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Abstract
Measuring the friction between human skin and textiles is essential to preventing skin-related health problems and wearer 
discomfort. This study sought to evaluate the repeatability of friction coefficient measurements and tactile perceptions at 
various human body regions, using a recently developed portable friction measuring device. Using the device, a cotton tex-
tile was applied to six test locations. The friction coefficient and tactile perceptions were taken three times, at each test site. 
The repeatability of friction coefficient was excellent with ICC of 0.91 ± 0.05 for static and 0.91 ± 0.06 for dynamic friction 
coefficient, and tactile perception showed good to excellent repeatability. The friction coefficient and tactile perception 
significantly differed across the body regions (p = 0.008 and p = 0.003, respectively). The chest showed the highest static 
friction coefficient with 0.90 ± 0.19 and dynamic friction coefficient with 0.79 ± 0.20, whereas the dorsal forearm with static 
0.31 ± 0.07 and dynamic 0.25 ± 0.05 was the lowest. The ratings of tactile perceptions were independent of friction coef-
ficient when the changes in the coefficient of friction were induced by regional difference, and/or the range of the coefficient 
of friction values were small. Moreover, skin temperature and friction coefficient correlated positively, whilst cutaneous 
hydration and friction coefficient did not.
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Abbreviations
COF	� Coefficient of friction
ICC	� Interclass correlation coefficient
AU	� Arbitrary unit

1  Introduction

Friction in skin–textile interaction is directly associated with 
the potential to generate skin-related health problems, such 
as tissue deformation and skin damage, or friction blisters 
[1–4] as well as having an impact on wear comfort [5–8]. For 
example, movement of fabrics and textile across human skin 
can cause skin displacement due to static friction, rubbing 

due to dynamic friction, as well as simultaneous changes 
in the judgement of feel and comfort of clothing via differ-
ences in roughness, stickiness, discomfort, and pleasantness 
sensations [9].

The movement of fabrics in contact with the skin arises 
when the applied force exceeds the frictional resistance, and 
this movement creates friction force and a tactile perception 
of friction. The friction and tactile perception are influenced 
by the variation of skin physiological and physical properties 
over the human body, such as skin temperature, hydration, 
skin thickness, roughness, elasticity, the density of sweat 
glands, as well as mechanoreceptor distribution [10–13]. 
Therefore, skin friction coefficient could vary across the dif-
ferent regions of the human body [14–23] and tactile percep-
tion might therefore be different across the various regions 
of the human body. However, there has been no detailed 
investigation about tactile perception to textiles across dif-
ferent body regions.

To be able to understand friction behaviour and tactile 
perception during the skin–textile interaction at the vari-
ous regions of the human body, a portable and easily usable 
measuring device is essential. Different types of devices 
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have previously been used to measure the friction behaviour 
of human skin [18, 22, 24–27], but these have limitations 
that prevent to complete examination of friction coefficient 
and tactile perception across body regions. Because of this, a 
new portable device, measuring friction coefficient between 
skin and different types of textiles, was designed and evalu-
ated by Temel et al. [28]. This study introduced the product 
design specifications, demonstrating that the new device 
measured friction coefficient between textile and surrogate 
skins surface materials with an excellent level of repeat-
ability. However, it remains to be investigated whether this 
device has the same level of repeatability during in vivo test-
ing across different regions of human skin, compared with 
objective testing on surrogate skin.

Therefore, six research hypothesises were examined in the 
presented study: 1. The skin measured friction coefficient to 
textile would vary across the six human body regions, 2. The 
skin friction coefficient across the six body regions would 
be measured using the newly designed device with good to 
excellent repeatability, 3. The associated tactile perception to 
textiles would vary across the six body regions, 4. The tactile 
perception across the six body regions would be assessed 
using the newly designed device with good to excellent 
repeatability, 5. There would be a relationship between skin 
friction coefficient and tactile perception when the changes 
in the coefficient of friction are induced by regional differ-
ence, and finally, 6. The physiological measurements, skin 
temperature and hydration, would influence measurement of 
skin friction coefficient.

2 � Method

2.1 � Equipment

The portable handheld device introduced by Temel et al. 
[28] was used in this study. Briefly, the device measures 
the friction coefficient between skin and textiles (e.g., cot-
ton, polyester, silk), as well as objectively assessing regional 
perception using the localised sensory texting methods [29]. 
This device works by reciprocating movement, where a 
superior direction (from feet to head) is presented as a posi-
tive value, whilst an inferior direction (from head to feet) of 
the probe is presented as a negative value. Fig. 1 illustrates 
a typical friction measurements output between the skin and 
textile. The dashed line shows the applied normal force; the 
line indicates the measured friction force in Fig. 1 (top), and 
the line in Fig. 1 (bottom) indicates the friction coefficient 
between real human skin and textiles. The average of the 
peak points (a1, a2,…,a10) in the friction coefficient line in 
the positive part is considered a superior friction coefficient, 
and the mean of the stable points (b1, b2,…,b10) in the fric-
tion coefficient line in the positive part is taken as a superior 

dynamic friction coefficient as shown in Fig. 1 (bottom). The 
mean of the peak points (c1, c2,…,c10) in the friction coeffi-
cient line in the negative part is considered an inferior static 
friction coefficient, and in the negative part of the mean of 
stable points (d1, d2,…,d10) is taken as an inferior dynamic 
friction coefficient as seen in Fig. 1 (bottom). Full techni-
cal details of the portable friction measurement device are 
described in Temel et al. [28].

2.2 � Contact Material

In this study, knitted—single jersey contact material was a 
pre-shrunk 100% cotton sample. The thickness, weights and 
surface roughness, measured using the Kawabata Evalua-
tion System, where samples measured 0.62 mm, 140 g/m2 
and 3.7 µm, respectively [30]. Each textile sample measured 
80 × 80 mm in length and width, with a virgin textile sample 
used every three applications. Prior to measuring friction 
coefficient, control friction coefficient measurements were 
taken with contacting surrogate skin to ensure that each tex-
tile attached to the probe was in the same condition with 

Fig. 1   Typical friction measurement outputs (the data of forearm test 
region) for normal and fiction force (top) and friction coefficient (bot-
tom)
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0.25 ± 0.01 of the static and 0.16 ± 0.01 of the dynamic fric-
tion coefficients.

2.3 � Participants

Ten university students, three males and seven females, 
(22.3 ± 2.9 years, 65.31 ± 7.62  kg, 171.3 ± 9.1  cm, 
24.4 ± 5.6% body fat) of Western European origin volun-
teered to participate in the study. Inclusion criteria was 
non-smoker, as well as free from cardiovascular, musculo-
skeletal, cutaneous, and metabolic diseases, or any sensory-
related disorders. For a period of 24 h before each trial, 
participants were asked not to consume caffeine or alcohol, 
along with refraining from consuming food for two hours 
prior trial. The study design was approved by the Lough-
borough University Ethics Committee (ECC/AJ2) and was 
conducted within the confines of the World Medical Asso-
ciation Declaration of Helsinki for medical research using 
human participants, except for registration in the database.

2.4 � Test Protocol

On arrival to the laboratory, all experimental procedures 
were fully explained to the participants verbally, as well as 
through a participant information sheet, before obtaining 
written informed consent, and completing a health screening 
questionnaire. Female participants were asked to wear a bra 
and shorts, whilst male participants were requested to have 
just shorts during the trials. Pre-test measurements included 
height, body mass (Mettler Toledo Kcc150, Mettler Toledo, 
Leicester, UK), and body fat percentage (Tanita Corpora-
tion, Tokyo, Japan). Following body composition measure-
ments, participants entered an environmental control cham-
ber (custom designed by TIS Services, UK) at 25 °C and 
%50 RH. Wireless temperature loggers (I-Buttons, Maxim, 
San Jose, USA) administered at four skin sites across the 
upper chest and triceps on the left-hand side of the body, 

as well as on the anterior thigh and calf of the right-hand 
side of the body. Participants were asked to lay supine on a 
medical bed and were unable to see the application of the 
friction device to prevent any bias. A 10-min baseline period 
was used to familiarise participants with all experimental 
equipment and subjective scales, as shown in Fig. 2.

To assess the perception of the applied fabric texture, 
i.e. roughness and smoothness, an ordinal bipolar balanced 
scale was used [30]; whilst to assess user perception of 
fabric stickiness, i.e. slipperiness and stickiness, a seven-
point bipolar scale was used by modifying the scales used 
in Hollins et al. [31]. A bipolar, balanced ordinal scale was 
used to assess the pleasantness sensation of the tested fabric 
samples [30]. A five-anchor visual scale was used to indi-
cate discomfort (regional and whole body), which ranges 
from “Extremely Uncomfortable” to “Comfortable” [32]. 
Differential numerical values were used for hedonic scales 
(discomfort, pleasantness) vs sensorial scales (texture, stick-
iness) to (a) limit cross-referencing bias between hedonic 
and sensorial scales (i.e., textile and pleasantness); and (b) to 
encourage participants to focus on the verbal anchors only, 
rather than making numerical value judgements. Participants 
were informed about a subjective reference point equating 
to  very rough (the feel of dry wool); very smooth (the feel 
of dry silk), and very sticky (where the probe does not move 
on the skin at all); very slippery (where the probe moves on 
the skin without any resistance).

Before each application, the local skin temperature 
was measured using a single spot infrared thermometer 
(FLUKE 566, Fluke Corporation, USA), whilst cutaneous 
water content in epidermal and stratum corneum skin lay-
ers was measured using a dielectric moisture meter (Mois-
tureMeterEpid and MoistureMETESC Compact, Delfin 
Technologies). The skin was not treated or cleaned in a 
specific way, as cleaning or treating the skin just before 
measuring the skin would likely influence the skin friction 
results. Also, the presence of hair was not visible across 

Fig. 2   Texture, stickiness, dis-
comfort, and pleasantness scales 
used in the experiment
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the tested regions except for the dorsal forearm in both 
female and male participants. Following such measure-
ments, the friction probe with the attached 100% cotton 
textile was applied with a normal force of 2 ± 0.5 N, with 
a fixed velocity of 0.04 m/s (approximately in the middle 
of pleasantness range [33]), over a 40 mm moving surface 
for all six selected test body areas, as illustrated in Fig. 3, 
using a mixed counterbalanced order.

For all applications, the probe was applied to the skin 
for a period of 10s. At the end of each episode, the fric-
tion coefficient in skin–textile interaction was taken, and 
participants were asked to rate their tactile perception 
starting with texture, then stickiness, then discomfort and 
lastly pleasantness (Fig. 2). This test process was repeated 
three times to ascertain the repeatability. After the first set 
in which six body regions were tested following a mixed 
counterbalanced order, the second set was started in which 
test procedure was repeated. Finally, the third set was 
completed using same method. The friction device was 
replaced according to body regions between the applica-
tions, i.e., the measures of skin friction coefficient and 
perception scores were not taken back-to-back for each 
body regions. The experiment set up is shown in Fig. 4.

Also, the internal body temperature of each participant 
was taken in 10 min intervals throughout the duration 
of the study using an aural thermometer (Braun Thermo 
Scan® PRO 6000, Helen of Troy, USA).

2.5 � Data Analysis

The normal force, friction force, and friction coefficient were 
measured and saved, then exported into Microsoft Excel. An 
example trace can be found in Fig. 1. After completing all 
tests, data were processed with MATLAB (version R2011b; 
The MathWorks Inc. Massachusetts, USA).

The normality of all data distributions was confirmed 
using the Kolmogorov Smirnov test, following which para-
metric statistics were applied. Differences in friction coeffi-
cient and tactile perception across six different body regions 

Fig. 3   The name and descrip-
tion of each measurement of the 
test body areas

Name Description

Volar Forearm A posterior point halfway distal between the antecubital fossa and carpus.

Chest A point halfway distance between the nipple and shoulder line.

Torso At a point that intersects between a) 10 cm lateral of the midsternal line and b) 10 cm below of the inframammary line.

Dorsal Forearm An interior point halfway distal between the antecubital fossa and carpus.

Upper Back The point is 5cm lateral to the point in the back midline which is 10cm inferior to cervical vertebra. 

Lower Back The point is 25cm inferior to upper back measuring point. 

Fig. 4   The experiment set-up
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were analysed using one-way repeated measures of ANOVA. 
When a significant main effect was found, Tukey’s post hoc 
analyses were performed to investigate pairwise compari-
sons of the tested regions. The repeatability of static and 
dynamic friction coefficient, as well as tactile perception, 
were analysed using the interclass correlation coefficient 
(ICC), describing how strongly units in the same group 
resemble each other [34]. Paired-sample t tests were per-
formed on the mean skin temperature and aural temperature 
to assess the difference between the start and the end of each 
session. Pearson correlation coefficients were used to assess 
the correlation between the friction coefficient and tactile 
perception, and to investigate the relationship between phys-
iological measurements (local skin temperature and hydra-
tion), and the friction coefficient. The superior direction 
skin friction coefficients were used for data analysing and 
presenting herein; however, both superior and inferior skin 
friction coefficient data produced similar conclusions. Previ-
ous research has presented the data of the superior direction 
[5, 35, 36], allowing direct comparison of the results.

3 � Results

3.1 � Body Temperature, Skin Temperature and Skin 
Hydration

The results showed that mean skin temperature and aural 
body temperature did not significantly change through the 
study (32.6 ± 0.4 °C; 36.8 ± 0.2 °C, p = 0.35, respectively). 
Local skin temperature, hydration-stratum corneum and epi-
dermal level (%) measured were significantly different across 
the six body areas (p < 0.001, p = 0.011 and p = 0.004). The 
data are provided in Table 1.

3.2 � Skin Friction—Regional Differences

The static and dynamic friction coefficient significantly 
varied across the six body regions (p = 0.008 and p = 0.003, 
respectively). However, Turkey’s multiple comparison test 
demonstrated that some regions were not statically differ-
ent skin friction coefficient from others shown in Fig. 5. 
The chest showed the highest static friction coefficient of 

Table 1   The mean value and 
significance levels of the 
multiple comparisons for the 6 
skin sites are reported for local 
skin temperature, local skin 
hydration—stratum corneum 
LSkH-SC (au) and local skin 
hydration epiderma LSkH-E 
(%)

LSkT (°C), local skin temperature; LSkH-SC (au), local skin hydration–stratum corneum; LSkH-E(%), 
local skin hydration-epiderma
*p < 0.05; **p < 0.01; ***p < 0.001

Values Volar forearm Chest Torso Dorsal forearm Upper back Lower back

Volar forearm
 LSkT (°C) 32.0 ± 0.9 –
 LSkH-SC (au) 11.9 ± 5.3 –
 LSkH-E (%) 39.7 ± 8.3 –

Chest
 LSkT (°C) 33.9 ± 0.7 ** –
 LSkH-SC (au) 24.4 ± 5.9 –
 LSkH-E (%) 41.5 ± 4.4 ** –

Torso
 LSkT (°C) 33.2 ± 0.6 ** –
 LSkH-SC (au) 15.5 ± 2.3 –
 LSkH-E (%) 39.6 ± 2.5 * –

Dorsal forearm
 LSkT (°C) 33.4 ± 0.7 –
 LSkH-SC (au) 18.2 ± 2.6 –
 LSkH-E (%) 39.1 ± 5.5 * –

Upper back
 LSkT (°C) 33.9 ± 0.4 ** ** –
 LSkH-SC (au) 24.7 ± 6.9 * *** ** –
 LSkH-E (%) 49.1 ± 4.8 * * –

Lower back
 LSkT (°C) 33.5 ± 0.7 –
 LSkH-SC (au) 20.7 ± 6.2 ** –
 LSkH-E (%) 44.5 ± 5.5 –
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0.90 ± 0.19 and dynamic friction coefficient of 0.79 ± 0.20 
whilst the lowest one was dorsal forearm with static of 
0.31 ± 0.07 and dynamic of 0.25 ± 0.05.

3.3 � Skin Friction—Repeatability

The static and dynamic friction coefficient across the six-
body regions and their repeatability (ICC) are presented in 
Table 2. The repeatability (ICC) of the novel device was 
0.91 ± 0.05 for static and 0.91 ± 0.06 for dynamic friction 
coefficient.

3.4 � Tactile Perception—Regional Differences

There was a statistically significant difference across the 
body test regions in texture perception (p < 0.001) as 
shown in Fig. 6. Turkey’s multiple comparison test showed 
that body regions in the front side (volar forearm, chest 
and torso) were not significantly different from each other 
and also in the backside (dorsal forearm, lower and upper 
back). However, the test regions on the front side were 
significantly different from those on the backside.

There was a statistically significant difference between 
the test areas in stickiness perception (p = 0.002) as seen 
in Fig. 6, but according to Turkey’s multiple compari-
sons test, only the lower back and chest were different 
from each other. The pleasantness perception of textile 
statistically varied across the six tested areas (p < 0.001) 
as illustrated in Fig. 6, but according to Turkey’s multi-
ple comparisons test, only the volar forearm and dorsal 
forearm were different from each other. Moreover, people 
perceived their comfort perception differently across the 
tested regions (p < 0.001) as displayed in Fig. 6. How-
ever, Turkey’s multiple comparison test showed that body 
regions on the front side (volar forearm, chest and torso) 
were not significantly different from each other and also 
those on the backside (dorsal forearm, lower and upper 
back) did not vary from each other.

Fig. 5   The box and whisker 
graphs show the superior static 
and dynamic skin friction 
coefficient across the six body 
regions taken from ten par-
ticipants. Ten out of the fifteen 
comparisons were significantly 
different in their static and 
dynamic skin friction coeffi-
cient. However, the rest of them 
were non-significantly different, 
represented in the graph

Table 2   The intraclass correlation coefficient outcomes for the static 
and dynamic skin friction coefficient across the body regions

Friction coefficient repeatability (ICC)

Static COF Dynamic COF

Volar forearm 0.85 0.82
Chest 0.89 0.89
Torso 0.94 0.97
Dorsal forearm 0.98 0.95
Upper back 0.85 0.97
Lower back 0.94 0.86
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3.5 � Tactile Perception—Repeatability

The ICC values for the repeatability of tactile perceptions 
are presented in Table 3. The mean of six-body regions 
ICC of tactile perceptions including texture, stickiness, 
discomfort, and pleasantness were 0.94 ± 0.02, 0.88 ± 0.06, 
0.87 ± 0.05 and 0.86 ± 0.02, respectively.

3.6 � Relationship Between Skin Friction Coefficient 
and Tactile Perceptions

The results suggested that the ratings of tactile perception 
(texture, stickiness, discomfort, and pleasantness) were 
independent on static friction coefficient (p = 0.06, p = 0.14, 
p = 0.2, and p = 0.4, respectively), and dynamic friction coef-
ficient (p = 0.06, p = 0.1, p = 0.3, and p = 0.1, respectively) 
when the changes in the coefficient of friction were induced 

Fig. 6   The box and whisker graphs show the tactile perceptions, texture, stickiness, and discomfort, across the six body regions. Significant dif-
ferences shown with *p < 0.05; **p  < 0.01; ***p < 0.001

Table 3   The intraclass correlation coefficient outcomes for the tactile 
perceptions across the six body regions

Tactile perception repeatability (ICC)

Texture 
percep-
tion

Stickiness 
perception

Discomfort 
perception

Pleasantness 
perception

Volar forearm 0.95 0.88 0.81 0.85
Chest 0.96 0.78 0.84 0.88
Torso 0.95 0.82 0.86 0.84
Dorsal forearm 0.94 0.88 0.88 0.87
Upper back 0.94 0.96 0.86 0.89
Lower back 0.92 0.93 0.96 0.82



	 Tribology Letters (2022) 70:23

1 3

23  Page 8 of 12

by regional difference, and/or the range of the coefficient of 
friction values were small.

3.7 � Relationship Between Local Skin Temperature 
and Hydration, and Skin Friction Coefficient

There was a relationship between skin temperature and static 
and dynamic skin friction coefficient. (p = 0.006; r2 = 0.12 
and p = 0.007; r2 = 0.12) as seen in Fig. 7. Hydration level 
of both stratum corneum and epiderma did not impact static 
(p = 0.37 and p = 0.22, respectively) and dynamic skin fric-
tion coefficient (p = 0.54 and p = 0.19, respectively).

4 � Discussion

This study aimed to investigate the repeatability of friction 
coefficient measurements and tactile perceptions at vari-
ous regions of the human body, using a recently developed 
custom-made friction measuring device and the effects of 
skin physiological features on skin friction coefficient, and 
tactile perceptions. According to the aims, six hypotheses 
are discussed:

4.1 � Hypothesis 1—The Skin Friction Coefficient 
Would Vary Across the Six Body Regions

Human skin is the biggest organ that covers the body to 
protect against external threats [37]. It is known that skin 
temperature [38] and sweat production [39, 40] vary across 
body regions. However, knowledge is limited on understand-
ing the regional skin friction coefficient variation across the 
body. Although a small number of studies have investigated 
that the skin friction coefficient varied across the tested 
body sites [14–23], the friction coefficient in skin–textile 
interaction has not been investigated across multiple body 
regions. In this study, the friction coefficient during dynamic 
interaction between skin and textile was measured across 
six different body locations. Results from this investigation 
showed that the friction coefficient in skin–textile interaction 
varied considerably across the anatomical regions (p < 0.01) 

in agreement with hypothesis 1. The average static and 
dynamic friction coefficients were obtained in order from 
the highest to lowest as chest, torso, lower back, upper back, 
volar forearm, and dorsal forearm. It could be suggested 
that hairs at the dorsal forearm were a potential contribut-
ing factor for the lower friction coefficient in skin–textile 
interaction established, at this location in comparison with 
the volar forearm [14, 41], and hairs on the skin may lead 
to a decreasing contact surface area like surface roughness, 
which has been shown to weaken adhesion between the two 
surfaces [35]. The skin can be considered as a viscoelastic 
material so that physical features of the skin may influence 
skin friction behaviour via changes in skin elasticity, as well 
as the amount of fat and muscle tissue under the dermis 
layer.

4.2 � Hypothesis 2—Skin Friction Coefficient Across 
the Six Body Regions Would be Measured 
Using the Newly Designed Device with Good 
to Excellent Repeatability

Although the repeatability of the novel device measur-
ing skin friction was evaluated using the objective testing 
method in Temel et al. [28], evaluating the repeatability of 
the novel friction device in vivo and tactile perceptions were 
remained to be investigated. Overall measuring the friction 
coefficient is often a challenging activity due to the non-
flat surface of the human body. Therefore, this study was 
evaluated the repeatability of friction coefficient and tac-
tile perceptions across the six tested body areas, providing 
a significant contribution to support future friction-based 
in vivo evaluation activities. In agreement with hypothesis 
2, the results of the present study showed that the repeat-
ability (ICC) of static and dynamic friction coefficient val-
ues were 0.91 ± 0.05 and 0.91 ± 0.06, respectively, suggest-
ing excellent repeatability [34]. Although the day-to-day 
reproducibility was not examined in this study, Temel et al. 
investigated this in the previous experiment, and observed 
very consistent day-to-day reproducibility/ reliability using 
surrogate skins [28].

Fig. 7   The relationship between 
skin temperature and static (a) 
and dynamic (b) skin friction 
coefficient
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As previously noted, a small number of hand-made 
devices have been used to measure skin friction in previous 
studies. However, such devices were not evaluated concern-
ing their in vivo repeatability.

4.3 � Hypothesis 3—Tactile Perception Would Vary 
Across the Six Body Regions

Comfort is based on the human sensory response to clothing 
materials [42]. The type of sensation depends heavily on the 
skin–textile interaction, and the sensory receptors that are 
being triggered [43]. Although much research has been con-
ducted to understand tactile perception when skin and tex-
tiles interact [9, 30, 44, 45], there has been limited research 
in assessing tactile perceptions across various body regions. 
As such, within this study regional tactile perceptions were 
examined under the dynamic textile and skin interaction. 
Results from this study showed that regional texture, sticki-
ness, discomfort, and pleasantness perceptions were statisti-
cally different across the six body locations. As presented in 
Fig. 6, the front side of the body (volar forearm, chest and 
torso) were more sensitive in comparison to the backside 
of the body (dorsal forearm, upper back and lower back). 
Also, participants felt slightly unpleasant and uncomfort-
able on the front side compared to the backside. A possible 
explanation for this might be the variation of mechanore-
ceptor distribution over the body [10–13, 46]. Moreover, 
each spinal nerve carries somatic sensory information from 
a specific area of the skin on the surface of the body which 
is called a dermatome to the central nervous system through 
the spinal cord [47]. The level of transformation of the sen-
sory information from each dermatome might be different. 
That would be another possible explanation for the regional 
difference of tactile perception. Whilst this remains to be 
investigated, it seems plausible that the chest, torso or volar 
forearm test locations have a greater density of mechanore-
ceptors in comparison to other test sites. From an evolution-
ary perspective, another possible explanation is that skin of 
test location on the front part of the body are more defensive 
to external danger as they are nearer to inner organs and ves-
sels in compared to test areas on the backside of the body.

4.4 � Hypothesis 4—The Tactile Perception Across 
the Six Body Regions Would be Assessed 
Using the Newly Designed Device with Good 
to Excellent Repeatability

Tactile perceptions (texture, stickiness, discomfort and 
pleasantness) were assessed in the current study, where the 
repeatability of scores of tactile perceptions was assessed. 
The ICC of tactile perceptions were obtained that texture 
perception was accepted as having excellent repeatabil-
ity, whilst the remaining perceptions had a good level of 

repeatability [34]. As such, it can be concluded that the 
novel friction device outlined within the research by Temel 
et al. [28] was also successful in terms of supporting the 
assessment of tactile perception. Whilst previous research 
has investigated textile perception under the dynamic skin 
and textile interaction using a range of equipment configu-
rations [30, 45, 48], to our knowledge there has been no 
investigation into the repeatability of ratings of participants’ 
perceptions with an acceptable level of repeatability.

To conclude, the friction measurement device designed 
and evaluated using objective testing methods by Temel 
et al. [28], is shown to be successful in reliably measuring 
skin friction coefficient in vivo and supporting the assess-
ment of tactile perception. In additional to repeatability and 
reliability investigation, the day-to-day reproducibility of 
tactile perception assessment carried out by three independ-
ent operators using the friction measurement device could 
be beneficial for future research.

4.5 � Hypothesis 5—There Would be a Relationship 
Between Skin Friction Coefficient and Tactile 
Perceptions

The findings of the present study do not support hypothesis 
5, indicating that tactile perception was not related to friction 
coefficient across the test body regions when the changes in 
the coefficient of friction were induced by regional differ-
ence, and/or the range of the coefficient of friction values 
were small. In the literature the correlation between skin 
friction and tactile perception has previously been reported 
[5, 44, 49–51]. However, these studies tested various mate-
rials having different physical features, e.g., surface rough-
ness to increasing or decreasing the skin friction coefficient. 
However, the physical attributes of the contact material 
within this investigation were maintained by employing one 
type of textile and changing the skin friction coefficient by 
varying skin parameters such as thickness and elasticity by 
shifting test body areas. This approach was utilized because 
it is more representative of real-world scenarios, such as 
wearing a t-shirt or other garments with the same fabric con-
tacting different parts of the body. On the light of this find-
ing, it shows that tactile perception and skin friction coef-
ficient were distinct phenomena when the changes in skin 
friction coefficient were induced by regional difference, and/
or the range of the coefficient of friction values were small. 
It seems likely, therefore, that skin friction is related to phys-
iological features of skin (thickness of skin and elasticity of 
skin depends on age, gender and ethnicity), physical features 
of conduct material (thickness of the material, surface finish, 
roughness and stiffness), and environmental conditions [41, 
52–54] whereas tactile perception is related to the distribu-
tion or sensitivity of mechanoreceptors within the skin, as 
noted above. As such, mechanoreceptor distribution over the 
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body may go some way to explain variations in tactile per-
ception across the six body location [10–13]. It is important 
to note that texture perception can be influenced by a variety 
of cognitive factors, such as beliefs, social and cultural fac-
tors, past experiences, and present desires [43], which may 
be an interesting avenue for future research.

4.6 � Hypothesis 6—Skin Temperature and Hydration 
Would Influence Skin Friction

In agreement with hypothesis 6, the results of the study 
showed that the skin temperature and skin friction coefficient 
correlated positively. This finding supports previous research 
that the adhesion between the skin and contact material is 
influenced by the temperature of the skin [55]. In presented 
study, local skin temperature changing was provided by 
changing different body regions. Although the positive cor-
relation between the skin friction coefficient and local skin 
temperature was found, another possible parameter could 
affect this relationship, e.g., the physiological or physical 
properties of skin such as skin blood flow, skin thickness or 
skin elasticity.

The outermost layer of the skin is the stratum corneum, 
which is in contact with the testing material in skin friction 
measurements. Within the literature, this layer is regarded 
as the most important layer in terms of skin friction [56, 
57]. Therefore, the effect of hydration on skin friction is 
expected to be more pronounced. However, the findings 
of the present study do not support hypothesis 6, provid-
ing no significant relationship between the hydration level 
changing by body location and the skin friction coefficient 
was obtained. Studies within prior literature found that fric-
tion coefficient increased with increasing hydration [5, 55, 
58–60]. As such, it must be noted that within these previ-
ously published studies the hydration of the skin was artifi-
cially increased by applying water to the skin or soaking the 
skin in water for a certain period or changing environmental 
conditions, whereas in the present study skin hydration level 
was varied across a small range.

5 � Conclusion

The presented study examined six hypotheses underlying 
skin friction measurements, with key findings demonstrat-
ing that:

(1)	 The skin friction coefficient and tactile perception var-
ied across the six tested regions. The chest location pro-
duced the highest friction coefficient whilst the dorsal 
forearm location produced the lowest during dynamic 
textile interaction. Also, the participants perceived it to 

be textile interactions to be rougher on the front of the 
body, compared to the backside of the body.

(2)	 The newly established device is capable of successfully 
measuring the friction coefficient in skin–textile inter-
action in vivo with an excellent level of repeatability 
and supports tactile perception assessment activities 
with a good level of repeatability.

(3)	 The difference in friction between different body sites 
was not correlated to the difference in tactile perception 
between these body sites, providing that tactile percep-
tion and skin friction coefficient were distinct phenom-
ena when the changes in the coefficient of friction were 
induced by regional difference, and/or the range of the 
coefficient of friction values were small.

(4)	 The local skin temperature and skin friction coefficient 
correlated positively, which could be influenced by skin 
physiological and physical features, but the difference 
in skin hydration level between various body sites was 
not correlated to the difference in skin friction coef-
ficient between these body sites

The findings from this work can be useful for product 
development and to enhance the experience and function-
ality of products. However, further research is required to 
establish a complete understanding of the regional variation 
of skin friction coefficient and tactile perception of textile.
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