonged
antimicrobial activity against Staphilococcus
Aureus
Silk films Horseradish peroxidase Enhanced stability
(HRP)
Glucose oxidase (GOx) Increased enzymatic activity
FITC-dextran Controlled drug release
Epirubicin Controlled drug release
Silk Iyogels Hydrocortisone IgG Enhanced efficacy Enhanced stability and
sustained release
Insertable Silk discs IgG and HIV inhibitor Enhanced stability and modified release

5P12-RANTES

profile

Silk nanoparticles Curcumin Modified release profile and enhanced cellular
uptake
Silk microspheres Horseradish peroxidase Modified the release profile
(HRP)
Silk coated PCL Vancomycin Modified the release profile
microspheres
Silk coated liposomes Ibuprofen Enhanced adhesion to human corneal
epithelial cells, tunable drug release
Emodin Selective targeting of keloid cells

Table 1.

Silk-based drug delivery systems [100].
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3.6 Silk in drug delivery

Drug delivery through polymeric systems has gained popularity over the years
[51]. These systems serve as reservoirs to active ingredient in drugs and improve the
drug’s physicochemical properties [123]. Polymeric drug delivery systems are also
good in specific targeting, intracellular transport and some are biocompatible which
help in improving efficiency of the treatment and the life quality of the patients
[123, 124]. A good drug delivery system should be able to stabilize the active ingre-
dient in drugs, be able to modulate the drug’s release mechanism, be biocompatible
and biodegradable, as well as minimize any side effects of tissue specific targeting
of highly toxic drugs [125-127].

Silk fibroin is used in drug delivery systems owing to its properties such as good
mechanical properties, mild aqueous processing conditions, biocompatibility, bio-
degradability and its ability to enhance the stability of active ingredient in drugs; as
proteins and small molecules [46, 128]. That notwithstanding, silk fibroin solutions
can be processed using various techniques to produce different forms of delivery
systems like scaffolds, films, hydrogels, nanoparticles, microspheres, and microcap-
sules among others [129]. Additionally, silk fibroin has carboxyl and amino groups
which allow bio-functionalization with different biomolecules for targeted drug
delivery [130]. Silk based drug delivery systems include hydrogels, micro particles,
lyophilized sponges, films, nano-fibers and nano-particles.

Formulation

Gene

Cell line

Recombinant silk—elastin-like polymer
hydrogels (SELPs)

Ad*-CMV% LacZ?

Head and neck cancer in mice

pDNA*
(pRL>-CMV-luc®)

NA

Ad-Luc-HSVtk’

Head and neck cancer in mice

3D porous scaffold Adenovirus Ad-BMP7* Human BMSCs
Bioengineered silk films pDNA (GFP°) Human HEK cells
Spermine modified SF pDNA and In vivo-rat

VEGF165-Ang-1"

SF-Coated PEI/DNA Complexes pDNA (GFP) HEK 293 and HCT 116 cells
SF layer-by-layer assembled microcapsules pDNA-Cy5" NIH/3 T3 fibroblasts
Bioengineered silk-polylysine—-ppTG1 pDNA Human HEK and MDA-MB-435

nanoparticles

cells

Magnetic-SF/polyethyleneimine core-shell
nanoparticles

c—Myc12 antisense
ODNs"

MDA-MB-231 cells

! Adenovirus.

“Cytomegalovirus promoter gene.

3Beta galactosidase reporter gene.

*Plasmid DNA.

SRenilla luciferase.

SLuciferase reporter gene.

"Herpes simplex virus thymidine kinase gene.
8Bone morphogenic protein.

°Green fluorescent protein.

Vascular endothelial growth factor and angiopoietin-1.
HFluorescent probe.

2MYC Proto-Oncogene.
BOligodeoxynucleotides [100].

Table 2.
Silk —based gene delivery systems [100].
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Different researches have reported successful use of silk fibroin in delivery
systems for different drugs and genes [131-133]. Tables 1 and 2 below presents
some silk based drug and genes delivery systems.

4. Silk in protective clothing

Protective clothing are defined as textile structure designed to protect the
human body from external threats such as fire, bullets, heat, cold, mechanical,
biological, radiological, thermal and chemical hazards. Protective clothing are
in different forms e.g. masks, gloves, vests, coats, aprons, hats, hoods or totally
encapsulating chemical protective suits [134]. Some general characteristics of good
protective clothing include: reliable barrier protection, durability, good fit, flexible,
light weight, ease of care, maintenance and repair, ease of disposal and recycling.

Because of the interesting characteristics of silk, various research studies have
examined its use in developing protective textiles. Some of these characteristics
include hydrophobicity, antimicrobial and antiviral properties [135]. Recently,
Parlin et al. [135] examined the potential of silk fabrics as a protective barrier for
personal protective equipment and as a functional material for face coverings
during the COVID-19 pandemic. Results of this study showed that the use of the
commercially available 100% silk material can be used in producing protective cov-
erings that can prolong the lifespan of N95 respirators. The study also found 100%
silk fabrics suitable for developing face coverings for the general public to prevent
COVID-19 [135]. Additionally, the study suggests that because silk has unique
properties such as antimicrobial, antiviral, breathability, and slight hydrophobicity;
prevention of penetration of droplets and antibacterial activity can imply potential
use in developing respirator inserts [136, 137]. Moreover, other studies had showed
that silk could be used as an antimicrobial barrier mask, with better filtration when
multiple layers are used [135]. Besides, silk neither irritates the skin nor increases
local humidity around the covered face, and prevents accidental stimulation of face
touching; making it good for prolonged wear [138].

Another study by Zulan et al. [139] reports use of silk/graphene composite to
make flame retardant protective clothing that can be used by fire fighters. Loh et al.
[140] reports woven silk fabrics can be used for ballistic protection for aerospace,
sports, military, marine and automotives. Mongkholrattanasit et al. [141] studied
the ultraviolet (UV) protection properties of silk fabric dyed with eucalyptus
leaf extract. Pad-dry and pad-batch techniques together with a metal mordant
(AIK(SOy4),, CuSOy, and FeSO,) were used to apply a natural dye extracted from
eucalyptus leaves on silk fabric. Results of his study showed that the UV protection
factor of the silk fabric increased with an increase in the dye concentration and a
darker shade gave the best UV-protective silk fabrics. Moreover, a study by Zhou et
al. [142] also reports silk fabrics treated with red radish extracts provides good UV
protection and that such fabrics can be used in making umbrellas, shade structures,
awnings, and baby carrier covers among others.

5. Silk in optics and sensing

Synthetic biomaterials have been widely used in optics and sensing applications.
For ophthalmic applications, which include lens replacement, retina reconstruction,
vitreous replacement and ocular surface reconstruction, various materials such
as poly-methylmethacrylate (PMMA), silicone, acrylics, poly-tetrafluoroethylene
among others have been extensively used due to the biological inert nature of these
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materials [143, 144]. With technological advances, regenerative medicine strate-
gies have shifted to relying on the ability of the biomaterial scaffolds in supporting
human cell adhesion, growth and maintenance of the right cells that encourage
tissue replacement as well as integration with adjacent tissues [145]. Since most
synthetic biomaterials lacked the aforementioned abilities, emerging technologies
attempted the modification of synthetic biomaterial surfaces [146]. However, a
major limitation of surface modified synthetic materials was that such materials are
not transparent, especially for applications in tissue grafts which need to be opti-
cally clear and they are not biodegradable [143]. Materials derived from nature have
therefore become popular because they support cell attachment and proliferation.
These materials include cross-linked collagen-chitosan hydrogels [147], keratin
[148], cross-linked collagen gels [149], silk fibroin [150] etc.

Apart from ophthalmic applications, there has been an increased desire for
real-time diagnostics, sensing and deep tissue light delivery, which has led to
development of photonic medical devices from materials which are implantable and
biocompatible. These devices can therefore be used within the body for therapeutics
and long term health monitoring, where they are integrated into the living tissue in
the human body [151]. Non-biodegradable inorganic materials such as silicon, gold
and compound semiconductors have been traditionally used in photonic devices.
However, their biocompatibility have been found to be dependent on the device
size, the presence of coatings and mechanical properties [152]. Hydrogel materials
from poly-vinylalcohol (PVA) and poly-ethylglycol (PEG), which are biocompat-
ible have also been used in tissue engineering applications because of their ability to
retain water and mimic the human body extracellular matrix [153]. However, they
have not found extensive application in sensing because of their poor adhesion to
substrates and poor mechanical properties [154]. Selection of the right material for
implantable photonic devices requires consideration of biocompatibility properties
as well as the structural stability, mechanical flexibility and optical clarity [151];
requirements that silk fibroin meet. Silk fibroin is thus gaining traction in optical
interfaces and sensor applications in implantable biomedical fields owing to its
good mechanical and optical transparency, coupled with its biodegradability and
biocompatibility [14]. Silk in film form has a free standing structure with thickness
ranging from 20 to 100 pm. The films are very transparent across the visible region
of the spectrum and are mechanically robust with smooth surfaces. The films
can also be patterned during fabrication to form traverse features that are tens of
nanometers, making them attractive in optical device applications [155].

Substratum for corneal limbal epithelial cells has been developed from silk
fibroin membranes, by casting dialyzed solutions of silk fibroin protein. The
transparent silk membrane was found to support growth of human limbal epithelial
(HLE) cell growth, which did not change even when the silk membranes were cast
in the presence of fetal bovine serum (FBS) [156]. Such properties are favourable in
the development of tissue engineered membranes for restoration of damaged ocular
surfaces. Porous silk films have also been fabricated and shown to have potential
in use as a carrier of cultivated epithelial sheets during regeneration of corneal
epithelium [157].

Diffractive optical elements were fabricated by molding silk fibroin solution
on poly-dimethylsiloxane (PDMS) moulds with ruled and holographic diffrac-
tion grating, producing nano-patterned silk optical elements of thickness ranging
from 30 to 50 pm and a refractive index of n = 1.55. These nano-patterned silk
gratings had a diffraction efficiency of 34%, at a wavelength of 633 nm in the first
order, which compares to that of transmissive glass gratings. This led to successful
formation of silk micro-lens arrays and silk lenses, which couple light into biologi-
cal substrates [158]. Such silk gratings can also be functionalized, to maintain the
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biologically active optical elements. Therefore this could allow the use of these

silk devices in delivering light to biological matrices and concentrate photons with
doped substrates for biological function probes. In another study, silk diffraction
gratings with desired patterns were fabricated through photo-induced polymeriza-
tion of silk conjugates and a photo-initiator, producing good diffraction inten-

sity [159].

Silk micro-prism arrays (MPAs) were prepared by micro-molding technique,
resulting into a silk reflector film of 100 pm in thickness. The MPAs provided con-
trast and optical signal enhancement by retro-reflecting scattered photons through
layers of tissue when used in vivo on BALB/c mice. The silk MPAs had no adverse
biological effects, degraded slowly and were integrated into the native tissue.
Functionalization of silk MPA with doxorubicin (a chemotherapeutic drug), was
further reported to allow controlled delivery, storage and imaging of therapeutics,
besides improving noninvasive tissue imaging [160].

Optical waveguides, which have the ability to transport and manipulate light ina
controlled manner [161], have also been fabricated from silk. Silk fibroin ink, used
in direct ink writing technique, has enabled creation of silk optical waveguides.
These have been found to easily guide light of wavelength 633 nm. These wave-
guides were reported to exhibit comparable optical loss measurements to those of
thin silk films, an indication that they can be applied in fabrication of functional-
ized, biocompatible and biodegradable biophotonic elements [155].

Silk fibroin hydrogels have also found use in surface plasmon resonances (SPR)
sensors, fabricated by utilizing the principle of metal-insulator-metal (MIM)
absorber. Inclusion of a thin insulator layer of 20 nm silk fibroin hydrogel between two
200 nm gold films enables the MIM structure produced to become highly sensitive to
changes in thickness and refractive index of the insulating layer. Thus, the hydrogel
properties of the silk spacer, which can accommodate water molecules by up to 60%
in volume, increases sensitivity to analytes. Sensitivity is dependent on the refractive
index and swelling ratio of the silk hydrogel. The silk polymer chains can also act as
fluidic channels that facilitate flow of analytes in water, through a nano-sized layer,
making silk plasmonic structures suitable for glucose sensor applications [162].

A wearable strain sensor was fabricated by carbonizing pristine silk georgette
through high temperature treatment, followed by encapsulation in poly-dimethylsilox-
ane (PDMS), an elastic polymer. This has shown promising potential for applications
in monitoring a wide range of motion based human activities [163]. Silk based wear-
able sensors utilizes the principle of transformation of silk fibroin through thermal
treatment, into an electrically-conductive graphite nano-carbon [164]. Transparent
and flexible silk nanofiber-derived carbon membranes have also been fabricated
for multifunctional electronic skin with human physiological signal monitoring
capabilities [165, 166]. Silk based self-powered pressure sensor films for use in wear-
able devices have also been fabricated through synthesis of silk and poly-vinylidene
fluoride-co-trifluoroethylene [167]. In order to provide a strong interface between a
biological surface and a sensor for epidermal electronics, calcium modified silk fibroin
has been fabricated and shown to have strong adhesive properties with good stretch-
ability, conductivity and reusability. Therefore calcium modified silk fibroin shows the
potential to be applied as an adhesive for epidermal biomedical sensors [168].

Another promising application of silk is in the coating of otherwise non bio-
compatible optical fibers for bio-sensing inside the human body. Silica exposed core
fiber are reported to have been coated with a thin layer of silk and thereafter, doped
with fluorophore 5,6-carboxynapthofluorescein (CNF). The doped-silk layer was
found to produce fluorescent signals that are coupled into the core of Silica exposed
core fiber, allows for remote measurement of pH along the fiber length, when used
in mice [169].
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6. Conclusion

Silk fiber from different varieties has largely been used beyond the traditional
textile scope. The widest and earlier use has been noted in biomedical use, espe-
cially as sutures, and protective wear due to the enviable properties highlighted for
each function. The traditional classification of silk was tagged to luxury. Beyond
this, research has been expounded on the functionality of silk. The various forms,
including regeneration into nanofibers, nanofilms and nanomembranes provide
surfaces for novel functionalization when processed with specific agents. Collagen
has been reported the most as a functional material added to silk for, especially
biomedical applications. Optics and sensing, present a unique and promising future
for functional silk— especially in e-textiles and bio-sensing. However, it is also
important to underscore that at different stages of regeneration, the silk structure
seems to get altered; especially the loss of considerable strength resulting from
altered crystallinity and re-orientation of B-sheets of silk fibroin. Owing to the low
proportion of silk production on the market compared to cotton, and synthetic
fibers, it is important to explore the annual global demand of silk in regard to future
needs for silk in functional textiles. It is also important to explore statistics, on silk
processed through novel methods like electrospinning, with respect to commercial
viability. For instance, it is often required to strictly control biomaterial properties
during processing, owing to the complexity of biomaterial molecules. Of important
focus is the standardization of process/manufacturing parameters and equipment
in the attempt to commercialize silk functional products. However, with increas-
ing demand for more environmentally sustainable materials and products, more
bio-based sectors and economies will emerge; hence, an increased uptake of natural
biomaterials such as silk, in higher technology application needs.
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Chapter

Application Technologies for
Functional Finishing of Textile
Materials

Zeynep Omerogullari Basyigit

Abstract

Nowadays, the primary energy resources and existing water reserves in the
world are gradually decreasing. Because of global warming and high consumption
of energy and water, researches have focused on new technologies and methods
which aim of optimum use of resources while applying functionalites to the mate-
rial. When the energy and water consumption of industries is examined, it could
be obviously determined that the textile industry is seen to be at a substantial level.
For this reason, in this chapter broad information of application systems including
conventional and low-liquor application techniques with updated versions which
show notable improvements in textile industry lately, have been detailed in a way of
properties, parameters and running mechanisms on textile materials.

Keywords: low-liquor application, energy, water, finishing, application, textile

1. Introduction

Today, consumption of fossil fuels is dramatically increasing along with
improvements of life such as industrialization processes with the increase of
the world population. It has long been recognized that this excessive fossil fuel
consumption not only leads to an increase in the rate of diminishing fossil fuel
reserves, but it also has a significant adverse impact on the environment, result-
ing in increased health risks and the threat of global climate change [1]. The
potentially most important environmental problem relating to energy and water
resources is global climate change (global warming or the greenhouse effect). The
increasing concentration of greenhouse gases such as carbon dioxide, methane,
chlorofluorocarbons, halons, nitrous oxide, ozone, and peroxyacetylnitrate in the
atmosphere is acting to trap heat radiated from Earth’s surface and is raising the
surface temperature of Earth [2]. This climate change has an increasingly negative
impact on water resources; causing a serious decrease in available water reserves in
the world [3]. In order to solve this problem, researchers have been focused on new
methods for optimum use of resources with new technologies which save energy
and reduce water consumption.

When the energy consumption in textile enterprises are compared to other
branches of industry, it can be seen that the textile industry is seen to be at a sub-
stantial level. It could also be note that finishing departments are the most energy
consuming ones among the other parts of textile manufactories. 45-75% of the energy
consumed in finishing departments is listed as wet processes, 15-40% for drying and
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fixing processes, 8-18% for other processes and ventilation. Electricity consumption
is not much in finishing departments; however, heat energy and water consumption is
at very high level [4, 5]. For this reason, energy and water-saving technologies play an
important role in the machines and application methods used in finishing processes.

Although textile finishing processes can be applied in different material forms
(fiber, tops, yarn, fabric etc.), the most common is fabric finishing. General expecta-
tions for all these finishing are having homogenous effect, non-damaged fibers,
non-broken fabric, repeatable and economical process, low environmental impact
and reduced energy and water consumption. Different application techniques are
used in the studies related to give desired properties to textile materials. Most of these
application techniques are wet processes. These wet processes include exhaustion,
impregnation, vacuum application, maximum application techniques as well as spray-
ing, coating, transfer and foam application methods which are among the low-liquor
application techniques [6]. In addition to these methods, microencapsulation, plasma
application, sol-gel technology and lamination techniques, which have become
increasingly important in recent years, are also included in finishing applications.

Nowadays, the methods and techniques used in the textile industry are desired to
be environmentally-friendly and to save water and energy besides the other require-
ments such as functionality, durability, repeatability and being cost-effective. With
the increase of diversification of todays industrial requirements, one functionality
on the fabric may be insufficient to meet these requirements, therefore, although it
varies according to area of utilization, being multifunctionality becomes more of an
issue. In some cases, the fact that the fabric has more than one functionality on the
whole surface entirely, regardless of front or back sides of the material, causes an
increase in cost unnecessarily and also prevents showing sufficient efficiency in the
area of use. For instance; for a sportswear outfit, the interior structure of the fabric is
desired to be hydrophilic to absorb the sweat and water occurred during movement
of the body, while the outer structure of the material is expected to water—oil-soil
repellent. If the water repellency functionality is applied to the entire fabric, water
repellant chemicals will act functional on the outer side of the fabric while it will
serve as blocking barriers by preventing the absorption of sweat and water in the
interior side of the material. This will not only bring on difficulties in use but also
cause increased unnecessary cost during the finishing process of the material.

Since the conventional padding application methods, which are still in use
widely today, do not allow the transfer of different chemicals to different sides, both
sides of the fabric are treated with the same chemical substance and due to unneces-
sary material transfer, both the expected requirements cannot be fully met and
cause an increase in costs. For this reason, it has emerged that some functionality
needs to be applied to a single surface of the fabric.

Providing multifunctionality in a single-bath could have disadvantages in many
respects that all the requested functionalities are mixed with each other in a single
recipe and in the same bath. The first of these disadvantages is that all basic and
auxiliary chemicals used in the same bath, belonging to different functionalities,
may not be compatible with each other. Since the chemical structures of materials
belonging to different functionalities are different, their mechanism of action is
also different, and therefore problems may be encountered in providing a homoge-
neous mixture. The second of these disadvantages is that since all the chemicals are
mixed with each other, the functionalities will be given in a mixed order regardless
of the back or front face of the fabric, unfavorable functionality may be occurred
on the undesired side or the requested efficiency is not achieved as expected or no
functionality is obtained at a sufficient level. Therefore, due to all these problems
and requirements, achieving multifunctionality by transferring more than one
functionality to the same and/or different sides of the fabric in an effective and
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permanent way in accordance with the field of use has become a necessity both in
industrial and academic terms.

There is a way of combining fabric layers with different functionalities by lami-
nation methods or so, for obtaining multifunctionality, but because of each separate
layer has own functionality, the endproduct takes up more space in terms of volume
and increases the cost of the material. For this reason, multifunctionality in single-
layer fabrics should be carried out by considering the requirements of providing
mobility to the user, being useful and flexible, and saving in material costs.

Due to all the above-mentioned requirements in textile industries; advantages
and disadvantages of existing conventional methods besides new generation finish-
ing processes which focuses on reducing water and energy consumption mostly, are
defined in this chapter.

2. Wet finishing processes

Most of the textile finishing application techniques are wet processes. These wet
processes can be listed as follows: exhausting process, impregnation, coating, trans-
fer, spraying and foam application. It should be noted there is an optimum level of
liquor application which is just high enough to ensure adequate distribution of the
chemicals within the fabric. This critical add-on value (CAV) depends on fiber type,
fabric construction and fabric pretreatment [6-11]. The wet processes have been in
use for a long time however; they have been updated in many ways nowadays; such
as using new technologies in impregnation machines with lower wet pick-up ratios,
providing homogenous application in new version of chemical foam application,
removing the blockage occurred in nozzles of spraying machines. Minimum appli-
cation methods, which focuses on reducing water and energy consumption, have an
increased importance recently in finishing processes with a wide range of function-
alities provided such as water-oil-soil repellency, flame retardancy, antibacterial
efficiency and so many other functionalities due to their significant advantages over
conventional methods. The application technologies including conventional ones
and updated low-add-on finishing applications have been detailed in this review.

2.1 Exhausting process

The essence of the application with the exhaustion method is that the product
to be treated is in wet-process for a long time at the long liquor ratio. The liquor
ratio in the studies according to the exhaustion method is in the range of 1:2-1:100.
This method is also called full bath method or discontinue method. The fabric to be
treated is placed in a bath and allowed to absorb the finishing agent from the bath
until a chemical-balance is reached between the finishing agent on the fiber and the
one in the bath. In order to provide sufficient and economical results in this method,
it is essential that the finishing material used has an affinity towards the textile mate-
rial. In other words, the finishing material dissolved or homogeneously dispersed in
the bath should have a high desire to be withdrawn from the bath by the fibers.

Dyeing process can be carried out with textile fibers, yarns, fabrics or garments.
However, there are reasons for dyeing different fiber forms. Fiber dyeing is used as a
styling technique; natural fibers or staple synthetics are dyed in bundles or baskets.
Dope or solution dyeing is the process where color is mixed into the polymer solu-
tion prior to fiber extrusion. Certain synthetics fibers such as polyethylene can only
be colored using this technique. Yarn dyeing which is also a styling technique, is
used to produce stripes, plaids, and some complex designs with 100% fiber content
products. Beam dyeing is a technique where multiple yarns are wound side by side
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onto a single perforated beam. This can be a few hundred or even a few thousand

yarns wound onto a single beam. Fabric or piece dyeing is the most cost efficient

and highest productivity technique. Fabric dyeing machines include jet machines,

dye becks, fabric beam, and jig dyeing machines. All of these machines as well as

most of the yarn dyeing machines are batch or exhaust machines [12]. Some of the

machines used in exhaustion method are shown in Figures 1 and 2 [10, 15].
Advantages:

* Processing time, temperature and composition of the liquor (pH of the liquor,
amount of electrolyte, auxiliary substances) can be adjusted as desired. Thus,
the application speed (proper application of the dyestuff from the beginning)
and the application amount (color fixation in dyeing) can be adjusted.

* The process can be easily intervened and additional toning can be made.
Therefore, it is easier to attach the result than the impregnation method.

* It provides ease of operation as washing, bleaching, dyeing and finishing
processes are carried out in the same machine.

Disadvantages:
* The most important disadvantage is that the liquor ratio is long, so the con-

sumption of water, finishing chemicals and energy (required for both heating
and moving the liquor) is so high.

Figure 1.
Exhausting process machines in textile finishing (a) winch dyeing (b) beam dyeing [13, 14].
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Figure 2.

Exhausting process machines in textile finishing (c) jigger dyeing (d) jet dyeing (e) over-flow dyeing
machines [13, 14].

* These are the discontinue methods that have long processing time (usually
longer than 30 minutes).

* It requires a hand work and long time for operating the machine before
application [5, 6, 8-10, 15].
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2.2 Impregnation method

The application process, which is done by passing the textile product through
the liquor in a bath within a short time (t < 30 seconds) and squeezing, is called
impregnation (padding) method. After the fabric has been padded through the
liquor and prior to being squeezed through the rollers of the padder, the liquor is
distributed as follows: within the fibers; in the capillary regions-between the fibers;
in the spaces between the yams; on the fabric surface [11, 15]. Two characteristics
stand out in this method: short liquor ratio and short processing time. In impregna-
tion method, it is important to not to use finishing chemicals that have affinities
to the textile materials, or it should be at a very low level. As this is a continuous
method, the concentration of the liquor absorbed by the product at the beginning
should be same in the bath and at the end of the process. However, if finishing
materials with high substantivity are used, the process results in with a tailing effect
(when dyeing is done by padding method, gradual color change occurs along the
fabric length because of the decrease in the concentration within time) [6, 9, 15].
Since most of the materials used in textile pretreatment do not show much substan-
tivity towards fibers, unlike those used in dyeing, the most used application tech-
nique in these processes is impregnation. The types of impregnation machines work
due to padding mechanism are shown in Figure 3. This method has also some disad-
vantages varied according to the types of the system, such as high concentration of
finishing chemicals and long-time processing in pad-batch, tailing effect in pad-roll
dyeing which is also labor intensive process, high energy consumption in pad-steam
and necessity of an extra machine in pad-jig method which results in over costing
investment. It should be also noted that high wet-pick-up ratios associated with the
padding system are disadvantageous, not only because of the high thermal-drying
and water consumption costs, but also because, during the evaporation of the liquor
in thermal drying, the molecules of the applied substances tend to migrate from the
inside to the outside of the fabric, leaving behind an uneven chemical distribution
which leads to a decreased fabric durability of the functionality [5, 7, 15].

This method is divided into two as dry to wet impregnation and wet to wet
impregnation. Since it is easier for a dry textile product to be absorbed in a bath
containing finishing material (because the capillarity of the fibers is high due to its
absorption ability), the dry-to-wet impregnation method works in shorter periods
than wet-to-wet impregnation method. However; if a second wet finishing process
is to be carried out after a wet finishing process, when the drying step is considered
to be a very expensive intermediate process, the advantage of removing this part
and saving energy indirectly will be achieved. Moreover, the risk of migration of
the finishing chemicals which occur in drying process before the dyestuff/finishing
agents are fixed on the fibers, could be prevented by removing this interim drying
process in wet to wet impregnation [5, 15].

2.3 Transfer method

In this minimum (low wet-pick-up) application method made in special foulard,
the fabric itself is not dipped into the bath. The liquor containing the finishing
agent is taken by a rolling roller and transferred to the back surface of the fabric.
That’s why we could see this type of finishing systems under the name of “Lick/Kiss
Roll Applicators” [19]. Transferring is an application method that can be applied
with high viscosity finishing liquors. Excess liquor on the transfer roller or fabric is
scraped off with the help of doctor blades. The Figure 4 shows 4 different transfer
systems, which differ in terms of the number of rollers, the location of the paddle
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Figure 3.
Impregnation machines (a) pad-dry-cure (b) pad-steam (c) pad-batch (d) pad-jig (e) pad-roll [16-18].

and measurement techniques [6, 7, 9, 11, 15, 19]. The schematic representation of
Triatex MA machine which uses on-line monitoring to control the wet pick-up
values, has been shown in Figure 4d. The kiss roll rotational speed is automatically
adjusted (with the help of f-rays measured by detectors) [15] relative to the fabric
speed to maintain the desired wet pickup.
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Figure 4.
Different types of transfer (with lick/kiss roll applicators) finishing methods (a) and (b) two-roller with
doctor blade type (c) three-roller transfer type (d) Triatex MA [15, 19].

The amount of finishing agent transferred to the textile product is determined
by following parameters; the structure of the transfer roller, condition of doctor
blade and other rollers, viscosity of the liquid, the passing speed of the fabric and
the rotation speed of the transfer roller. There are two big benefits of working with
less liquor; firstly, energy savings as less water will need to be removed during
subsequent drying and secondly, reduction of the risk of migration of dyestuffs
or finishing substances that have not yet been fixed during drying. However; this
method has also some disadvantages.

* The main problem in the operations of this method is the inconsistency of the
formation of a smooth liquor on the transfer roller. This homogenous forma-
tion is not only dependent on the structure of the roller surface, but it’s also
closely related to the composition of the liquor.

* The second problem is the disability to ensure that the same amount of liquor
continuously applied to the textile material [11, 15, 19].

2.4 Spraying method
Spraying method in finishing process has been known and applied on textiles

for along time however; it has not been improved much for many years because of
some difficulties in conventional (nozzle) spraying machines mentioned below:
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e Itis difficult to apply the same amount of liquor all over the fabric
continuously,

* Nozzles are frequently clogged, especially when working with viscous
chemicals.

* A part of liquor sprayed in very fine particles is placed on other parts of the
machine instead of the fabric, causes excessive pollution and unnecessary
chemical loss.

Especially after the oil crisis in 1974, the spraying method has become updated
with the increase in the importance of the application processes which has low
wet-pick-up values. To overcome the difficulties in conventional spraying methods,
indirect spray applications have been demonstrated by the Farmer Norton and
Weko applicators. In these systems, the spray is generated by pumping the finishing
solution by a proportioning pump from a well onto the center of a rapidly rotating
set of spinning discs (Farmer Norton) or rotors (Weko) [7, 15, 19, 20]. In addition
to have the main advantages of being in the minimum application system, spray-
ing technology has some other advantages such as; being suitable for wet-to-wet
applications, no tailing effect even if the chemicals have the affinity, ability to be
applied on one or two sides of the fabric upon request [15, 20]. Weko Fluid applica-
tion system has been shown in Figure 5.

2.5 Coating method

Finishing liquors with high viscosity can be applied directly to one side of
the fabric. As aresult of such application, a large amount of finishing material
can be transferred to the surface of the material and this process is also called
“coating’, since the finishing agent mostly covers the surface of the material. The
coating method is frequently used especially for producing artificial leather and
waterproof finishing process. Multi-layered functional materials can be produced

Collecting tray

Figure 5.
WEKO-fluid application system [20].
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with different coating methods including direct (directly coating on to the fabric)
and indirect (using for exp. silicone paper during coating) system [15, 21-23].

In Figure 6 illustrations of direct and indirect coating systems have been shown
[23]. The basic mechanism of a direct coating method is spreading polymer on the
textile material, in the form of thick liquid (viscous) or paste using a special knife
called doctor blade [21]. The smoothness and the thickness of the applied layer are
adjusted with the help of doctor blades.

In “blade on air” coating system, the fabric passing under the blade does not
lean anywhere. Therefore, it is not possible to make thick and very smooth coatings
with this type of coating. It is preferred for light coatings of loose woven fabrics.
However; the coating material that passes to the other side of the fabric due to the
loose texture, it contaminates the rubber band or roller under the blade and causes
uneven coating. In “blade over the roller” system, the fabric that passes under the
doctor blade is based on a rotating rubber or steel cylinder. The thickness of the
layer applied in the coatings can be adjusted precisely. But on the other hand, since
the cylinder cannot stretch; dust or fly can be trapped under the blade, causing
soiling and forming drag lines [21].

There are some other coating processes used in the film and paper industries
which require expensive equipment and which must be carried out on a large scale

Doctor

Metering
roller

Applicator
roller

Back-up
roller

a)

Coated release paper

Release paper

Coating

Coated fabric

Heat and pressure
b)

Figure 6.
(a) Direct coating system (three-roll coatings: Nip feed coating) (b) indirect coating system (transfer
coating) [23].
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to be commercially viable. Among these are powder coating, vacuum deposition,
electrostatic deposition and sputtering techniques. It is possible, for example, to
produce highly reflective surfaces by these methods, but a smooth continuous
surface is required and fabrics may not be suitable [21, 22].

2.6 Foam application method

The most important and interesting development in the application of finishing
agents to textile products in the mid-1970s is undoubtedly the application methods
with foam. Machines that enable working with foams instead of aqueous solu-
tions have been put on the market because of increased energy costs in the textile
industries. However, the application studies with foam, which developed very
rapidly in the beginning, have entered a pause and had no significant improvement
until 2010 [24].

Foam is a microheterogeneous colloidal mixture, short or long-lasting a meta-
stable system in which the surface area is increased nearly 1000 times by inflating a
liquid with a suitable gas (air), and therefore contains less liquid. Foam is obtained
by dispersing the air in water as fine particles with the help of surfactants. If a sur-
factant is dissolved in aqueous solution and air bubbles are present in this solution,
then a surfactant film covers the air bubbles. Air bubbles move towards the upper
surface of the liquid which covered with a tenside film. Thereby, a second tenside
film is formed around the upward air bubbles (Figure 7) In this way, the air bubble
in which the liquid is located between the two tenside films surrounding, called a
“foam cell” [7, 15, 24, 25].

There are many types of foam application such as; open foam method
(Horizontal pad foam, Knife-roll-over foam, Autofoam systems), offset open foam
methods (Kiisters Janus contact roller system and Monforts vacuum drum system),
closed foam methods (FFT Foam Finishing Technology-Gaston County Dyeing
Machine, CFS Chemical Foam System-Gaston System, Stork rotary screen foam
applicator and Stork CFT Coating and Finishing Technology) have been shown in
Figures 8-10 [24, 29, 30]. As seen in the figures, there have been much improve-
ment in the profiles of foam applicators in time in order to prevent the problems
such as non-uniform and uneven applications during processes. The case in point
can be the improvement of CFS parabolic profile which has been developed to
solve “dead foam” issue occurred in FFT. With the help of parabolic chamber, equal
distance paths are covered from the point of foam inlet to the fabric surface so that
the problem of wet and unfoamed parts occurred partly in FFT foamed fabrics have
been solved [24, 29].

Air )r H{
ﬁ P -~ Tenside

= = ¥

_ - % - Finishing liquor with #"-2 t’\A Finishing liquor
‘ & surfactant
d Foam cell

Figure7.
Formation of a foam cell.
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Figure 8.
Types of foam application (a) horizontal pad foam (b) knife-roll-over foam [24, 26-28].

For an effective foam application process, the followings should be taken into

consideration:

12

* The foam should not be collapsed during the time between it is taken from the

foam generator and transferred to the fabric.

On the other hand, when the foam reaches out the textile product, it should
collapse into the fabric as quickly as possible. Foam stability constitutes an
important place in foam applications. Very stable foams play role in decreasing
the penetration efficiency into the fabric whereas unstable foams cause uneven
applications because of collapsing before the application. Therefore, foam cell
should be in semi-stable form.

The foam and the tenside used in the application must have good compatibility
with other chemical substances in the bath.

The foam to be used in a finishing process should always has the same form
and the same concentration.

Another important point in foam application is that the foams should not have
much water. If the foam that does not contain much water, it is transferred
directly onto the fabric surface moving perpendicularly without spreading
around the fabric surface. On the other hand, when the conventional finishing
liquors first penetrated to the fabric, they spread parallel to the fabric surface
by capillarity effect. For this reason, in conventional finishing applications
such as in padding methods non-functional caked chemical residuals remained
at the fibers intersections cause uneven application and nonhomogeneous
penetration [15, 27].
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Figure 9.
Types of foam application (c) autofoam systems (d) Monforts vacuum drum system (e) Kiisters Janus contact
voller system [24, 26-28].

2.6.1 Advantages of foam application
Foam finishing is a versatile application system which could be very effective

for bleaching, dyeing and varied finishing processes. It can be also used to apply
different applications to the face and back side of the fabric in a single pass with

13
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Figure 10.
Types of foam application (f) foam finishing technology (FFT) (g) chemical foaming system (CES)
[24, 26-28].

dual-applicators. Multifunctional fabrics with increased durability against repeated
washing and drying processes could be produced. As reported in the literature

[24] that many combinations of functionalities such as face side flame retardant
and water repellent whereas antibacterial back side of textile materials could be
provided via foam finishing application. The most important advantage of this
system is providing significant decrease in water consumption (up to 80%) due its
lower wet-pick-up system. For cotton-rich fabrics, the wet pickup in foam finishing
is typically between 15% and 35%, depending on the process, compared with 60%

14
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to 100% for a conventional pad application [27, 29, 30]. For synthetic fabrics, wet
pick up ratio of foam application is in the range of 3-10% whereas it is 35-60% in
conventional padding. Moreover, the energy consumed for heating and venting the
air is significantly decreased due to lower wet-pick-up values. This reduction in time
needed for pre-drying step (could be eliminated), also minimizes the migration of
the chemicals. Since the amount of liquor taken is small in foam finishing, excessive
swelling of the fibers is not possible. Since the fibers do not swell and the capillary
channels do not expand too much, the transferred chemical substance is not carried
to the surface with water during drying and remains where it is transferred. This is
particularly effective in preventing the reduction of the abrasion resistance in the
wrinkle recovery finishing. Since migration, that is, the accumulation of the chemi-
cal substance on the surface more than necessary during drying, is effective in the
decrease in friction resistance. Foam application also potentially results in less waste
water pollution than with traditional application methods. On the contrary of an
aqueous pad system, the small liquor volumes required for foam application result
in less waste during a changeover [15, 24, 27, 29, 31-34].

Updated versions of foam application systems has offered better solutions to the
basic problems encountered with the other low-add-on systems. The main problem
of the low-add-on systems is the difficulty of distributing a relatively small quantity
of liquor uniformly over a large surface of fabric, especially on hydrophilic fibers.

In the case of low-add-on expression systems, a basic limitation is the inability to
achieve wet-pick-up levels below the critical application value of the component
fibers [7]. When compared to conventional methods, foam finishing provides
homogeneous and effective chemical applications via controlled, uniform and
repeatable foam formations.

2.6.2 Chemical foaming system (CFS)

If CFS foam machine is examined, it could be clearly seen that uniform and
homogenous applications are achieved via performing correct systematic on the
distance between the foam generator and applicator.

As shown in the Figure 11, the foam diameter increases as the foam formed in
the CFS foam generator is transferred from high pressure to the low pressure on the
way to the foam applicator. The pressure gradually decreases on the fabric surface
and the foam penetrates the fabric. The distance between the foam generator and its
applicator is critical for uniform foam formation.

DG: Initially, the radius of the foam produced in the foam generator.

DA: The radius of the foam being transferred from the foam generator to the
foam applicator.

DB: The radius of the foam at the foam applicator just before it penetrates to
the fabric.

WaG: Initially, the area covered by the liquid contained in the foam produced in
the foam generator.

WA: The area covered by the liquid in the foam being transferred from the foam
generator to the foam applicator.

WB: The area covered by the liquid in the foam just before it penetrates into the
fabric, at the foam applicator.

Before the transfer process starts, the state between these parameters is
WG > WA > WB and DG < DA < DB, while these equations are reversed as the
pressure decreases gradually, and WG < WA < WB and DG > DA > DB becomes.
Therefore, on the foam applicator, penetration to the fabric takes place evenly with
maximum radius and minimum liquid area of the foam [27].
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Figure 11.
Chemical foaming system (CFES) [27].

3. Conclusion

Considering the finishing methods used in the textile industry in general,
conventional impregnation method is commonly used in the industry due to
the low affinity of the chemicals used in the finishing processes. However, it has
disadvantages such as high water and energy consumption, inability to apply
different functionalities to face and back sides of the material and significant waste
load. Extraction method is not included among the preferred methods because
the chemicals used have affinity to the fabric, the operation times are long and the
amount of water consumed is very high due to the long liquor ratio. Apart from
these methods, transfer and coating methods are also available. Transfer methods
with various types such as roller transfer or with doctor blades takes place in the
minimum application methods. Likewise coating methods is in the low-liquor fin-
ishing applications with the types of blade coating, calendar coating, transfer and
printing technique. However, both transfer and coating methods are not suitable for
low viscosity chemicals. In coating and transferring methods, the effectivity of the
application is directly related to the viscosity of the finishing agents, the construc-
tion and surface structure of textile material, production method of the material
(woven, non-woven or knitted), weight of the textile, speed of the finishing
method etc. So, it could be noted that they are not very flexible application tech-
niques in a view of finishing agents and textile materials. Even if the direct spraying
method had some problems in the past such as clogging of nozzles or excessive pol-
lution on the machine, with the use of indirect systems such as discs or rotors, it has
been much more improved. When the history of the foam application is examined,
it could be clearly noticed that significant improvements have been carried out by
time in order to make functional or multifunctional (via using dual-applicators)
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textiles via uniform applications (with developed applicator profiles) which
provides reduction in water and energy consumption. Apart from these, there

are various lamination techniques that can be used to obtain multifunctionality
however; since the lamination process is based on the principle of combining fabric
and polymer layers to form a composite material, any factor that prevents adhesion
between the structures, low heat resistance of the materials or no resistivity for
water and moisture can cause problems during applications.

Apart from these methods, there is also environmentally friendly techniques
such as plasma technology, which is used in the textile industry and academic pilot
studies, and gives functionality to the fabric with partly ionized gas or monomers
without using water [35-37]. With this technology many researches have been car-
ried out to provide functional textiles such as antibacterial cotton fabric supported
by silver nanoparticules [38], water repellent and antimicrobial cotton/polyester
blend [39], anti-bacterial and anti-static polyester fabric [40]. However, in this
technology, the vacuum plasma method, which is quite effective, is a discontinuous
method and could not be industrialized because it allows a very low size in terms
of fabric length and width. The atmospheric plasma method, which is suitable for
industrial use as the operating dimensions, is not as effective as vacuum plasma on
porous textile surfaces. Microencapsulation technique, is also one of the effective
methods used in textile applications. Microencapsulation technology involves the
process by which small particles, mostly bioactive, are encapsulated in a wall con-
sisting of a heterogeneous or homologous polymer matrix, which forms a complex
known as a microcapsule [41, 42]. Microencapsulation helps to improve functional
textile products such as fabrics with durable fragrances, UV-ray absorbing shirts,
thermo-regulation vehicle seats, thermo-changeable dyed apparels, vitamin loaded
fabrics as cosmototextiles or military uniforms with microcapsulated insecticides
[42]. However, in order to transfer performed microcapsules onto the textile mate-
rial, the capsulation method is continued with a conventional finishing method
frequently (mostly padding) so that two-step applications are carried out with no
significant reduction in water and energy consumption. Sol-gel technology, which
is a method that can obtain macromolecules by taking advantage of the growth
and development of polymers in a solvent, can also be an effective alternative in
terms of giving functionality to textile materials. There have been lots of studies
on sol-gel functionality such as self-cleaning superhydrophobic films [43], flame
retardant and hydrophobic coatings on cotton fabrics [44], hydrophilic, antistatic
and antimicrobial cotton and polyester fabrics [45]. However, it should be noted
that the requirement of using solvents brings environmental threats and applying
some special polymers increase input costs [46]. Nano-technology seems to be a sig-
nificant alternative for achieving functional and multifunctional textile materials
[35] however; in some cases, there have been still some issues of industrialization
of nanoparticles because of producing them only in laboratory scale experiments.
Studies about using liposomes in dyeing processes [47-49] photocatalytic reac-
tions for bleaching process [50, 51] and layer-by-layer self-assembly technique for
producing multifunctional multilayers [52, 53] have also been taken place in the
literature but there has been no scientific clue reported in the literature for industri-
alization of these methods in textile manufactories.
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Chapter

Surface Design Technique through
Tradition Technique

Harozila Ramli and Tajul Shuhaizam Said

Abstract

This aim of this study is to examine the application of tritik technique in creat-
ing exquisite batik pattern design. Essentially, tritik is a technique in batik pattern
making that is almost similar to the “tie-and-dip” (ikat-dan- celup) technique; how-
ever, the subtle difference between the two techniques lies in the aspect of fabric
treading, with the former being able to produce elegant and appealing patterns.
This study used a qualitative approach using an observation method in which the
researchers observed the creation of such art through studio practice. Essentially,
the examination of the practice of such a technique was carried out based on direct
observation and unstructured interviews, and the collection of textile products.
The research findings showed the experimentation of the tritik technique in the
textile pattern designs was highly effective, as evidenced by the exquisite aesthetical
effects on the surface of the fabrics, such as the formation of elegant lines consisting
of dots and of dashed lines and 3-dimensional texture. In addition, the research
findings revealed that the quality of fabrics, the type of colors, and sewing polarity
heavily influenced such exquisite tritik pattern design. Collectively, all the above
elements were intertwined that helped create appealing, beautiful tritik pattern
design infused with high aesthetical values.

Keywords: tritik technique, Batik, Textile pattern designs

1. Introduction

Textile art in the Malay world, especially in Malaysia have been detected since
the start of the historical development of the culture of the archipelago. Since the
Sultanate has recorded about how different types of fabric and textiles is taken as
an omen to the status of goods in individual position in society and benchmark the
progress of Malay civilization.

According to Raffles in The history of Java [1] has described how different types
of clothing and fabrics are unique with the technique of patterning the surface of
the fabric such as tie and tritik, as well as illustrations of batik patterns produced.
Skeat [2] also describe how the Malays use natural coloring during dyeing silk and
cotton which are obtained from Singapore.

In a note, Winsteadt [3] Malay Industries Part I, Art and Craft, he also describes
the surface design techniques on fabric produced by the Malay community at the
time. Techniques that have been applied are such as coloring, weaving, embroider-
ing, embroidering and knitting techniques for the production of textile patterns
and ornaments. Obviously tradition surface design of decorative fabric or Malays
textile surface have long practiced and it has been developed and passed down from
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generation to generation until now in the development of traditional cultural arts in
Malaysia.

Essentially, batik making is a method of creating beautiful textile materials
or cloth involving the use of candles and coloring materials based on natural or
synthetic colors. In creating batik, candles are the main medium used to create the
required pattern and, at the same time, serve as the medium to separate the colors.
To help create artistic batik, several techniques can be used, including tradition
technique, the use of canting, metal block, wood block, screen, and, lately, dedi-
cated computer software, to create digital batik products.

Tritik technique is one of the traditional decorative techniques that have long
been practiced by textile craftsmen in Malaysia. The adaptation of this technique
has become one of the uniqueness of batik design in Malaysia apart from the
technique of dyeing, canting, and the use of batik blocks and also screen printing as
well as the use of brush techniques on fabric.

Tritik is indeed not a new discovery in textile history. This technique has existed
for a long time when society began to explore fabrics and colors in dyes for fabric
coloring. Instead, there was previously in India called Bandhani and Japan called
Shibori, in Malaysia and Indonesia called Tritik. In fact, there is a much older tie-
dye motif found in Peru in 500. The designs found include circles and small lines
with bright colors, such as red, yellow, blue, and green.

But in Japan and China have developed tie-dye techniques since the sixth cen-
tury using silk cloth. Silk fabric is evaluated as a suitable material for a more perfect
color absorption process. These skills are also likely to have evolved in the Malay
Archipelago as a result of trading activities involving the exchange of goods in the
past. Skills staining on fabrics, ornaments and decorations technique is adapted
according to the nature of Malay culture and become a work of art in the textile
design community in the archipelago.

Tritik or sasirangan batik is one of the high fashions that help project the unique-
ness and beauty in terms of its creation, such as the type of polarity or motifs
created with the method of sewing and pull. In the early history of textile, this
technique was used by the Banjarmasin society in which the early design of tritik
batik only used simple motifs deemed moderately sufficient to meet the fashion
needs of the people dwelling in the district of Banjarmasin. However, in tandem
with the advancement in fashion designs taking place in the world, tritik batik has
undergone a series of innovative transformations through which the patterns and
motifs created by such technique have been reshaped and redesigned with diverse
geometrical and organic patterns that helps project their artistic beauty.

Moreover, the application and combination of colors also play an important role
in establishing the required motif and pattern on the surface of the batik design.
Surely, the knowledge and skills in pattern design of fabric surfaces are a critical
element in designing exquisite motifs on such surfaces [4].

Consistent with the current trend in fashion designs, the new, contemporary
tritik batik, with its exquisite aesthetical effects visibly appearing on the surface of
the fabrics, helps make its wearers look elegant and attractive. Despite the unique-
ness in such pattern design, tritik technique has gradually being neglected in today’s
batik pattern design, which is partly attributed to the complicated process involved
in making such design.

To help sustain the use of batik in Malaysia as a national attire, the Malaysian
government had made it compulsory for the public servant to wear batik shirts or
baju kurung (women Dress). Apparently, the rapid development of fashions has
been instrumental in influencing the design of fashions throughout the world.

Despite such development, however, some of the traditional designs, such as
batik blocks, batik drawing, and batik printing, have managed to survive the test of
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time, with many fashion fans keeping their loyalty with such designs. As such, the
use of tritik technique can be re-energized to create batik that has a new appealing
design with high aesthetical and artistic values and exquisite pattern design that
projects unique beauty. Admittedly, due to the rapid development of the fashion
world taking place at an unprecedented rate, the tritik technique has started to
decline in its use in the making of batik textile. Unmitigated, such a decline will see
such a unique technique becomes obsolete — a thing of the past — in batik-textile
making. Obviously, more efforts have to be put in place to address this pressing
predicament by encouraging practitioners to adopt the tritik technique in designing
intricate batik patterns. Another problem that contributes to the declining use of
such a technique lies in the lack of proper learning or training in pattern design of
batik textile, especially with respect to the structure of patterns that needs to be dis-
cerning learned. For example, the knowledge regarding the closely aligned stitches
to create intricate patterns with amazing characteristics, such as sharp teeth, base,
dovo, regulon, and gadan, and the application of red, green, and yellow have to be
mastered by practitioners.

Seen from the socio-cultural viewpoint, such a problem is the manifestation of
the lack of knowledge among the members of the society, in particular, Art stu-
dents, with respect to the societal impact of the tritik technique, effecting a decline
in the awareness or appreciation of such a culturally enriched method of producing
traditional batik. Clearly, to help overcome such a problem, the tritik technique
needs to be used in the pattern design process to produce elegant and immaculate
patterns, which are on par with those created by other techniques, such as tie-and-
dip (ikat celup) technique.

Based on a practical studio experimenting with the tritik technique in the mak-
ing pattern - design process of batik motifs on the surface of a fabric. In addition,
the effect of this technique on the surface of the fabric, also has been examined
which began from the creation of the Napthol color through the mixing of Diazo
salt and Remazol coloring dye to the complete tritik process performed on the
fabric. Through practiced studio process, focusing on the process prior to sewing
was carried out, the inherent constraints encountered during the process of sewing
a particular polar of a pattern and the effects of untying knots on the fabric, also
able to identify the outcome of the pattern design of the tritik technique.

Definitely, the selection of suitable fabrics in creating tritik batik is of para-
mount importance. Obviously, the use of quality fabrics will improve the rate of
absorption, enabling the coloring materials to penetrate deeply into the fabrics
to produces stunningly attractive, intricate, and appealing effects of the tritik
technique. In this regard, the use of suitable fabrics has a profound impact on the
effectiveness of the tritik technique that helps the Naphthol color to seep deep into
every fabric of the batik materials. To date, several types of fabrics have been widely
used with this technique, such as cotton fabric, rayon fabric, and silk fabric, which
are clothes made from natural sources. Essentially, such fabrics contain natural
fibers with good “working characteristics”, with which the tritik technique can
produce amazing effects.

In Malaysia, the majority of people prefer to wear clothes made of cotton.
Such a preference is not surprising as cotton can easily absorb sweats produced
by the human body in countries in the tropical region of the world, such as
Malaysia. In essence, this type of cloths is made from cotton fibers that are used
to make short, soft, and fluffy fibers In general, these cotton fibers are used as
the primary material in making shirts, robes, bedspreads, and others. Given their
delicate characteristics, cotton fabrics are suitable for batik practitioners who
manually use their hands with some degree of force in making batik materials
(Figure1).
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Figure 1.
Cotton fabrics ave suitable for batik practitioners.

Figure 2.
Illustration of sewing or stitching process in a spiral.

Figure 3.
Sewing process in a spirval moves according to a prescribed spival pattern.
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2. The method of stitching

In general, this type of stitching has a number of diverse sewing techniques, but
to create a pattern on the fabric will entail the needle to move in a spiral. Effectively,
such a spiral motion of the needle, in which it moves according to a prescribed pat-
tern based generally on a distance of I cm, can help achieve the desired effects.

Furthermore, the threads need to be tightened when the sewing or stitching pro-
cess has completed. Subsequently, colorings will be swiped over the entire surface
of the fabrics that have been completely sewn (Figures 2 and 3).

3. The tritik cotton-fabric patterns

The followings are some of the patterns of the cotton cloth created by the effects of
the stitching technique used. Clearly, such forms and shapes of the patterns were the
results of a sewing or stitching processing a particular direction or polarity, effecting
the desired effects that helped create such amazing pattern designs (Figure 4).

4. The rayon fabrics

Principally, Rayon is a fabric that can be weaved or merged, depending on its
diverse use. In fact, the effectiveness of stitching Rayon is relatively higher than
those of other fabric materials, such as taf cloth of cotton cloth. In the batik-making
industry, the Rayon fabric is categorized as a semi-soft fabric that most batik

Figure 4.
Spiral patterns of the cotton cloth created by the effects of the stitching technique.
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Figure 5.
The rayon fabrics.

practitioners find easy to manually work on. As such, the use of this fabric should
be emphasized to achieve the desired effects on such fabric (Figure 5).

5. The method of stitching

The type of sewing or stitching as shown above is based on horizontal sewing
that cuts the surface of the fabric neatly. Ideally, the distance of the stitched fabric

rT
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Figure 6.
The process of horizontal sewing performed on a fabric.
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should be in the range between 1 cm and 2 cm. obviously, the direction of sewing
that is straight and compact will create an amazingly appealing effect. In particular,
the end of the cloth must be tied to achieve a better effect (Figure 6).

6. The tritik rayon-fabric patterns

As shown in Figure 7, the result of using the tritik technique on the Rayon fab-
rics showed stunning effects, visibly highlighting the effects of colors and stitching
on such fabric. Evidently, the stitching the fabric horizontally did not in any way
compromise the quality of the fabric. On the contrary, such a stitching method was
able to project the undulation of the movement of colors together with the desired
pattern on the fabric.

7. The type of satin fabrics

As contended by almost all practitioners, the satin fabric is regarded as the most
elegant fabric compared to other types of fabrics, making it a high-class fashion
material. This contention is not without reason, as this type of fabric has a surface is
delicately soft and glossy, the characteristics that create stunning reflections under
the light. In general, satin cloth consists of silk or Rayon, which makes its surface
extremely soft. The drawback of this fabric, however, is that it needs constant care,
given the delicate nature of its material, which is made up of the softest fibers. To
date, satin fabrics have been widely used in many designer fashions throughout the
world, notably in developed countries (Figure 8).

w oA
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Figure 7.
Tritik technique on the vayon fabrics showed stunning effects, visibly highlighting the effects of colors and
stitching on rayon fabric.
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Figure 8.
Satin fabric.

8. The method of stitching

The appropriate configurations of such stitching for such fabrics are circular and
horizontal. In this study, the configuration examined was based on circular sewing
involving a single direction of movement, of which the closer the distance of the
stitches the more attractive the effects on the surface of the fabric.

As shown in the Figure 9, spiral stitching based on the close distance among
the stitches will create stunningly beautiful effects on the fabric. Furthermore, the
edges of the cloth have to be permanently fastened by pulling the thread forcefully
to create the desired effects.

9. The tritik satin-fabric patterns

Figure 10 shows the effects of the tritik technique on the surface of the satin fab-
ric. Revealingly, it shows that a well-balanced use of colors can create spectacularly
attractive and beautiful effects compared to those that use colors that are too bright
or too dull. Through this practical studio-based study, the researchers examined the
practice of the tritik technique in the batik-making process involving three types of
fabrics, namely cotton fabric, rayon fabric, and satin fabric.

Based on the observations, it can be reasonably argued that each type of fabric has
its own unique and beautiful tritik effects, despite using the same sewing or stitching
configuration. Surely, such differences in the tritik effects lie in the properties of the
fabrics, with each having different thickness and structure of fibers, which produce
the unique texture of the fabrics. Clearly, the different types of fibers make some
fabrics soft while others coarse, the impact of which will have a profound impact on
the rate of absorption and the rate of evaporation of liquids that result in different
effects on the patterns of the fabrics. Given such inherent differences, the selection of
appropriate fabrics should be treated with caution — in fact, it should be treated as the
basis — to help create specular and stunning patterns using the tritik technique.
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Figure 9.

Spiral stitching based on the close distance among the stitches will create stunningly beautiful effects on the
fabric. Furthermorve, the edges of the cloth have to be permanently fastened by pulling the thread forcefully to
create the desived effects. The process of spiral stitching performed on a fabric.

Figure 10.
Tritik technique on the surface of the satin fabric.
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Moreover, the quality of stitching also depends on the sewing configuration
that can help create beautiful effects by controlling the form or the structure of
such a pattern. Also observed in this study was that pattern designs in various
organic forms or shapes seemed to be the dominant pattern in the tritik technique
to produce patterns with high aesthetical values. In addition, the distance between
stitches can strongly influence the effects on the patterns made on the fabrics.
Likewise, the strength of the knots is also important in creating such attractive
patterns.

Evidently, the closer the stitching on the surface of the fabric, the more stunning
the patterns will be. Similarly, the tighter the threads are tied, the more spectacular
the tritik effects will be in producing beautiful, delicate lines of various sizes and
quality. Undeniably, the tying technique and the stitching configuration play an
important role in the tritik technique in creating beautiful, unique patterns. In
terms of the use of coloring materials, the tritik technique heavily relies on relevant
colors to create the desired tritik patterns on fabrics. In fact, such a technique
emphasizes well-balanced and judicious use of colors, given that the tritik pattern
entails the tone of colors that is neither too strong not too weak.

Clearly, a well-balanced use of colors in the tritik technique can produce patterns
that harmoniously blend the chosen color to produce pleasing effects, highlight-
ing a spectacular contrast of colors that enrich the beauty the batik fabric. In this
regard, the mixing of Naphthol color and Diazo salt can help produce a color tone
that represents the color of the earth’s soil. Thus, it cannot be overstated that the
coloring effect is an important element in designing beautiful, intricate patterns on
the surface of fabrics, which can be carried out by experimenting with colors and
sodium silicate. The effect of tritic techniques on fabrics has indirectly created new

Figure 11.
Type of fabrics: Cotton. Technique: Dipping Tritik. Medium: Naphthol color. Soaking duration (in sodium):
6 hours.
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patterns with very unique organic and abstract shapes. The effects of color pat-
terning the shapes on the surface of the fabric is one of the characteristic privileges
tritik technique that can provide confirmation of the identity of batik fabrics are
processed. The followings figure showcase the pattern designs of various fabrics
created by the tritik technique (Figure 11).

10. Tradition technique vs global trending

The experimentation of the tritik technique in designing patterns is a new
learning process that effectively has helped create a new, diverse technique in batik
textile industry. Specifically, practitioners can use this unique technique, which is
slowly being forgotten, to manipulate the method of sewing or stitching threads on
the surface of fabrics, which, in principle, the experimentation with ways to create
beautiful pieces of fashions with colorful pattern designs (Figure 12).

As demonstrated, the effects of decorative arrangements created by the tritik
technique is both refreshingly amazing and attractively mesmerizing, with the
surface of fabrics infused with design elements and principles that give rise to high
aesthetical values of the fabric materials. In addition, both the intended effects
and the unintended effects resulting from the application of colors in the tritik
technique can help create the desired forms, shapes, lines and spaces on the fabric
materials. Furthermore, exploring the techniques and integrating the knowledge
and skills pertaining to synthetic coloring materials can pave a way for the improve-
ment in the learning of pattern designs.

According to a study conducted by Bintan Titisari, Kahfiati Kahdar and Intan
Rizky Mutiaz in writing an article entitled Development of Dye Sewing Techniques
(Tritik) with patterns geometris [5] suggests a very significant finding on how the
application of Dye Sewing techniques (Tritik) can be implied in the fashion world.
The effect of the use of geometric patterns on political techniques will produce
motifs with the effects of direction, depth, and movement (optical illusion) by
using the composition of balance, rhythm and harmony. In addition to the presence
of effects optical illusions that give the impression of depth, direction and motion,
they can be used to create dimensions and illusions in fashion products. The effect of
Sewing Techniques (Tritik) from this traditional heritage can also be adapted using

Figure 12.
Type of fabrics: Satin. Technique: Brush-swiping Tritik. Medium: Remazol color. Soaking duration (in
sodium,): No soaking involved.

11
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Figure 13.
Type of fabrics: Rayon. Technique: Swiping and dipping Tritik. Medium: Naphthol color. Soaking duration (in
sodium): No soaking involved. Year 2016.

the latest technology with the help of computer applications and industrial-scale
sewing machine technology that can make new contributions in textile technology,
for example, geometric patterns using vector graphics editor can be used as prelimi-
nary data for development in the CAM (Computer Aided Manufacture) program
(Figure 13).

The effect of the Sewing Pattern design (Tritik) can also be commercialized in
the Fashion industry design where the illusion effect of this geometric design gives a
soft finish to the fabric and further highlights the design to visualize the camouflage
effect (see Figures 14-17). The result of the tritik technique adapted from this
traditional technique is an alternative effect that can be designed on the surface of
batik fabric. Traditional techniques from hand sewing skills can further highlight
the value of the beauty of decorative patterns on batik fabrics.

On the international scene, batik has already taken its place in the contemporary
fashion industry. Now the fabric is not only used for traditional clothing, but has
also found its way to applications such as haute couture as well as being used in
accessories such as handbags [7]. Many popular figures have walked the red carpet
proudly wearing batik, from Bill Gates, Nelson Mandela to Barack Obama, and
from Beyoncé Knowles to Jessica Alba. The international fashion scene has seen
batik designers introduce batik to the world through the mixing of fabrics with
modern designs and production methods. For example, Malaysian fashion designer
Fern Chua presented handmade batik designs to the world stage through the
British Council’s global campaign. Highlighting the theme of Crafting Futures, the
campaign also brought together fashion and craft designers from around the world
to explore and build the future of batik’s potential globally. The works of others
from the world’s batik designers, and many more have also supported batik on the
international stage.
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Figure 14.
Tritik techniques that can be used as an illusion pattern design for the fashion industry. Photo credit to
Titisari et al. [6]

These advances have also influenced well -known designers from other
countries to include batik in their design collections. Notably, Belgian-American
designer Diane von Furstenberg’s batik dress worn by Duchess of Cambridge Kate
Middleton; while Angelina Jolie was seen wearing a batik dress by US designer
Nicole Miller. Other international designers who also feature batik in their collec-
tions include Dries van Noten from Belgium, Ek Throngprassert Thailand, and Milo

13
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Figure 15.
Fashion design that adapts sewing techniques (tritik) in Malaysia.

Figure 16.
Fashion design that adapts sewing techniques (tritik) by SEYMOUR. Photo credit to BLOG DESIGN BY

LABINA @ PLEXICOD.
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Figure 17.
Fashion design that adapts sewing techniques (tritik) by Humbang Shibori x Puvana at JFW 2019. Photo credit
to (Fimela.com/Nurwahyunan).

Milavica from Italy. In addition, one of the oldest fashion schools in Italy, Koefia,
not only incorporates batik fashion in its curriculum, but also parades its stylish
designs on the catwalk. Therefore, the practitioners of batik fashions can capitalize
on the effects of the tritik technique to help them create spectacularly stunning
and beautiful pattern designs on the surface of the fabrics of batik textile in global.
To help realize this aim, it becomes the imperative of the stakeholders and practi-
tioners to rejuvenate such a technique that is capable of creating immaculate and
unique pattern designs with high aesthetical values.
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Smart Textiles Testing:

A Roadmap to Standardized
Test Methods for Safety and
Quality-Control

Ikra Iftekhar Shuvo, Justine Decaens, Dominic Lachapelle
and Patricia I. Dolez

Abstract

Test methods for smart or electronic textiles (e-textiles) are critical to ensure
product safety and industrial quality control. This paper starts with a review of three
key aspects: (i) commercial e-textile products/technologies, (ii) safety and quality
control issues observed or foreseen, and (iii) relevant standards published or in prepa-
ration worldwide. A total of twenty-two standards on smart textiles — by CEN TC 248/
WG 31, IEC TC 124, ASTM D13.50, and AATCC RA111 technical committees — were
identified; they cover five categories of e-textile applications: electrical, thermal,
mechanical, optical, and physical environment. Based on the number of e-textile
products currently commercially available and issues in terms of safety, efficiency,
and durability, there is a critical need for test methods for thermal applications, as
well as to a lesser degree, for energy harvesting and chemical and biological appli-
cations. The results of this study can be used as a roadmap for the development of
new standardized test methods for safety & quality control of smart textiles.

Keywords: smart textiles, wearable electronics, test methods, quality control,
safety, efficiency, durability, electronic textiles (e-textiles)

1. Introduction

The smart/electronic textile market has recently exploded, mostly driven by
personal healthcare. The term “smart textiles” refers to the “smart functionality” of
a product, whereas “electronic textiles” (e-textiles) refer to the “hardware and/or
technology” that is responsible for the smart functionality [1]. The market size of
smart textiles already reached USD 4.72 billion in 2020 with Asia-Pacific countries
leading the chart followed by Americas and Europe [2]. Vista Medical Ltd.
(Canada), Myant (Canada), Interactive Wear (Germany), Schoeller Textiles
(Switzerland), Intelligent Clothing (England), Google (US), International Fashion
Machines (US), Textronics (US), Gentherm Incorporated (US), and Sensoria (US)
are the major key players in the smart textile industry.

The convergence between textile substrates and conformable electronics like
embedded sensors or actuators has given rise to wearable smart/e-textiles. E-textiles
can augment the level of protection, comfort, and physiological performance of
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humans, with applications in many industries, including medicine, protective
clothing, military, and automotive. A few authors have analyzed these current and
potential applications. For instance, Honarvar and Latifi described the components,
structures, and major application areas of smart e-textiles, including ambulatory
measurements for patients with cardiovascular diseases, nonwovens for electro-
magnetic interference (EMC protection) for security, protective GPS-suits for mil-
itary, bleeding sensor threads for surgeons, and flexible electronic keypads for
dialing phone numbers [3]. Ismar et al. explored the use of e-textiles for futuristic
clothes [4]. Dolez et al. analyzed the potential of smart textile technologies for
occupational health and safety (OH&S) [5]. Finally, Stoppa et al. described differ-
ent biomedical smart textile projects conducted within the European Commission’s
6th and 7th framework programs: WEALTHY, MyHeart, BIOTEX, PROTEX,
STELLA, OFSETH, CONTEXT, WearIT, and PLACE-it [6]. This convergence
between clothing and electronics could pose some critical challenges for regulatory
bodies, including US Food and Drug Administration (FDA), Health Canada, and
National Institute for Occupational Safety and Health (NIOSH). Appropriate qual-
ity control methods are a critical tool for them to ensure that e-textiles do not to
endanger users’ health, safety, and privacy among others.

The lack of standardization of e-textiles is also considered one of the primary
restraining factors for industrial growth. Even though the e-textile industries have
generally been keen on designing products with improved safety and performance
features, their efforts may not have met market expectations due to the current lack
of dedicated standardized test methods. The two main disciplines at the root of e-
textiles - textiles and electronics - are so much at odds with each other that dedi-
cated standardization methods for smart/e-textiles are critical. However, progress
in this area is lagging behind in comparison to the rapid pace of technological
innovation. In this chapter, we will highlight critical challenges and provide some
suggestions for the development of standardized test methods for smart/e-textiles.

2. Overview of smart/e-textile products and major barriers
to market entry

As consumer electronics are marching towards the era of the Internet of Things
(IoT), so are smart/e-textiles. Gradually, conformable electronics are embedded
within textiles of various configurations to offer an on-body platform for pervasive
computing, especially for healthcare and OH&S applications. Examples include a
smart trouser for forest workers that can detect the proximity of chain saw and
automatically turn it off [5]; industrial protective gloves that alert users of air
toxicity by changing their color [5]; power vests to prevent unsafe movements of
caregivers while lifting heavy weights [7]; and Myant’s recent VOC (volatile organic
compound) sensing facemasks to detect airborne infectious agents [8]. Also, smart
textiles have been designed for protection against sexual assaults, with the SHE
(Society Harnessing Equipment) anti-rape lingerie that can deliver a 3800 kV shock
[9]. On a lighter note, Microsoft patented a smart cloth that alerts a user of an
incoming text message or daily activity reminders, by generating a mild electric
shock to the body [10].

A survey of technologies, solutions, and products based on smart textiles and
flexible materials was done in 2017 [5]. The different technologies, solutions, and
products in terms of sensors and actuators identified were grouped into seven
categories based on the input signal or stimulus for the sensors and the output signal
for actuators. These categories are thermal, mechanical, chemical/biological, elec-
trical, physical environment, optical, and power. Figure 1 shows the distribution of
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Figure 1.
Distribution of technologies, solutions, and products velevant to smart textiles and flexible materials as a
Sfunction of the stimulus for sensors (left) and output signal for actuators (right) [5].

the technologies, solutions, and products based on smart textiles and flexible mate-
rials identified by the researchers in these different categories. In the case of sen-
sors, the dominant category is associated with a mechanical stimulus, with 59% of
the sensors. Electrical sensors account for 23%. In the case of the actuators, thermal,
optical, and power outputs represent each about a quarter of the technologies,
solutions, and products identified.

However, before the mass adoption of smart/e-textile products is possible, some
burning questions need to be addressed: for instance, what is a safe electrical shock,
both for user alert and assailant deterrence? Could a malfunctioning smart garment
prevent activating a safety emergency shut-off system? What about potential pri-
vacy issues associated with the data generated by e-textiles? In an attempt to
standardize their assessment of wearable electronic product performance, a group
of electrical engineers evaluated the safety performance of wearable energy har-
vesters based on the device failures and user-related hazards [11]. However, to date,
no one has provided a response to the questions customers could legitimately ask for
the different applications smart/e-textiles are aiming for.

For instance, according to experts, the lack of standardization and quality con-
trol poses the highest barriers to smart textiles entry into the healthcare market
(Figure 2) [12]. Since wearable electronic components are often worn close to the
body, special attention is required to prevent health hazards. There are also poten-
tial issues of efficiency associated with the interconnections between the different
components. The lack of standardized processes for welding, soldering or glueing
for instance can significantly reduce the performance, durability, esthetic, and

0 5 10 15
T T
' Low barrier
Education & Kﬂm . Medium barrier

Cost I High barrier
Legislation
Ease of use
Awareness
Interconnections of components

Good service system |

Partnership & Alliances
Standards & Quality system
Standardization process

Figure 2.
Barriers to entrance of smart textiles in the healthcare market (based on data from [12]).
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hand-feel of the product. Other barriers include product cost, public awareness,
lack of education and knowledge [12]. Strategic industrial partnerships and
multidisciplinary alliances among key players in textile, electrical, and biomedical
engineering can positively impact the product design and test method development
processes.

3. Review of different issues reported or foreseen

This section will describe different issues, reported or foreseen, associated with
the durability, safety, and efficiency of smart/e-textile products, including health
monitoring apparels, protective clothing, automotive actuator textiles, and textile-
based physiological sensors.

3.1 Durability

Electrical elements embedded into textile structures to produce e-textiles
include electronic circuits, electrodes and printed tracks. They must be extremely
rugged, robust, and durable because of their regular exposure to mechanically
demanding environments [13]. The issues of durability reported with e-textile
products are discussed in the next sections.

3.1.1 During the manufacturing process

A first aspect of durability deals with the e-textile manufacturing process itself.
For instance, conductive yarns embroidered on a textile may be damaged by three
dominant forces: tension, bending, and shearing [14]. In particular, conductive
fibers generally exhibit a low bending radius [15]. However, for flexible display
applications, they would be typically subjected to bending radii lower than 1 mm.
They also have to withstand friction stresses associated with the embroidery opera-
tions. In the case of weaving, fibers must possess the capacity to withstand bending
radii as small as 160 pm and 20% tensile strains.

3.1.2 Effect of biomechanical stresses during wear

An apparel product is subjected to large biomechanical stresses during wear,
including during donning and doffing. For example, a research conducted with
Canadian combat clothing showed that maximum stresses of 2410 and 2900 N/m
occur during squatting across the back seat of trousers and coveralls, respectively
[16]. Other movements like when bending elbows (for sleeves), bending knees
(for trouser legs) or bending over exerted significant stresses on combat clothing of
Canadian Forces. If the smart/e-textile product is not robust enough to withstand
such biomechanical stresses, they will be easily damaged and experience a loss in
functionality like sensing, communication, data-transfer or power supply. Such
problems of loss in functionality could cause safety issues for soldiers or first
responders in the line of action. Using stretchable connection and electrode designs
could allow accommodating body-induced stresses applied on e-textiles. Figure 3
displays examples of strategies to produce stretchable electro-conductive textiles.

Researchers conducted tensile and bending resistance tests to assess the
durability and elastic properties of smart/e-textiles. For example, PEDOT:PSS
((poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate)) dyed cotton and silk
yarns exhibited a tensile strength of 260 and 136 MPa with a conductivity of 12 S/cm
compared to 305 and 157 MPa for the pristine (uncoated) cotton and silk yarns,
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(a)

Figure 3.

Examples of stretchable electro-conductive textiles. (a) Elastic behavior of a conductive yarn (white on the
pictures) under increasing deformation (i) undeformed, (ii) medium deformation, and (iii) high deformation.
The conductivity was maintained even at high deformations. (b) Experimental set-up to measure the electrical
resistance of a knitted electrode under stretch in a mechanical test frame.

respectively [17]. The conductive polymer coated silk yarns showed a robust elec-
trical performance, displaying a reduction of conductivity of around 50% after
1000 bending cycles. Using a fabric test tester, Qui et al. measured the durability of
a power generating textile fabric [18]; it did not exhibit any measured degradation
after 10000 bending cycles of mechanical stimulation, showing superior durability.
Table 1 displays different test methods used by researchers to assess the durability
of textile resistive heaters (Table 1).

3.1.3 Effect of surface phenomena in service

Besides biomechanical stresses, different surface phenomena such as wear, cor-
rosion, chemical contamination could destroy the transmission functionalities of
smart textile components like optical glass fibers [28]. For instance, Figure 4 illus-
trates the effect of abrasion on a smart/e-textile webbing (white on the left image
(a)) than includes conductive yarns. The multimeter on the right image (b) records
the electrical resistance after successive series of abrasion cycles.

To simulate wear behavior, different mechanical tests can be conducted on
textiles, for example to measure their abrasion resistance [29]; a lower abrasion
resistance would potentially indicate a poor durability of the electrical functionality
for conductive tracks on smart textiles. Recent work on a graphene-coated aramid
fabric reported a resistance of up to 150 abrading cycles before the complete loss of
electrical conductivity [30]. The stability to wear of a power generating textile
fabric was analyzed after prolonged use of up to 15 days [18]. The fabric was
successful at lighting up an array of LEDs under different dynamic conditions:
raising hands, shaking clothes, and human running.

Durability against environmental degradation is another critical factor for smart
textiles. For instance, silver-plated textile electrodes may lose their functionality if
exposed to air for a longer period because metals are prone to atmospheric corro-
sion, including silver [31]. When silver is exposed to atmospheric pollution, the
surface tarnishes due to a reaction between silver and reduced sulfur compounds in
the ambient air [32]. As a result, a dark layer of Ag,S (silver sulphide) is formed
over the silver plating. Sulfur releasing bacteria could also be present in our washing
machines, which may lead to a secondary sulfidation of textile silver electrodes [33].
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Conductive elements

Test condition Form factor

Durability  Study

test method

Carbon nanotube (CNT) ink — Printed element Tensile [19]
strength
Silver filament 80, 100, and 120 ° Yarn Tensile
C in oven for strength
264 h
Silver yarn 65% RH and Plain, rib, and interlock Stretchability ~ [20]
20 °C as per fabric
EN ISO 2062:2009
Stainless steel yarn — Plain and interlock Stretchability  [21]
fabric
Copper nanowire -polyurethane — Nylon glove with the  Stretchability  [22]
film printed film
LIG (Laser Induced — LIG film in contact with Bending test  [23]
Graphene) on polyimide film copper tape and Ag-
paint
Composite ink (graphene- — Printed heater on woven  Abrasion [24]
tourmaline- polyurethane) cotton wrist band resistance
CNT-polypyrrole polymer — Polymer coated cotton ~ Bending test  [25]
yarn
Multiwalled CNT — Coated cotton woven  Bending test  [26]
fabric
Carbonized modal knit Weft knitted fabric Bending test  [27]

encapsulated with Ecoflex
silicone rubber

Table 1.

Methods used to assess the durability of vesistive heating textiles.

Figure 4.

Abrasion testing on a white webbing with conductive yarns (a). A multimeter measured the change in vesistance
after successive series of abrasion cycles (b).

Salt from body sweat during workouts or from seawater in marine applications may
also corrode metallic elements of smart textiles [34].

3.1.4 Thermal vesistance

Resistance to heat is a critical factor for electro-thermal e-textiles, for example
heating textiles. The heating components and the material in contact have to be able
to sustain the heat generated with in operation without losing their conductivity,

strength and other performance, and without getting on fire or melting. For



Smart Textiles Testing: A Roadmap to Standardized Test Methods for Safety...
DOI: http://dx.doi.org/10.5772/intechopen.96500

instance, Liu et al. characterized the impact of heat exposure on Ag fabric heaters
[35]. The study reviewed the heating performance of three different knitted fabric
heaters, viz., plain single jersey (PSF), ribbed stitch (RSF), and interlock knit (ILK),
fabricated with silver plating compound yarns (SPCYs) and polyester staple fiber
spun yarns (PSFSYs). After 264 h of prolonged heating of the SPCYs in an oven at
three different temperatures, 80, 100, and 120 °C, the electrical resistance of the
SPCYs were evaluated. The resistance of the heater increased by ~17% and ~ 75%
after the 264 h aging period at 80 and 100 °C, respectively. After 24 h of aging at
120 °C, the resistance exceeded the measuring range of the multimeter. In addition,
the textile structure used may affect the thermal resistance of the system. For
example, it was reported that a fabric woven with Ag-coated nylon and cotton yarn
powered at 15 V exhibited different degradation temperatures depending on the
weave structures: 69.8 °C for plain weave, 80.6 °C for twill weave, and 103.5 °C for
sateen [36].

3.1.5 Resistance to washing

Washability is a massive barrier to successful commercialization and widespread
adoption of e-textiles. It is a critical concern for e-textile users as the washing and
drying processes subject the product to damaging conditions and could eventually
destroy the connectivity between the electronic components or the electronic com-
ponents themselves [37]. Chemical stress (detergent, surfactants), thermal stress
(washing/drying temperature), solvent (water), and mechanical stress (e.g., fric-
tion, abrasion, flexion, hydro-dynamic pressure, garment twist) are the four dom-
inant forces that could damage electronic components during washing cycles. A
protective layer is typically used to protect the smart textile or its electronic com-
ponents from getting damaged or exposed during laundry. Polyurethane (PU) is
largely used as a waterproofing encapsulation layer for e-textiles [38]. It has the
great advantage of being flexible and stretchable and can accommodate the stretch
of the fabric underneath. Polypropylene thin films have also be laminated to pro-
vide protection to metallized polymer films on e-textiles against repetitive washing
and abrasion [39]. However, the encapsulation may not be durable. For example,
the extremity of metal wires encapsulated in an e-textile product could damage the
encapsulation layer due to their intrinsic rigidity and configuration geometry.
Figure 5 shows how the extremity of soldered metal wires pierced through a PU
lamination after repeated washing cycles.

Figure 5.
Soldered wires in a smart/e-textile product piercing through the wash-resistant polyurethane encapsulation
layer.
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(b)

Figure 6.

Resistive heating blanket: (a) electronic control module with wiring for power supply; (b) connection between
electronic module and the blanket (identified with the ved box). The rigid connector is sewn to the blanket with
a single row of stitches (shown in the inset).

Concerns also exist for non-textile rigid elements that are sewn to e-textiles for
instance. The laundering process may damage them if they are fragile. They may
also hit the flexible conductive interconnects when the textile is tumbled during
washing or drying. Figure 6 displays the example of a resistive heating blanket.
The plastic connector between the non-washable electronic modules and the blan-
ket could get damaged when exposed to the mechanical stresses and the elevated
temperatures associated with laundering and tumble drying.

Another issue is associated with the tendency of some textile fibers to absorb
water. As water swells the hydrophilic fibers, it influences their physical properties
[40]. It can also reduce the flexural strength, modulus, strength, hardness, and
fracture toughness at the textile fiber-polymer matrix interface [41]. Even hydro-
phobic fibers can transport moisture by capillary action. The water can reach the
different e-textile components and damage them. Electronic modules and batteries
are the most sensitive to water ingress, which can instantly and permanently dam-
age them [42, 43]. Proper encapsulation is once again the solution when complete
unplugging is not possible [37]. Alternatively, a water-free, air-based laundry
system has been designed for smart garments [44].

Product lifetime is very important for consumers. A typical 100% cotton t-shirt
provides serviceability for at least 20 washes [45]. Hence, the expectation of con-
sumers is no less for smart textiles, especially due to their high price tag. OMsignal
claimed that their smart t-shirt, designed for tracking heart and respiration rate,
could undergo 50 wash cycles [46]. However, the company no longer exists.
Karaguzel et al. designed a silver ink screen-printed nonwoven electro-textile cir-
cuit that could resist up to 25 wash cycles [47]. Cho et al. reported no change in
conductivity of an rGO-coated meta-aramid woven fabrics after ten 6-min washing
cycles at 40 °C using a Laundero-meter [30]. Similarly, intrinsic conductive poly-
mers like PEDOT:PSS were used to exhaust-dye silk yarns and showed no change in
electrical conductivity for up to 4 washing cycles [17]. Laminated and metallized
textile yarn electrodes sustained successfully 20 domestic washing cycles according
to EN ISO 6330 [39].

Researchers also used prolong washing to demonstrate the stability-to-launder-
ing of smart textiles. Qui et al. observed a constant electrical output (voltage:
~110 V, current: 2 pA) for their piezoelectric energy harvesting fabric based on
biomechanical body movements after up to 2 h of continuous washing [18]; only a
minor degradation in the output (voltage: ~106 V, current: 1.9 pA) was recorded
after 12 h of prolonged washing. The impact of powder detergent (containing
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conventional chlorine-based bleaching agents), liquid detergent, and sodium
percarbonate (an unconventional stain remover based on oxygen bleach) was com-
pared when testing the resistance of Ag-plated nylon electrodes to 30 washing
cycles [42]. Detergents with bleaching agents were reported to be more damaging
to the Ag-electrodes, as the bleaching agents oxidize the Ag layer, making the
conductive layer vulnerable to mechanical rubs and progressive wash cycles. The
researchers recommended using liquid detergents, free of any form of bleaching
agents, for e-textiles. Recently, researchers from the University of Toronto and the
University of Waterloo developed two different electrocardiogram (ECG) elec-
trodes made of silver-coated and carbon-suffused nylon yarns [48]. Although
silver-coated ECG electrodes resisted well up to 35 washes, the carbon yarns yielded
a longer lifespan and maintained a reasonable signal quality for the ECG biosignals.

3.2 Safety

Safety is the biggest concern for e-textile users because of the fear of electric
shocks from embedded electronics. Even though the embedded electronics are
responsible for the smart behavior of e-textiles, the safety of the product should not
be compromised by the presence of electronic components.

3.2.1 Electric shocks and shorts

Embedded electronics in e-textiles may suffer from short-circuits or mechanical
failures, e.g. due to body sweat or ambient moisture, similarly to what is observed
for electronic devices in marine environments [49]. Such malfunctioning can cause
serious health hazards or fire accidents. For instance, a recall was issue for the
Omni-Heat electric jackets of the company Columbia [50]. A manufacturing defect
was detected in the heating component of the wrist cuff, which could create an
electric short and lead to burn injuries. The electrical insulation of conductive
components can be achieved by surrounding the conductive components with an
electrically insulating layer, for instance through core spinning, using a tubular
intarsia knitting, or by encapsulation in a water-resistant polymer for instance [51].

3.2.2 Exposure to high temperatures

Burns due to exposure to high temperatures is a serious safety concern for users
of heating textiles. Skin temperature is around 34-35 °C although it differs slightly
between different regions of the human body while the core temperature of the
human body is maintained at around 37 °C [52, 53]. Figure 7 illustrates the effect of
exposure of the human skin to different temperatures [54-56]. While the burning
pain threshold is at 43 °C, extended exposure of the skin to 45 °C can lead to 2nd
and 3rd degree burns. Temperature overshooting or the malfunctioning of heating
textiles could cause severe burn injuries, in particular for people with impaired
sensations. For instance, a 26-year-old male patient with paraplegia suffered from a
hip burn due to a heated car seat while driving a 2004 Jeep Cherokee for 30 minutes
[57]. While the patient was unaware that the car seat was preprogrammed to a high
setting (~41 °C), it was later revealed that the seat heater malfunctioned and
exceeded 41 °C.

Similar unfortunate cases include a 42-year-old post-traumatic paraplegic
patient in Germany who required several reconstructive surgeries as a result of
burns caused by a heated car seat [58], a 54 old paraplegic patient driving a 1999
Chrysler Town & Country minivan who suffered from blisters in the rear and upper
thigh [59], and a 50-year-old diabetic and paraplegic woman who suffered from a
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Figure 7.
Resistance of the human skin layers to low and elevated temperatures. Data vetrieved from [54-56] (artwork
by author).

partial-thickness burn on her medial buttocks [60]. Canada has cold winters and
people use heated car seats during the winter; however, most of the heated seats do
not display the temperature reached during operation. Figure 8 displays the exam-
ple of a North American 2020 full-sized sedan car with its heated car seats and
different levels of heat settings; no indication of the actual temperature reached by
the heated seats is available. As shown in Figure 7, an overheating at 50 °C may
cause a 2nd or 3rd degree burn within 4 minutes. Beside medical patients, a tem-
perature overshoot may also increase the risk of fire in the case of apparel articles
with poor fire retardancy.

Similar smart heating technologies are also used by diabetic patients. Diabetic
patients often suffer from nerve damages, termed as neuropathy, which involves
sensory or motor impairment of small and large fibers of the body muscles [61]. The
weakness of feet nerves is the most common type of diabetic neuropathy affects.
Foot ulcers, sharp or burning pains in feet, and numbness of toes are other neurop-
athy symptoms [62]. To keep neuropathic pain under a manageable level, patients
often undertake different physical therapies, including heat therapies by heating
pads (Figure 9a) [63]. Since diabetic patients may suffer localized feet numbness
and these heating pads are in direct contact with the skin, any temperature over-
shoot may cause serious skin burn injuries. Unfortunately, different heating textiles
like heating blankets, mattress pads or throws (Figure 9b) are sold to consumers
without proper instructions or clear indications. For instance, the heat regulator
does not indicate the level of temperature it generates for its different heat settings
(high, medium, low) (Figures 9c). Such an approach could harm sensitive skins as

(b) (c)

Figure 8.
A full-sized sedan with its heated seat (a) and dashboard control modules with set temperatures (b). The car
seat heat indicator is in tally marks (with no reference of actual temperature) (c).

10



Smart Textiles Testing: A Roadmap to Standardized Test Methods for Safety...
DOI: http://dx.doi.org/10.5772/intechopen.96500

(a) (b) (c)

Figure 9.

Examples of heating textile products. (a) a heating pad; (b) a 120 V (A.C.)/60 Hz/ 115 W electronic heating
throw made of 100% polyester fiber; (c) heating control module without numerical indication of temperature
levels for the three different heat settings (high, medium, low).

the heat tolerance level differs from person to person and patients with diabetes
or paraplegia suffer from reduced or impaired sensitive body organs. Operation
manuals also miss indications about the temperatures at the different heat settings
and warnings about the dangers of prolonged heating times.

In addition, the accumulation of heat over time could also make the users of
different electronic wearables feel uncomfortable [64]. Such issue is particularly
critical in the case of joule heating textiles where it could lead to burns for the user
or instance of fires. Due to the accumulation of heat in the textile over the succes-
sive heating/cooling cycles for instance, the temperature may keep on increasing
even if the power input remains constant — a phenomenon which was marked in
smart nylon gloves embedded with a polyurethane-copper nanowire (PU-CuNW)
resistive heating element [22]. Kim et al. reported a temperature increase of 5 °C,
from 85 °C to 90 °C, during a 10 h prolong heating period of the smart nylon gloves
[22]. This temperature increase over time could potentially be associated with the
~7% increase they observed in the resistance of the conductive element of the PU-
CuNW-nylon glove after the 10 h heating period. Thermal inertia may also lead to
issues of overheating as the temperature experienced may exceed the set value,
which can be associated with a phenomenon of overshooting.

3.2.3 Battery ignition and fire hazavds

Recently, the US Homeland Defense and Security Information Analysis Center
described the need for integrating multiple energy harvesting textiles on US mili-
tary protective clothing [65]. Indeed, most wearable electronic systems need to be
powered to be able to function. Strategies for textile-based energy harvesting are
generally based on triboelectric (based on the friction between pieces of garments
during body motion) [66], piezoelectric (from deformation during body motion
[67], thermoelectric (using body heat) [68], and photovoltaic (from solar energy)
power generation [69]. Recent scientific works also showed the potential of pro-
ducing biochemical energy from body sweat using textile-based biofuel cell systems
[70]. An overview of different energy harvesting textile platforms is illustrated in
Figure 10 for an application for dismounted soldiers.

In addition to energy harvesting, on-body batteries or supercapacitors are
needed to store the energy from these energy harvesting fabrics and/or provide
some power supply autonomy to the wearable clothing system [71]. However, these
integrated batteries could suffer from battery ignition. One such incident was
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Thermoelectricity
(from body heat)

Figure 10.
An overview of energy harvesting systems for autonomous and self-charging protective military clothing with a
simplified block diagram for wiveless communication platform.

reported by the Department of Police in Arkansas (USA); a smart jacket caught on
fire due to the ignition of its built-in battery [72]. Another example concerns the
Omni-Heat electric jacket models of the company Columbia [50]. A recall resulted
from defective batteries that could overheat and ignite the jacket. Similar incidents
could have dramatic consequences, in particular in the military where an increasing
number of e-textile systems are being encountered. For instance, in the US, the
Future Force Warrior, Scorpion, and Land Warrior programs take advantage of
copper and tinsel wire-based textile USB, radiating conductor, and electro-textile
cables among others for improved flexibility and real-time information technology
in military protective clothing systems [73].

3.2.4 Unstable connectivity

The reliance on smart textiles in case of emergencies is a growing trend for the
biomedical, OH&S, and transportation industries. Any inconsistency or flaw in the
interconnecting conductive tracks may render the emergency smart textiles dys-
functional, with potential dramatic consequences. Moreover, if the textile antennas
or wireless communication system suffer any disruption in the communication
protocol, it will make the user vulnerable to life-threatening situations. For exam-
ple, Smart Enjoy Interact Light (SEIL) backpacks are manufactured for cyclists to
avoid traffic accidents by displaying built-in LED lights or by expressing images in
real-time [74]. The bag allows the user to show traffic signals like left/right, stop
and emergency signs using a wireless controller. Any flaw in the conductive tracks
or quality issues with PCBs (printed circuit boards) may disrupt the direct signal
transduction, thereby putting the cyclists in danger. Other examples of smart tex-
tiles employed for health monitoring and disease prevention by early detection
include the Vivago WristCare to monitor and transmit data on a person’s health
condition 24 hours a day — with benefits beyond the traditional push-button alarm;
MARSIAN smart gloves to monitor and wirelessly transmit ANS (nonconscious)
activities and real-time physiological (skin microcirculation, respiration rate, etc.)
data; SenseWear body armband for measuring physiological parameters (motion,
temperature, skin electrical conductance); VTAM biomedical t-shirt for
teleassistance in medicine to monitor shock, fall, respiration, temperature, and

12



Smart Textiles Testing: A Roadmap to Standardized Test Methods for Safety...
DOI: http://dx.doi.org/10.5772/intechopen.96500

location; and Vivometric’s LifeShirt for ambulatory and plethysmographic respira-
tion monitoring [75].

3.3 Efficiency

Thus far, the current chapter has discussed several aspects associated with the
durability and safety of smart/e-textiles. Efficiency covers aspects such as the actu-
ating performance against applied stimulus level or the quality of the biosignal
detection in physiological applications. These aspects are also critical for the satis-
faction of the smart/e-textile user.

3.3.1 Response time

Response time can be defined as the delay between the input, i.e., the activation
by the stimulus, and the output of the smart/e-textiles. In the case of joule heating
textiles, the response time can be determined from the time-temperature curves.
Researchers have used different parameters to characterize the response time of
heating textiles. For instance, Rqg refers to the time required to reach 90% of the
steady state temperature [24]. Xiao et al. reported a decrease in the Rgg of a heating
e-textile based on a carbon black nanoparticle-PU (polyurethane) composite film as
the applied voltage was increased [76]. Another parameter used by researchers is
the heat time constant (Hyyvg) [25]. This is also known as response time constant
(t) [77]. The parameter 7 characterizes the system’s inertia [77]. It is defined as the
time required to reach 63.2% of the maximum value, in this case the maximum
temperature, according to the following equation (see Eq. (1)):

1—e1=1-0.3679 = 0.632 or 63.2% (1)

One solution developed by researchers to improve the reaction/response time of
the carbon-based conductive materials is to take advantage of different metal fillers.
For example, Ag nanowires were added to graphene oxide to prevent lattice defects
during the reduction to rGO [78].

3.3.2 Power efficiency

As many smart/e-textiles require power to operate, power efficiency is critical to
maximize the wearability of the device. For joule heating textiles, researchers gen-
erally express the maximum temperature reached as a function of the applied power
density to characterize the heating performance of the heating system, for example
flexible graphene heaters for wearable electronics [79]. Work on thermoregulatory
devices for cooling and heating applications, stretchable knit heating cotton gloves,
and stretchable smart textile heaters based on copper nanowires have relied on heat
flux density measurements to quantify the resistive heating performance [22, 24,
25, 80]. However, power efficiency is still a weakness for products currently on the
market [5].

3.3.3 Uniformity of actuation

The uniformity of actuation is a critical parameter when considering heating
textiles. For example, Hao et al. characterized the uniformity of the heating perfor-
mance of a cotton woven fabric spray-coated with a graphene nanosheet conductive
mixture by showing the temperature distribution from four different perspectives:
(a) in the horizontal direction over a span of 4 cm (the length of the heater), (b) in
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the vertical direction over a span of 2 cm (the width of the heater), (c) observed
from the top (sprayed face of the fabric), and (d) the bottom (non-sprayed face)
[24]. They also compared the heat distribution in the flat and bent (180°) condi-
tions. The 2D plane surface temperature distribution was uniform in both the
horizontal and vertical directions during the 10-60s heating phase, which con-
firmed the uniform distribution of the conductive coating. However, a small tem-
perature gradient was observed in the periphery of the heating fabric; the authors
attributed it to heat loss by convection. The comparison between the sprayed and
non-sprayed faces of the fabric showed a 3.5 °C difference, with the sprayed face
exhibiting a temperature of 83.8 °C. No significant effect was noticed in the heat
distribution when the flexible heater was bent by 180°. As another example of
temperature distribution inhomogeneity, Figure 11 displays the temperature mea-
surement of two different heating fabrics: (i) a nonwoven heater (R1) and (ii) a
fabric with heating wires (R2). Different patterns of spatial heat distribution are
observed with both types of heating textile structures.

3.3.4 Repeatability/stability of the actuation level

A similar approach was undertaken by several researchers to evaluate the
thermal stability of electrothermal textiles during repeated heating—cooling
cycles of different amplitudes. The test would involve a series of stepwise or
periodic or cyclic applied voltages, with the resulting temperature changes being
recorded [76]. Some researchers also used specific actuation patterns. For example,
Sun et al. characterized his segregated carbon Nanotube/thermoplastic polyure-
thane (s-CNT/TPU) heater with three different types of heating—cooling cyclic
patterns [19]: (a) ten on/off periodic cycles at 6 V, (b) three cycles of 1.5-3-4.5-6 V
step increase followed by an off period, and (c) five on/off periodic cycles at
increasing then decreasing voltages (3-4.5-6-4.5-3 V). In general, two types of
approaches have been observed among researchers investigating the efficiency of

Max Std. Dev
R1 56.3°C 40.2°C 75.2°C 4.68°C 1.00
R2 54.8°C 36.8°C 68.3°C 4.84°C 1.00
Figure 11.

Comparison between the infrared temperature measurement of heating textiles using a conductive nonwoven
structure (R1) and a conductive wirve (R2).
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wearable heaters: (a) cyclic heating—cooling tests at a fixed voltage, and
(b) repetitions of the continuous profile of variable voltages.

3.3.5 Quality of biosignal measured

Smart/e-textiles for biomedical applications often incorporate textile sensors or
electrodes. The efficiency of these devices depends on the quality of the biosignals
recorded. Dry textile sensors suffer from high contact impedance between the skin
and the electrodes [81]. This results in high signal distortion and level of noise,
lowering the overall efficiency of the biomedical devices. To overcome this chal-
lenge, researchers have integrated a water reservoir to continuously dispense mois-
ture vapor to a Ag/Ti-coated polyester yarn embroidered electrode and lower the
motion artifacts [82]. However, this system still does not offer a long-term solution
as the reservoir dries out after a few hours, disrupting the signal measurement
protocols, and thereby, the product efficiency [83]. Ultimately, the efficiency in the
linearity of the output signals will have to be improved by reducing the impact
of temperature, mechanical vibrations, ambient relative humidity, and other
atmospheric factors [84].

3.3.6 Negative impact of moisture

Moisture reduces the performance of all types of batteries, including textile
batteries or batteries integrated into smart textiles [43]. Moisture may also cause
chemical and physical interferences in the control module of e-textiles, reducing its
efficiency before a total failure occurs [85]. Besides the possibility of electric shocks
or complete signal loss from corrosion, marine e-textiles could also experience
decreased efficiency when exposed to the salt of seawater. As soon as the saltwater
propagates the localized corrosion process of textile electrodes or conductive
interconnects, it could affect the overall signal quality, lowering the transduction
efficiency [49].

3.4 Other issues reported and concerns with the use of smart textiles
3.4.1 Longevity of the power supply source

For the consumer satisfaction, the longevity of the system supplying power to
the e-textile, either a battery or an energy harvesting component, is critical. Unfor-
tunately, the same situation experienced in the mobile phone sector will potentially
be observed with e-textiles, in particular with batteries and chargers. Components
may even reach obsolescence faster due to the combination of specific life cycle
factors associated with both the electronics and textile sectors [86].

3.4.2 Maintenance and repairs

Fault detection and maintenance are another critical aspect of e-textiles. Due to
their seamless integration into smart textiles, routine maintenance of electronic
components can be extremely difficult. Also, any attempt to repair of the defective
components may permanently damage the smart textile products.

3.4.3 Electronic component and software upgrades

In an effort towards real-time data analytics, smart textiles provide a platform
for portable computing for the consumers, for instance for biosignal and
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physiological data collection. Any difficulty to update the electronic components,
firmware, networking protocols, and software could seriously jeopardize the
lifetime of the e-textile product.

3.4.4 E-waste and legislation

E-waste already raises a major challenge. With e-textiles, the situation becomes
even worse as they are more integrated, have a shorter life span, and will be more
likely disposed of with their batteries [86]. In addition, if people own one cell
phone, they have several tee shirts in their wardrobe. E-textiles may lead to con-
tamination of other materials’ recycling processes as well the increased release of
toxic substances. Hence, proper standardization and appropriate regulations are
needed for the safe disposal of this new generation of electronics.

4. Test methods: current state of knowledge and future needs

Several national and international standardization organizations have been
working over the last 10 years towards the development of standards for smart/
e-textiles. This includes the European Committee for Standardization (CEN) with
technical committee CEN TC 248/WG 31, the International Electrotechnical
Commission (IEC) with technical committee IEC TC 124, ASTM International with
technical committee ASTM D13.50, the International Organization for Standardi-
zation with technical committee ISO/TC 38/WG 32, and the American Association
of Textile Chemists & Colorists (AATCC) with technical committee AATCC RA111.
Several of them have published and/or are working on the development of test
methods for smart/e-textiles. A total of 18 published/in-development standard test
methods are listed in Table 2. They are organized according to the classification
shown in Figure 1. Four documents relative to terminology are also included in the
table.

The distribution of existing sensor and actuator-based textile technologies, solu-
tions, and products by category of input/output signal (Figure 1) can be compared
with the standard test methods (published and in development) identified
(Figure 12). While most of the test method development efforts for e-textiles are in
the electrical category, which accounts for 55% of the total test methods published
and in development, technologies, solutions, and products in the electrical category
only represent 28% and 5% of the sensors and actuators, respectively. For their part,
mechanical test standards only represent 11% of the total, whereas technologies,
solutions, and products in the mechanical category comprise 59% of the sensor-
based smart/e-textiles. Also, very few standard test methods exist for thermal,
optical and physical environmental aspects of e-textiles, while commercial products
in these categories account for a large part of products/technologies in the market.
No standards are available yet for power/energy harvesting and chemical/biological
e-textiles, while some related products already exist on the market. This situation
has led several researchers and research institutions to develop their own test
methods [107]. It must be mentioned that test methods characterizing the electrical
function were included in the electrical category while they may also, in a certain
extent, apply to other categories of smart/e-textiles.

Based on the number of commercial e-textile products currently available and
issues reported in terms of safety, efficiency, and durability, there is thus a critical
need for test methods for thermal applications, as well as to a lesser degree, for
energy (power) harvesting and chemical and biological applications. For this
purpose, a trifactor model of performance assessment is illustrated in Figure 13.
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Test method Document

Electrical (Total of 10 test method standards, 1 published and 9 in development)

ASTM WK61479- Durability of textile electrodes exposed to perspiration (in [87]
development)

ASTM WK61480- Durability of textile electrodes after laundering (in development) [88]
AATCC RA111(a)- Electrical resistance of electronically integrated textiles (in [89]
development)*

AATCC RA111(b)- Electrical resistance changes after home laundering (in development)* [90]

CEN EN 16812:2016- Linear electrical resistance of conductive tracks™ [91]
IEC 63203-204-1- Washable durability for leisure and sportswear e-textile system (in [92]
development)*

IEC 63203-201-3- Electrical resistance of conductive textiles under simulated [93]

microclimate (in development)*

IEC 63203-250-1- Snap button connectors (in development)* [94]
IEC 63203-201-1- Basic properties of conductive yarns (in development)* [95]
IEC 63203-201-2- Basic properties of conductive fabric and insulation materials (in [96]
development)*

Thermal (Total of 4 test standards, 1 published and 3 in development)

CEN EN 16806-1:2016- PCM - Heat storage and release capacity [97]
CEN EN 16806-2 PCM- Heat transfer using a dynamic method (in development) [97]
CEN EN 16806-3 PCM- Determination of the heat transfer between the user and the [97]

product (in development)

IEC 63203-406-1- Measuring skin contact temperature (in development) [98]

Mechanical (Total of 2 test standards in development)

IEC 63203-401-1 - Stretchable resistive strain sensor (in development) [99]

IEC 63203-402-1 — Finger movements in glove-type motion sensors (in development) [100]

Physical environment (Total of 1 test standard in development)

IEC 63203-402-2 - Fitness wearables — step counting (in development) [101]

Optical (Total of 1 test standard in development)

IEC 63203-301-1 - Electrochromic films for wearable equipment (in development) [102]

Others (Total of 4 test standards, 2 published and 2 in development)

ASTM D8248-19- Standard terminology for smart textiles [103]
ASTM WK61478- New terminology for smart textiles (in development) [104]
CEN 16298 - Definitions, categorization, applications and standardization needs [105]
IEC 63203-101-1 — Terminology (in development) [106]

"Also applies to other categories of products/technologies.

Table 2.
Standards (existing and in development) test methods for smart textiles.

The product assessment should also take into account the product features, longev-
ity, benefits/cost ratio, and the user experience.

Applying this trifactor model, we have identified the need for more than thirty
standard test methods in the specific case of thermal e-textile products (Tables 3-5).
They include a full-sleeve resistive heating jacket, battery-powered resistive heating
boots, resistive heating car seats, battery-powered resistive heating gloves, a
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Figure 12.
Existing/in-development standardized test methods for smart textiles as of December 2020.
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Figure 13.
Tri-factor framework for assessing the performance of smart/e-textiles.

Performance evaluation Applicable standards
Efficiency of the overall functional/protective clothing system Not available
Efficiency of the heat transfer system between textile and user (at the Not available

component level)

Efficiency of the induction-charging system Not available

Table 3.
Test methods needed to evaluate the efficiency of smart/e-textiles.

reflective heating jacket, an air-exchange heating face mask, a cooling vest using
water circulation and a Peltier module, and a thermo-regulated jacket with phase
change materials. The few standard test methods already published and in develop-
ment are also included in the tables when relevant: in several cases, the standard
would not apply to the case of thermal e-textiles used as an example here. In the
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Performance evaluation Applicable standards
Efficiency of protection against shorts or open IEC 63203-201-2 is in development, but it may
circuit, leading to shocks or fire hazards not apply to high resistance conductive fabrics

used for antistatic or heater purposes

Efficiency of controls (i.e., power limit) to avoid IEC 63203-406-1 ED1 is in development but it

over-heating, leading to skin burn or damage appears to be limited to wearable electronic
devices
Impact of prolonged heating exposure on the skin Not available

and the surrounding environment

Overshooting of temperature difference between Not available
set temperature and experienced temperature by
the skin

Table 4.
Test methods needed to evaluate the safety of smart/e-textiles (include test methods published and in
development when relevant).

Performance evaluation Applicable standards
Electrical resistance of the heater/resistive material to ASTM WK61480 (draft)
cleaning (washing/ laundering, dry-cleaning, drying)>“ AATCC RA11 (draft)
IEC PN 63203-201-2 (draft)
Electrical resistance of the heating element to exposure of ASTM WK61479 (draft)
perspiration (from different parts of the body) ab.d IEC PN 63203-201-2 (draft)

Electrical resistance of the heating element when subjected IEC PN 63203-201-2 is in development,
to mechanical stresses (tension /compression/ bending /  but it does not appear to cover the aspects
fatigue/ abrasion/cutting /tearing / bodyweight)*>¢ of abrasion, cutting, tearing, and fatigue

Electrical resistance of conductive parts to steaming or Not available
ironing (after laundering)®

Electrical resistance of the heating element to extreme Not available
weather conditions (e.g., rain and snow)»Pd
Electrical resistance of the heating elements after exposure Not available

to severe use conditions (hot/cold/high humidity)>™>>¢

Electrical resistance of the heating elements after exposure Not available

to different kinds of liquid (water, coffee, soft drinks) ed

Electrical resistance of conductive track to cleaninga"b’c’d ASTM WK61480 (draft)
AATCC RA11 (draft)
IEC PN 63203-201-2 (draft)

Electrical resistance of fasteners (e.g., switch, snaps, Not available
power supply) to cleaning®

Electrical resistance of fasteners to power supply to Not available
repetitive connection/disconnection for cleaning, i.e.,

fatigue™?

Electrical resistance of fasteners to steaming/ironing® Not available
Electrical resistance of fasteners to the power supply to Not available

exposure of perspiration (e.g., corrosion)®

Resistance of reflective thermal heating pattern to cleaning Not available
(washing/ laundering, dry-cleaning, drying)®

Resistance of reflective thermal heating pattern to body Not available
abrasion®
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Performance evaluation Applicable standards
Resistance of reflective thermal heating pattern to Not available
perspiration®

Preservation of thermal heat reflection of liner fabric over Not available

time i.e., aging behavior®

Resistance of antimicrobial property of ventilator to Not available
cleaning (washing/ laundering/ dry-cleaning/ drying)*

Resistance of structural integrity of the ventilator against Not available

external compression and abrasion®

Efficiency of the heat recovery of the ventilation system Not available
from the exhaled breath®

Efficiency of the transformation mechanism of cold Not available
inhaled air into warm air inside the ventilator®

Resistance of structural integrity of the bladder/reservoir Not available

to compression and abrasion (with zipper track while

detaching)®

Heat storage and release capacity of phase change material CEN EN 16806-1 (Part- 1)
(PCM)"

Resistance of PCM and coatings (many contain binders) to Not available

washing/ laundering/ dry-cleaning/ dryingh

Resistance of PCM and coatings to abrasion” Not available
Resistance of PCM and coatings to perspiration” Not available
Determination of cooling or heat transfer of the PCM CEN EN 16806-1 (Part- 2)
(coated or portable packs) technology”

Resistance of PCM and coating to steaming and ironing” Not available
Efficiency of PCM (coated or portable packs) technology Not available

over the course of the time i.e., aging behavior (weather

conditions)"

Efficiency of PCM (coated or portable packs) technology Not available

to fatigue”

“Resistive heating jacket.

Y Resistive heating boot.

“Resistive heating car seat.

“Resistive heating gloves.

‘Reflective heating jacket.

TAir-exchange heating face mask.

$Cooling vest using water circulation and a Peltier module.
"Thermo-regulated jacket with phase change material.

Table 5.
Test methods needed to evaluate the durability of smart/e-textiles (include test methods published and in
development when relevant).

case of the durability assessment, the analysis considered the specificities of the
application corresponding to the product under consideration.

5. Conclusion

After a brief overview of smart/e-textile products and major barriers to market
entry, this chapter discussed different issues reported as well as foreseeable chal-
lenges that may result in injuries for instance, with electric shocks, skin burns and
fires. Aspects related to the user’s satisfaction, for instance in terms of the product
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longevity and the ability to maintain/repair it, were also covered. In particular,
different conditions such as biomechanical stresses applied during use, ambient
moisture, and laundering may reduce the life expectancy of the smart textile due
to a damage of the conductive interconnects or a reduced actuation, for instance.
As the world moves towards an increased adoption of smart e-textiles, such
unwanted outcomes can put the lives of healthcare patients, first responders, and
soldiers, for instance, at risk.

Due to the lack of dedicated standard test methods, manufacturers of e-textiles
are limited in their attempt to control the quality of their products; as a result, they
are unable to scale up and have their innovative e-textile technologies and products
reach their full potential. It is clear that the issues reported in terms of safety,
durability, and efficiency of e-textiles can be mitigated and eliminated through
appropriate quality control using standard test methods. Currently, only 18 stan-
dard test methods published and in development by CEN, IEC, ASTM, and AATCC
technical committees relevant to smart/e-textiles were identified. In some catego-
ries of e-textiles, e.g., thermal, chemical, biological, and energy harvesting, few or
no test methods exist while several products are already on the market.

Using a trifactor model of performance assessment based on safety, efficiency,
and durability, more than 30 standard test methods were identified for thermal
e-textiles by considering a series of existing technologies/products: a full-sleeve
resistive heating jacket, battery-powered resistive heating boots, resistive heating
car seats, battery-powered resistive heating gloves, a reflective heating jacket, an
air-exchange heating face mask, a cooling vest using water circulation and a Peltier
module, and a thermo-regulated jacket with phase change materials. The develop-
ment of such product-oriented test methods and their adoption by the manufactur-
ing industries, will facilitate the design process towards a safer, more efficient, and
durable smart/e-textile world. Adopting a collaborative and multidisciplinary
approach, involving textile, materials, biomedical, and electrical engineers as
well as relevant national and international standardization technical committees in
textiles and electronics, is key to achieving this.
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