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Abstract: Wearable E-textile systems should be comfortable so that highest efficiency of their func-
tionality can be achieved. The development of electronic textiles (functional textiles) as a wearable
technology for various applications has intensified the use of flexible wearable functional textiles
instead of wearable electronics. However, the wearable functional textiles still bring comfort compli-
cations during wear. The purpose of this review paper is to sightsee and recap recent developments
in the field of functional textile comfort evaluation systems. For textile-based materials which have
close contact to the skin, clothing comfort is a fundamental necessity. In this paper, the effects of
functional finishing on the comfort of the textile material were reviewed. A brief review of clothing
comfort evaluations for textile fabrics based on subjective and objective techniques was conducted.
The reasons behind the necessity for sensory evaluation for smart and functional clothing have been
presented. The existing works of literature on comfort evaluation techniques applied to functional
fabrics have been reviewed. Statistical and soft computing/artificial intelligence presentations from
selected fabric comfort studies were also reviewed. Challenges of smart textiles and its future high-
lighted. Some experimental results were presented to support the review. From the aforementioned
reviews, it is noted that the electronics clothing comfort evaluation of smart/functional fabrics needs
more focus.

Keywords: wearable technologies; functional textiles; comfort evaluation; intelligent systems

1. Introduction

Comfort is the most significant feature of materials that have close contact with human
skin. Rossi [1] defined clothing comfort as a feeling or condition of pleasing ease, well-being,
and contentment. He classified comfort dimensions as thermophysiological, psychological,
and sensorial. Thermophysiological comfort is concerned with the heat balance of the body
during various levels of activity, while psychological comfort is all about being at peace
with oneself. Sensorial comfort is a fabric handle related to tactile, moisture, pressure, and
thermal sensations [2]. Furthermore, some attempts have been made to give definitions in
relation to clothing comfort. Here are some of them:

I A term related to the roles, values, and societal standing is the so-called
physiological comfort [3];

II A state of harmony between the wearer and the surrounding environment [4]; and
III Balanced thermal regulation of the body—thermal comfort or a combination of physio-

logical, psychological, and mental wellbeing of the human being [5].

All the said definitions are equally important in the aspects of clothing comfort. Com-
fort is a very fundamental and decisive factor for when people buy clothes. Knowingly or
unknowingly, people check for physiological or psychological clothing comfort. Therefore,
a fundamental understanding of clothing comfort, more specifically wearable functional
textiles, is very important for quality of life.
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Assessing the clothing comfort of clothing material is critical as there are many dy-
namic contacts between the clothing and the human body, such as tension force and
bending of clothing occurs as the garment is worn on the human body where there are
body parts brought the fabric to be bent or tensioned, as well as friction, compression, and
some gravitational force against the human body where it stands. Figure 1 details various
factors that contribute to discomfort of clothing.
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Figure 1. Illustrates where a rigid body (a) (assumed) is in continuous contact with a dynamically moving cloth (b). At first
contact, the garment touches the skin; then, when the movement and friction tighten, it touches the soft tissues, and finally
has the probability of disturbing the bone. The directions of the arrow on the cloth indicate the reaction of the cloth with the
human skin. For example, the direction of gravity shows where the fabric has external forces beyond friction and contact
with the skin.

In a neutral environment, there is always a set friction between the garment and
skin [6], gravity is exerted [7], there is shearing force due to the irregular body shapes [8],
there is tensile force due to tensions, and elasticity and pressure have been exercised
on the garment [9]. Compressional force is also not neglected [10]. All these clothing
comfort issues are always naturally present between the worn garment and the human
skin. Therefore, assessing the comfort of clothing materials whether conventional or
e-textile is a required practice.

Clothing is one of the very general basics which the wearer requires to cover the
body and protect it from very extreme surrounding conditions such as weather conditions.
However, due to the various demands of the human being, clothing nowadays serves as
protection, gives extra application, and is used for health monitoring, support in sport
activities, and as a means of communications channels. Simply speaking, today, their names
are preceded by a prefix called “smart” and thus are so called “smart textiles” or wearable
textiles or functional textiles. The term smart textiles make things easier and simpler.

With the rapid developments in wearable technology and ever-increasing demands
for electronic textiles (functional textiles), wearable electronics are becoming inadequate
for use due to their heavy weight and non-flexible nature. They do have ridges and can
press against the human body, bringing discomfort. Commonly, conventional clothing is
expected to have a good ergonomic fit, be comfortable to wear, and be lightweight and
flexible. Nowadays, due to the heavy weight of wearable electronics, the non-functionality
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of conventional clothing, and societal demands, smart textiles are now being widely devel-
oped [11–13]. Smart textiles or functional textiles are demarcated as textile constituents that
are capable of changing their characteristic behavior with response to the inspiration of
peripheral features or technical stimuli from the surrounding environment, with mechani-
cal, thermal, electrical, chemical, or other external sources impacting the change [14,15].
The consumer-wearable electronics of today are past their commencement but are still very
much in their early stages. One of the reasons could be comfort issues in different aspects.
However, research on the comfort evaluation of wearable electronics is not growing fast
when compared to research on wearable technology development and marketing. Most of
the research on wearable electronics focuses on specific areas such as sensors, actuators, and
electronic health record sharing systems (eHealth). The user most focuses on the benefits
that are obtained from the functional fabric without worrying about clothing comfort.

Different from other works, this review paper gives insights into a synergy of electron-
ics clothing comfort evaluation for different aspects of wearable electronics in general and
wearable functional textiles in particular, beyond the other perspectives on their functions.
Subjective, objective, and intelligent systems for comfort evaluation are addressed. The
basic nature of functional textiles is not out of the range of conventional textiles; therefore,
the review includes the work performed for basic textile definition.

2. Comfort Assessment of Wearable Electronics

E-textiles are textile materials that have the following features: functionality, flexibility,
wearability, being lightweight, and being able to interconnect sensors, actuators, and other
electronic functions [16]. Possible trade-offs, such as ergonomics, fit, easy integration or
interconnections, and low power consumption are also the main characteristics of e-textiles.
Wearable electronics are illustrated as shown in Figure 2.
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Figure 2. Schematic diagram of wearable electronics. All the wearable electronics illustrated have
their own category of comfort dimensions such as physiological, tactile, thermal, and ergonomics
aspects depending on physical structure and the place where they are fitted to the human body.

Intelligence or smartness is the third dimension of textile clothing [17]. The interactive
dimension can be fulfilled using traditional production systems such as weaving [18],
knitting [19], coating [20], and several other methods. Each construction technique has
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brought a change in the comfort values and hence its performance might be affected.
Therefore, in order to obtain the full performance of smart textiles, wearing comfort has to
be investigated.

In ergonomics, comfort can be assessed in various aspects such as thermal comfort [21],
tactile comfort [22], and physiological comfort [23]. Comfort is a widespread problem in
wearable electronics.

E-textiles usually involve many processes from design to application. Figure 3 shows
a simple view that helps to explain the parameters that should be fulfilled when designing
smart and functional fabrics.
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smart clothing market value chain are listed.

Functional textiles pass through complex processes such as weaving, coating, 3D
(three-dimensional) printing, printing, and knitting. All these processes have their own
effect on the comfort of functional textiles. It is well understood that finishing can alter
the properties of fabric in many ways such as clothing comfort. Finishing is a complex
process that adversely affects the surface characteristics of the fabrics. A number of changes
occur during finishing treatments. The authors in Refs. [24,25] have discussed the effect of
pigment printing on the softness of the product in an unfavorable way. On the contrary,
Agrawal [26] has debated the effect of adding softeners on the hands of knitted fabrics
in a favorable way. Low-stress mechanical properties have been measured by employing
Kawabata evaluation systems (KES) and it was found that adding softener to the fabric
benefits its mechanical properties, which has a direct relation with fabric comfort. However,
it is not always true that various chemical reagents favor comfort. Other chemical reagents
can adversely affect the fabric hand. For example, even though coating will change the
conventional fabric into functional textiles, it has a negative effect on comfort [27–29].
Clothing comfort or fabric handle is one of the factors that may affect purchasing decisions.
Therefore, care must be taken when thinking of functional textiles, as different treatment
chemicals may affect their comfort values. Fabric handle is one of the important factors that
affect clothing comfort. Fabric handle can be measured objectively [30] or subjectively [31].
One way or the other, measuring fabric handle leads to an understanding of clothing
comfort. Total hand value (THV) or hand values (HV) of the clothing materials can be
estimated either by stating good handle, average handle, or poor handle using qualitative
means and by measuring the mechanical properties (using conventional machines) or
measuring low-stress mechanical properties using Kawabata evaluation systems (KES)
using quantitative means.

The surface properties of a conductive inkjet-printed and coated polyester fabric
(substrate: plain woven fabric of type spun multifilament polyethylene terephthalate (PET)
fibers with a weight of 158 g/m2; 30 ends cm−1; and 22 picks cm−1; scoured and heat-set
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by the supplier (Almedahl-Kinna AB, Boras, Sweden) sample coated and printed with
conductive poly (3,4-ethylenedioxythiophene): poly (styrene sulfonate) (PEDOT: PSS))
were compared with the controlled fabric and the results are depicted in Figure 4. The
surface properties of the functional fabrics were investigated using Kawabata evaluation
system for fabrics (KES-FB-4) (Kato Tech Co., Ltd., Kyoto, Japan) where surface properties
such as coefficient of friction (MIU—unitless), mean deviations of MIU (MMD—unitless),
and geometrical roughness (SMD in µm) were determined and analyzed. The size of the
sample was 20 cm × 20 cm which is in agreement with the Kawabata evaluation system
(KES) standard [32]. The surface properties measurement was conducted to check the
change in the roughness and smoothness properties of the functional fabrics after finishing.
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Figure 4. Surface-frictional properties of finished fabrics using different finishing techniques. The
surface resistance of the conductive-coated sample is 7.98 kΩ/square while the surface resistance
of the inkjet-printed samples is 0.168 kΩ/square. The coated sample was produced with a paint
applicator at a gap height of 200 µm while the inkjet-printed samples were produced at 300 dpi and
50 layers. The samples were cured at 130 ◦C for 3 min. Average results were reported.

The result indicated that functional finishing altered the geometrical roughness (SMD)
of the functional fabric. However, when the two means were compared statistically, they
were equal. Two sample comparison t-tests were performed in order to see the difference.
The calculated t-stat and t-critical two-tail values for the coating vs. control were 3.08 and
2.78, respectively. The t-stat and the t-critical two-tail values for the conductive inkjet-
printed specimen and the controlled sample were 1.90 and 2.78, respectively. In both cases,
the null hypothesis (the two means are equal) was confirmed. Therefore, statistically, the
effect of finishing on the handle of the textile product is not adverse for this treatment.
However, clothing comfort is too sensitive and hence a little change in handle brings
discomfort to the wearer.

Indeed, for wearable electronics, clothing comfort assessment has been carried out
using various means such as subjective evaluation for running shoes [33] and personal
protective equipment such as gloves, glasses, and elbow pads [34]. To enhance the perfor-
mance of the user, the importance of clothing comfort is paramount. Radiation, evaporation,
conduction, and convection are means of heat exchanges between the human body and
the environment. Wearable electronics have an effect on thermophysiological, tactile, and
ergonomic clothing comfort as each wearable electronics device hinders the heat exchange
between the human body and surrounding areas. Therefore, clothing comfort evaluation
of wearable computers has to be assessed as the discomfort has an effect on the efficiency
of the user.
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Studies have been conducted to measure the clothing comfort of wearable computers,
constructed on different dimensions such as anxiety, perceived change, injury, attachment,
and feelings [35]. Subjective descriptor terms with different scales have been developed to
predict the clothing comfort of different wearable electronics. Figure 5 illustrates results
from various descriptors for different wearable electronics.
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As observed in Figure 5, the attachment scores have the highest values, while anxiety
and harm score the lowest values. The other multidimensional rating scales, perceived
change, movement, and emotion, have scores between the two values. The values indicate
that each CRS offered ratings for various aspects of wearable technologies and hence could
affect wearable clothing comfort in different dimensions. Therefore, when thinking of wear-
able technologies, we must consider several variables, including multidimensional rating
scales. The differences in the multidimensional rating scales provide some information
regarding the comfort properties of various products.

A multidimensional assessment tool has been used to assess the clothing comfort of
personal protective systems [36], while an ergonomic tool has been designed to assess med-
ical equipment; the results showed that Steri-Shield provided the minimum discrepancy.
Most of the wearable electronics are used to either treat patients or are used by doctors
while examining the patients. A qualitative study [37] had to be carried out to assess the
comfort of handheld computers and it was found that clothing comfort was the main
building stone for their examination. Objective and subjective measurement of comfort for
wearable computers was found to be a potential means as claimed by [38].

Clothing comfort is not only interpreted on tactile, thermal, and physiological dimen-
sions but also with societal aspects [39]. More recently, wearable electronics have become
increasingly dominant in the market. However, the societal perception of wearability in
terms of comfort has not been touched. Social acceptance with respect to clothing comfort
is as equally important as the functional aspects when qualitative studies are conducted.

In general, the comfort of wearable electronics can be assessed based on the condi-
tions of appearance and relaxation (emotions), the tactile feel of the tool when touching
human skin, the physical damage caused by the device, distress caused by the device, the
ergonomics effect that affects the movement of the body, and the harm that the device
will bring to the human body. However, all the aforementioned methods are qualitative
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and the result mainly depends on physical forms, age, gender, geographical location, and
other environmental factors that are subject to biased results, which makes subjective
evaluation difficult.

3. Comfort Assessment of Functional Textiles

Functional textiles are commercially accessible in various application forms such as
health care [40,41], sport [42], military [43], communication [44], and protection [45], to
mention a few. Figure 6 illustrates only a few applications of smart textiles that have direct
contact with the skin.
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Consumers that use wearable functional textiles always expect quality in terms of
comfort when they are buying the materials. Therefore, wearable functional textiles should
fulfill a wide range of comfort dimensions, including tactile, thermophysiological, soci-
etal, and other clothing comfort qualities to meet customer requirements. To this end,
researchers utilize various clothing comfort quality evaluation methodologies such as
subjective evaluation using expert systems, objective evaluation systems (using conven-
tional physical properties measurement systems or using Kawabata evaluation or other
instrumental means), and intelligent systems.

3.1. Subjective Evaluation Systems

Nowadays, the world wearable e-textile industry is progressively looking for new
inventions to improve the fulfilment of the users in making persistent use of functional
textiles for quality of life. However, clothing comfort affects the constant use of functional
textiles. Therefore, comfort evaluation is a fundamental step. Subjective perception could
be one alternative to assess the comfort of functional textiles. The subjective feeling of
individuals can be analyzed by developing various sensorial bipolar terms to evaluate
the comfort of functional textiles [46]. Certain fabric-skin-contact-related sensorial terms
have been developed to assess the comfort of functional textiles by both blind and visual
techniques and the result has showed that subjective evaluation could be one alternative for
the evaluation of functional textiles comfort. Figure 7 shows how subjective evaluation can
be used to assess the comfort of functional textiles by creating different bipolar descriptive
words (sensorial terms that describe subjective clothing comfort in two extreme positions).
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Figure 7. Fabric-skin-contact bipolar adjective pairs can be used to assess the comfort of functional
textiles both blindly (where a box can be provided to hide the samples from the panelist’s vision)
and visually (the panelist can see the object while assessing the samples. The panelist can say either
the sample is hard or soft (in between—if scale is provided), warm or cold, itchy or silky, and rough
or smooth.

A possible way of assessing clothing hand during a user’s buying decision is either
by observing the aesthetic design using visual sense or touching physically by hand. In
both methods, clothing quality aspect for the buyer is fully sensorial. Technically, sensorial
investigation of the textile-based product can be quantified by measuring or evaluating
textile “hand or handle”. Fabric handle is a sensorial descriptor obtained when the fabric is
touched by hand [47] or can be defined as a feeling observed when the fabric is rubbed,
squeezed, or differently handled [48]. In both definitions, we can understand that fabric
handle is related to some attributes when a fabric is handled in various ways. Attributes
such as smoothness, roughness, scratchiness, slipperiness, softness, etc., can be described
by fabric hand and assessed with different handling mechanisms. Fabric handle is a
sensory phenomenon and hence fabrics are sensorial objects. For sensorial evaluation of
the fabric comfort, the subjective assessment approaches are frequently used using human
subjects [49–51]. The human subjects rate the handle of the fabric using sensory attributes
that could help to define the handle of the fabric.

The comfort of ballistic vests (protective clothing) was studied using wear trials in
2009 [52]. The study affirmed that clothing fit and vest properties played a vital role in
the comfort of the military clothing (functional protective clothing). However, to reach
such conclusions, other information and data should be included, such as thermal comfort
studies including other physical attributes.

Hand evaluation of textile-related goods using human perception has been performed
using panels of experts [53]. Dijksterhuis [54] has classified panels of experts as field or
street panels (consumers selected around shopping malls), consumer panels (consumers
without any experience in which the evaluation is conducted in a controlled environment),
and expert panels (those who receive required training). The number of panels may vary
from one to several and should follow specified procedures, protocols, and conditions.
They need careful control of the environment and should follow specific protocols.

The subjective rating scale varies depending on the final design analysis. For instance,
Winakor et al. [55] performed a subjective evaluation using a 99-point semantic differential
scale; the most common scale for hand evaluation is an eleven-point scale. The subjective
assessment can be performed either by selecting 18 single or bipolar attributes depending
on the researcher’s approach. The attributes should be carefully selected depending on the
application of the textile product. For functional fabrics, physical attributes that can fully
describe the handle of the functional fabric should be selected and the subjective evaluation
should be carefully designed.
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3.2. Objective Evaluation Systems

The comfort properties of functional fabrics have been predicted by measuring thermal
conductivity, thermal resistance, thermal diffusion, and relative water vapor permeabil-
ity [56]. Measuring the thermal-related properties of the functional textiles brought about
the prediction of the thermal comfort of the garment, which is one method of comfort
assessment by using objective means. Some of the methods are demonstrated in Figure 8.
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finishing on comfort-related properties has been assessed [57], (b) bending measurement of functionally finished fabric
that has relation with comfort [58], (c) fabric touch tester (FTT) where comfort-related mechanical properties have been
extracted [59], and (d) fabric assurance by simple testing (FAST) [60].

Paek in 1975 [61] carried out an experiment on flame-retardant fabrics used for chil-
dren’s sleepwear by measuring flexural rigidity, a coefficient of friction, and compactness,
as well as the subjective evaluation using human panels. Roughness and openness showed
better preferences than smoothness and compactness for the selected fabrics. However, the
finding that smoothness is the most important factor for hand evaluation was disproven by
Kawabata in 1980 [62]. Therefore, smoothness should be considered in sensory evaluation
of smart clothing.

A study of the effect of printing on clothing comfort in 1997 [25] by Robinson et al.
indicated that printing can change the comfort of clothing. The authors used a trained
descriptive panel of experts to observe the effect of finishing (pattern and color) on the
perception of clothing comfort using human subjects. One year later, in 1998, a study was
carried out by Tzanov et al. [63] to examine the effect of finishing treatment on the fabric
handle; it was confirmed that finishing could change the handle of the textile products in
an unfavorable direction. The authors investigated the change in the fabric handle property
of the finishing using KES methods. They found that the change in the bending property
of the fabric after applying finishing treatment was high. This proved that measuring
the low-stress mechanical properties has a relation with the handle of the fabric. On the
other hand, the study indicated that Kawabata evaluation system (KES) can be applied
for the hand evaluation of finished fabrics. KES systems have been used to investigate
the comfort of functional fabrics such as conductive, thermochromic, electrochromic, and
photochromic textiles [64]. The study investigated the effects of various finishing types
by measuring tensile, surface friction, bending, shearing, and compressional properties
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which are associated with the comfort of functional fabrics. The authors claimed that the
comfort of functional fabrics can be predicted by measuring the low-stress mechanical
properties objectively.

A simple extraction method and mechanical properties measurement by American
Society for Testing and Materials (ASTM) standards [65] have been applied to study the
effect of functional finishing on the fabric handle. The study claimed that the extraction
principle was an effective method for evaluating the total handle values of the fabrics
resulting from different finishing types. In the extraction method, the load required to
extract the fabric mainly depends on the bending and the surface friction properties only.
The other mechanical properties such as tensile, shearing, and compression are not included
in this method. Therefore, the extraction method is not the best method. That could be one
of the reasons why most researchers have not applied this method for hand evaluation
so far.

Later, in 2003, Cardello and his coworkers [66] studied the handle of a flame-retardant
finished fabric that can be used for military clothing. They applied both the subjective
(human expert) and the objective evaluation (KES) of the clothing material. A multiple
regression model showed that good predictability of the handle of the military clothing
was obtained from subjective and objective sensory evaluation methods. Even though
the result looks promising, the multiple regression analysis may not fully give a better
understanding of the relations between subjective and objective measurement results. This
is because the relation between sensory data of fabrics is not linear but rather complex [67].
Researchers need more complex modelling techniques such as intelligent techniques to
model the relation between sensory data.

In 2005, Yoo et al. [68] carried out a sensorial and thermophysiological comfort evalu-
ation of protective clothing. The study was conducted to observe the effect of yarn type,
weaving type, and functional finishing. They claimed that finishing had an influence on
the comfort property of the protective clothing. Kawabata evaluation system (KES) was
applied to measure the surface property of the protective clothing and hence evidenced
that KES can be used to measure the comfort of the fabrics that have been functionally
finished. The effects of coating and plasma treatment on the low-stress mechanical prop-
erties of fabric have been studied using KES measurement methods [29]. Similarly, the
antimicrobial-coated cotton fabric has been studied using KES systems [28]. Both authors
claimed that plasma treatment affected the handle of the treated fabric in a positive way
while coating with different chemicals affected the handle in an unfavorable direction.
However, both concluded that the functional finishing with coating applications can be
assessed by measuring the low-stress mechanical properties using Kawabata’s evaluation
system. KES is the well-known method to study the low-stress mechanical properties of
fabrics which are most related to clothing comfort.

By the year 2008, Barker et al. [69] reviewed research that had been conducted on the
assessment of functional clothing comfort. However, the work had a lot of limitations:

• The review was made based on a multilevel concept. That means the work was
performed using only a wear trail base; however, there are a lot of methods for
handle assessment such as subjective assessment by hand, objective assessment by
instruments and so on;

• The review was only about thermophysiological comfort and sensorial comfort was
not evaluated in detail and it was a very short paragraph for each section; and

• The authors concluded that combined human and instrumental data cannot provide
sufficient information about the comfort of clothing. They claimed that material
properties such as yarn property, fiber property, and finishing property may provide
full information about the comfort of functional clothing. However, the study did not
show details about studying such properties.

Onal et al. in 2012 studied the thermal comfort of functional fabric using Alambeta
and Permetest devices [70]. The study indicated that fabric design was the priority concern
for thermal resistance and water vapor permeability while fiber composition played a
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vital role in the thermal absorption character (See Figure 9). However, thermal comfort
is not only affected by design and construction, but finishing [71] and moisture [72] also
have their own influence on thermal comfort. Finishing such as coating can reduce the
moisture absorptivity of the fabric by filling the open pores between the yarns so that
thermal comfort can be reduced. Therefore, it is not possible to define the factors that affect
the handle of functional fabrics in a few parameters. It is a complex phenomenon that
depends on multi-dimensions.
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Figure 9. Effects of moisture content on thermal comfort of functional fabrics. Colmax® is a
thermo-regulating functional polyester yarn and Outlast® is a thermos-regulating functional vis-
cose yarn. Outlast has better moisture absorbency that that of Colmax, reprinted with per-mission
from ref. [72].Copyright 2012 Sage publications. The better the moisture absorbency, the healthier
its comfort.

The surface properties of protective clothing have been studied using KES method [73].
In this article, the effects of physical properties, fabric construction, and moisture content
have been explored. The authors claimed that the resiliency of the fabric could play a
vital role in the sensory comfort of the protective functional clothing and it affects the
surface property of the fabric. However, the study did not show the effect of moisture
content and wetting on other mechanical properties such as tensile, shearing, bending,
and compression.

In 2014 Shaid et al. [74] conducted research on the thermophysiological comfort of
protective clothing which was made by incorporating superhydrophobic silica aerogel
nanoparticles with wool-aramid composite fabric. They found that coating can reduce air
permeability by 61.76% and increase thermal resistance by 68.64% with only 2% aerogel
nanoparticle concentration. This study confirmed that finishing has a severe influence on
the thermal comfort of functional fabrics. Therefore, when designing functional fabrics,
comfort should be given priority so that the expected functions from the e-textiles can
be obtained.

4. Intelligence Systems/Soft Computing Systems in Clothing Comfort Evaluation

Neuro computing, fuzzy logic, and other evolutionary algorithms such as artificial
neural network (ANN) and adaptive neuro-fuzzy inference systems (ANFIS) which are
used for the prediction, modeling, and optimization of textile properties are called soft com-
puting systems or intelligent systems [75]. Human tactile sensations for the textile goods
are very complex [76] and hence linear modelling cannot solve such relationships. The
comfort of textile goods, which is closely related to the user’s perception and acceptance,
has been currently studied and relationships between the physiological perception and the
instrumental data have been estimated using various intelligence techniques. The most fre-
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quently used intelligence methods applied in the prediction of the tactile comfort of textile
goods are fuzzy logic, artificial neural network (ANN), and adaptive neuro-fuzzy inference
system (ANFIS). Settle et al. [75] discussed the importance of soft computing/intelligence
techniques in the textile industry. The use of fuzzy logic has been used by many researchers
recently after LA Zadeh’s pioneering work in 1965 [77]. Zadeh applied fuzzy logic for
solving uncertainty or fuzziness or ambiguity of different parameters. The comfort of
textile goods, particularly physiological perception, is full of uncertainty and fuzzy logic
was the perfect fit for this concept. After Zadeh’s work, Zimmerman [78] and Mamdani [79]
introduced the IF-THEN rules which support the ideas of Zadeh.

Thus, implementing fuzzy logic in the sensory evaluation of textile goods was started
in 1991 by Raeel and co-workers [53]. The authors applied the fuzzy transformation matrix
to predict the handle of lightweight dress fabrics and found good agreement between the
subjective and the objective evaluation of the same fabric. The fuzzy transformation matrix
enabled them to calculate the handle of the fabrics quantitatively, which further can be
used as quality data which can be used for the communication between the user and the
manufacturer. However, fuzzy logic has its own limitations as it does not have a specified
technique that can be used as a mentor in the process of translating human perception
into a rule-based fuzzy inference system (FIS) [80]. Other researchers [81–85] have applied
fuzzy logic to predict and represent the comfort of textile goods. The conclusions from
all authors confirmed that fuzzy logic is a better method for comfort prediction of textile
goods when compared to linear statistical methods. However, the hybrid models, adaptive
neuro-fuzzy inference system (ANFIS), can perform better than the fuzzy logic model. This
is because ANFIS uses the FIS system to transform human knowledge into the rule-based
fuzzy inference system [86]. To observe the difference between the efficiency of fuzzy
logic and ANFIS, we used the work performed by Jeguirim et al. [87] on the use of the
fuzzy logic model to predict the handle of knitted fabric from process parameters. We took
the data from their work and we performed ANFIS using Matlab2017b® and found the
following results (see Figure 10).
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Figure 10. Comparison of fuzzy logic and ANFIS models on the prediction of the handle of knitted
fabrics. The fuzzy logic model was taken without any modification from Jeguirim et al. [87] and the
ANFIS model prediction result was performed using the same input parameters from Jeguirim and
his co-worker’s work. The data were for the supple-rigid attribute only.

A linear fit was employed to observe the difference between the two models (Figure 10).
As observed, the linear model has a better fit for the ANFIS model. The values obtained by
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the fuzzy logic model were highly scattered. Hence, the ANFIS model performed better in
predicting the handle of the textile goods.

The root mean square error (RMSE) and mean relative percent error (MRPE) were
calculated for ANFIS and compared with the fuzzy logic model from Jeguirim and his
co-worker’s work. These two parameters were used to evaluate the prediction performance
of the models.

RMSE =

√
1
N

n

∑
i=1

(p − y)2 (1)

RMPE =
1
N

∣∣∣∣∣ n

∑
i=1

(
(y − p)

y
∗ 100

)∣∣∣∣∣ (2)

where N; total number of observations, y; actual values, p; predicted values.
Based on this computation, the calculated RMSE, RMPE, and the standard deviation

values for the ANFIS model were 0.083, 0.062, and 0.72, respectively, while the values
according to the work of Jeguirim et al. were 0.29, 1.23, and 0.73, respectively. These results
affirmed that the performance of the ANFIS model is higher than that of the fuzzy logic
models. This is because fewer errors were observed in the case of the ANFIS model. Hence,
this review paper recommends the ANFIS model over the fuzzy logic models. The adjusted
R2 value is high. This confirms that the ANFIS model is the best model for predicting the
handle of textile goods.

A similar review was made by Zeng et al. [88] (Figure 11). The researchers addressed
the use of fuzzy logic to integrate human perception with the instrumental data on textile
goods. They applied principal component analysis to support the extraction of fuzzy
rules so that they could build the hand evaluation model. They found that fuzzy logic is
an excellent model for such hand integration and estimation. We performed the ANFIS
algorithm using the inputs from the paper and compared the results with fuzzy logic. We
obtained the following result.

Materials 2021, 14, x 14 of 19 
 

 

algorithm using the inputs from the paper and compared the results with fuzzy logic. We 
obtained the following result. 

 
Figure 11. The performance difference between fuzzy and ANFIS models in the integration of hu-
man knowledge with the instrumental data. The input data from Zeng et al. [88] were taken as they 
are and we applied the ANFIS model to predict the handle of textile goods. The fuzzy logic model 
results are taken from Zeng et al. as they are for comparison purposes. 

The results (Figure 11) clearly indicate that the ANFIS model is the best method for 
predicting the handle of the textile goods from instrumental and human perception data 
when compared to the fuzzy logic model. The calculated error based on the linear fit is 
much higher in the fuzzy logic model than in the ANFIS model. The Pearson correlation 
coefficient values indicated that the ANFIS model results are highly correlated to the ac-
tual values of the handle property of the textile goods. Therefore, even though fuzzy logic 
can be used to predict the handle of the textile goods, the best modelling is the ANFIS 
model. For this, a work performed somewhere else [67] discussed the application of fuzzy 
logic, neural network, data aggregation, classification, and clustering in predicting the 
handle of textile goods so that it can be used as a data source for quality inspectors, eval-
uators, and consumers for the clothing comfort quality check of their products. However, 
most recently, Xue et al. [89] have discussed advanced fuzzy logic techniques such as 
fuzzy genetic and fuzzy inclusion algorithms to predict human perception of the tactile 
comfort of textile goods. They claimed that the method they employed provides a good 
opportunity to analyze and interpret the vague qualities perceived by human knowledge. 
The work was also dedicated to showing how to assess fabrics using visuo-tactile scenar-
ios which are equivalent to our daily experience, which the users used to assess the quality 
of the garment during buying decisions. They claimed that these intelligent techniques 
can solve the problems that exist in the classical computing techniques. The possible rea-
son for this issue is that the soft computing techniques are used to develop problem-ori-
ented descriptions and they are more flexible in nature. 

Artificial neural network (ANN) is another intelligence method to estimate the com-
fort of textile goods. ANN has been used to predict the handle of textile goods from pro-
duction and mechanical parameters [87,90,91]. It was claimed that the ANN model was 
slightly better than fuzzy logic models for calculating the RMSE and RMPE values of the 

Figure 11. The performance difference between fuzzy and ANFIS models in the integration of human knowledge with the
instrumental data. The input data from Zeng et al. [88] were taken as they are and we applied the ANFIS model to predict
the handle of textile goods. The fuzzy logic model results are taken from Zeng et al. as they are for comparison purposes.



Materials 2021, 14, 6466 14 of 19

The results (Figure 11) clearly indicate that the ANFIS model is the best method for
predicting the handle of the textile goods from instrumental and human perception data
when compared to the fuzzy logic model. The calculated error based on the linear fit is
much higher in the fuzzy logic model than in the ANFIS model. The Pearson correlation
coefficient values indicated that the ANFIS model results are highly correlated to the actual
values of the handle property of the textile goods. Therefore, even though fuzzy logic can
be used to predict the handle of the textile goods, the best modelling is the ANFIS model.
For this, a work performed somewhere else [67] discussed the application of fuzzy logic,
neural network, data aggregation, classification, and clustering in predicting the handle
of textile goods so that it can be used as a data source for quality inspectors, evaluators,
and consumers for the clothing comfort quality check of their products. However, most
recently, Xue et al. [89] have discussed advanced fuzzy logic techniques such as fuzzy
genetic and fuzzy inclusion algorithms to predict human perception of the tactile comfort
of textile goods. They claimed that the method they employed provides a good opportunity
to analyze and interpret the vague qualities perceived by human knowledge. The work
was also dedicated to showing how to assess fabrics using visuo-tactile scenarios which
are equivalent to our daily experience, which the users used to assess the quality of the
garment during buying decisions. They claimed that these intelligent techniques can solve
the problems that exist in the classical computing techniques. The possible reason for
this issue is that the soft computing techniques are used to develop problem-oriented
descriptions and they are more flexible in nature.

Artificial neural network (ANN) is another intelligence method to estimate the com-
fort of textile goods. ANN has been used to predict the handle of textile goods from
production and mechanical parameters [87,90,91]. It was claimed that the ANN model
was slightly better than fuzzy logic models for calculating the RMSE and RMPE values
of the predicted results. To this end, the optimization performed using principal compo-
nent analysis (PCA) may decrease the performance of fuzzy logic. PCA is a technique
for reducing the dimensionality of such datasets, increasing interpretability but at the
same time minimizing information loss. It does so by creating new uncorrelated variables
that successively maximize variance. Otherwise, the fuzzy logic and ANN models have
comparative advantages for the sensory evaluation of goods [92].

An interesting and efficient method for the integration of human perception and
instrumental data for the hand evaluation of textile goods is known as adaptive neuro-
fuzzy inference system (ANFIS). ANFIS combines the advantages of ANN and fuzzy
logic to transform human perception into interpretable data [93]. The ANFIS method can
be used to construct the input-output mapping of human-based knowledge using the
IF-THEN rules and then stipulate the data pairs. It uses the 3D and two-dimensional (2D)
surface modelling system to forecast the input based on human knowledge to obtain the
quantitative output data pairs. ANFIS has been used to study the subjective evaluation of
some knitted fabrics by correlating sensory attributes and instrumental measurements [94]
and subjective assessment of knit fabrics [86]. The researchers applied ANFIS to evaluate
the subjective preferences for some attributes such as roughness and smoothness and
they were able to relate the non-linear relationships between subjective preferences. They
showed that ANFIS performs better than linear regression analysis methods. The merits of
using ANFIS are its capability for predicting and integrating the non-linear relationships
between physiological factors.

The objective data of functional fabrics from instrumental value [95] and the subjective
assessment values from human experts [96] have been predicted using intelligent systems.
Artificial neural network, fuzzy logic, and adaptive neuro-fuzzy inference system were
implemented for clothing comfort prediction while the data were obtained both subjec-
tively and objectively. The analysis indicated that the comfort of functional fabrics can be
predicted using intelligence systems which make it easy to assess biased tasks. The actual
predicted values show proximate reasoning.
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5. Future Perspectives

Clothing comfort, more precisely, wearable textile comfort markedly influences not
only our health, well-being, and work productivity, but also, we may lose the functional
aspects. This review indicates that there is a noteworthy discrepancy in clothing comfort
requirements due to diversified needs and various functional finishing aspects. Thus,
studying the comfort of functional clothing needs to be profoundly investigated in advance.
Smart/functional textile research has grown for the last two decades. However, the world
market share is still at an infant stage. The possible reasons could be:

• There are few smart/functional fabrics on the market [97];
• There are no specific protocols or standards for the development and manufacturing

of smart/functional clothing [98];
• The key factor for the quality of the product in terms of comfort is missing;
• The sensory evaluation of smart/functional clothing is currently investigated using

methods developed for conventional fabric; and
• There are no standards for the comfort evaluation of smart/functional clothing.

On the other hand, there are a lot of research works being conducted on smart/functional
fabrics such as WEALTHY, WearIT@work, MyHeart, MERMOTH, Avalon, Biotex, ProeTEX,
Stella, OFSETH, Lidwine, and INTELTEX [99]. None of these projects deal with comfort
issues but instead deal with the development and manufacturing aspect. Therefore, side
by side, assessing the comfort of smart/functional fabrics should be given attention.

This review paper can be taken as a clue to researchers that quality evaluation and
inspection of smart/functional fabric have been ignored. The future directions of this
research field should be steered by combining development, manufacturing, quality control,
inspection, and marketing strategy. Otherwise, in the future, smart/functional textiles may
continue to have a very low market share in the world.

6. Conclusions

The hand evaluation of textile goods using sensory evaluation and the measurement
of mechanical properties was introduced in 1930 while the effect of finishing techniques
on the handle of textile goods was made familiar in 1975. The use of hand evaluation
for the clothing comfort evaluation of conventional textiles as well as technically finished
textile goods has been increasing and has become the topic for many researchers in the
textiles field. Comfort evaluation of goods can be performed using subjective assessment
by human experts or by measuring mechanical properties using various instruments. The
integration of the subjective and objective data has been realized by mathematical and soft
computing/intelligent techniques.

The application of soft computing/intelligent systems in hand evaluation of textile
goods was introduced in 1991. Their use has been increasing for the last two decades.
This is because the ability of soft computing to solve the non-linear relationships between
the hand perceptions either through human judgment or using instrumental data has
been effective.

It can be anticipated that in the future intelligent systems will continue to be used in
the integration of human knowledge and instrumental data in the field of comfort science.
On the way, some intelligent algorithms may be accepted as traditional comfort modelling
tools for textile goods. Future research will probably shift its attention to the application
of several soft computing/intelligent algorithms in the field of smart/functional textiles
comfort modelling.

In general, this review work indicated that the most important dimension of
smart/functional clothing, comfort, has been ignored and hence should be given attention
in the future in order to increase smart/functional textile fabric acceptability.
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