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Human wetness per ception of fabrics under dynamic skin contact

Raccuglia, M; Pistak, K.; Heyde, C.; Qu, J.; Mao, N.; Hodder, S.G.; Havenith, G.

Abstract

This experimentstudiedtextile (surface texture (ST), thickness) and -textile (local

skin temperature f) changes, stickiness sensation and fatarigkin pressure) factors
affecting skin wetness perception (Wil)der dynamidnteractions Changes in fabric
texture sensation between WET and DRY state and their effect on pleasantness were
also studied ST of eght fabric samples selected for different structureswas
determined from surface roughness measurements dsen¢lawabata Evaluation
System (KES)Sixteen participants assesgatric WP, at high pressure (KHH-P) and

low pressure (LOWP) conditionsstickiness, texture and pleasantness sensation on the
ventralforearm.Differences in WP (p < 0.05) were not determined by texguoperties
and/ortexture sensation Stickiness sensation and local, @rop were determined as
predictors of WP = 0.89), and although thickness did not correlgitt WP directly

when combined with stickiness sensation it provided a similar predictive fcwer
0.86).Greater (p < 0.05) WP responses inrRHWwere observed compared with LGRY
Texture sensation affected pleasantness in MR¥ 0.89) and WET(r? = 0.93). In
WET, pleasantness was significantly reduced (p < 0.05) compared to xel,due

to the concomitant increase in texture sensation (p < 0.05). In summary, undercdynami
conditions,changes in stickingssensation and WP could not be attributed to fabric
textureproperties (i.e. surface roughnes®asured by the Kawabata Evaluation System.
In dynamic conditionshicknessor skin temperature drogpan predictfabric WP only

when including stickiness sensation data.
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Introduction

Whenever we increase our activity level and body heat content, sweat productes cau
moisture to buildup on theskin. The human ability to perceivekin wetness causes
tactile andthermaldiscomfort(Fukazawa and Havenith 2009), this drivinghavioural
thermoregulatory responses (Schlader et al. 2@ifigd at maintaining homeostasis,
ensuring health and survival (Parsons 2002pabsence of visual or auditory cues, skin
wetness is perceivedia learning processe@entley 190) and throughthe central
integration ofthermaland mechanical stimuli occurring at the skiBergmann Tiest et

al. 2012; Filingeri and Havenith 2015).

A large body of researchasbeen focusingn the complex multisensory modality of
wetness perception using fabrics (Sweeney and Branson 1990a, b; Jeon et al. 2011;
Niedermann and Rossi 2012). For instance (2005) in wear trials, andecently
Raccuglia et al(2016) in local body sensorial triglhighlightedthe contribution of

cold sensatiormo the perceptiorof fabric moisture Specifically, h both studiegreater
wetnesspereption was observed iresponse t@reaterreduction in skin temperatyre

which in return was affected by fabric water cont®yt studying the contribution of

each single sensory modalifsherme and mebano- sensation)Bergman Tiest et al.
(2012) concluded that when interacting statically with a Viabric the only cue
available to pemive wetness is the thermal one. Convetsthas been recentishown

thatsome mechanicalues (fabric presseon the skin also affect perceived wetnass



static contacfupper back) (Raccuglia et &016) In fact, inheavier fabricghe higher
resultant skin pressure caasgegher wetness perception responses, compared to lighter
fabrics, despitehaving thesamewater content (Raccuglia et &016). On the other
hand,under dynamic contact (fabric manipulation) the mechanical cue, i.e. stickiness,
can improve a person’s &by to discriminae various wetness intensitigBergmann

Tiest et al. 2012).

The neurophysiological besof wetness percéjon hasbeen well documentenh the
classical workconductedoby Bentley (1900), and has seen a revival in thedastde
(Bergmann Tiest et al. 2012; Filingeri and Havenith 20¥wever, in order to
improve moisturesensatiorand thermal comfordf clothingit would be of great value
to identify the textile parameter¢hat trigger cutaneous thermal and mechanioplts
underpinningwetnessperception In addition, as single textile propes have often
been defined using a whole range of physical tests, it would be of practical value to
know which of these test parametdias the best predictive powdor wetness
perception.Only recently the role of fabric thickness as factdeterminingwetness
perceptionin saturated or in part saturated fabrics, under static skin cdrdadbeen
demonstratedRaccuglia etal. 2016).Nevertheless, under dynamic contact other fabric
parameters mighalso play a role In dynamic conditionsthe presence of moisture
increases fabric to skin frictiofGwosdow et al. 1986; Kenins 1994; Sivamani et al.

2003), sensed as higher stickinasglused as cue to perceive wetness



The mechanicahnd suraice properties dfabrics havebeen studied in the context of
endusers choice and satisfaction, leading to a series of investigations lookimg at t
relation between objective and subjectassessmeni®limaa et al. 2000; Cardello et
al. 2003; Sular and Okur 2007). On the other hand, in thentustudyfabric texture
properties will beevaluatedo assess whether g&influencethe tactile cues underlying
skin wetness perceptioin this scenario, we hypothesised that, due to a greater number
of contact points with the skifiabrics withsmoothersurfacetexturewill cause higher
skin friction and/or displacement amdll be perceivedas wetter than fabrics with
rougher surface textureFollowing from a study focusing on the static interaction
between thekin and fabris, in the current experiment wid sought tadentify the role

of textile factors, such as surface texture and thickness as well -@sxtifactors, i.e.
local skin temperature changaad stickiness sensatioan wetness perceptionnder
dynamic skin contact Additionally, (2) we aimed to observe changes in fabric

pleasantness and texture sensalbietween dry and wet state.

M ethods

Participants

Sixteen young (yrs. 22.4 = 3.5nale (8) and female (8) participantsf Western
European and North American origjngth no history of sensory related disordarsl

active at least 46 hours per weekvolunteered to participate in this study. The test



procedure and instruments were explained to each participant verballjirandht a
written information form. Following from this, participants gave written rimfed
consent fo participation.Due tothe nature of the study, participants were not informed
on the detailedaim of the study, experimental conditipmaagnitude of the stimuli
(amount of water applied)r type of fabric. The protocol and procedures involved were
approred by Loughborough University Ethics Committee. The stwdg conducted
within the confines of the World Medical Association Declaration of Helsinki for

medical research using human participants.

Specimen

Eight knitted fabrics (120 x 100 mm) selected &bfferentstructure fibre type surface

textureproperties, liickness, and treatmenigre included in this experiment (Table 1).

The fabricswere grouped in 3 main clusters according to their thickness characteristics
(Table 1) low (0.560.60 mm:; L), medium (0.961.00 mm;M) and high (2.10 mm; H
The results of this study will primarilype applied for the design obaselayers
sportswear, usually presenting low thickness characterigtiesefore four fabric

samples were included in L and only two fabric samples were included in both M and H.

Within each thickness groupthe fabrics presenteddifferent surface texture (ST)
measureds surface roughness (SMD) thhe Kawabata Evaluation Syst§iKawabata

1980) (KES; higher S corresponds to higher roughngg9able 1). During the



subjective assessments ttaee side ofthe experimental samplegas testecbnly in
wale direction therefore the KES measurements were also perform#usidirection

and usedor theestimation ofST.

The fabris were coded according to thickness grdup= low thickness; M= medium
thickness, H= high thickness), fibre type @ = cotton; PM = polyester multi-
channeled fibre crossection; P =polyester)and ST (approximated surface textyre
determined by rounding up to a whole numbe&or instanceMP2 stands foiMedium
thickness grouppPolyesterand ST of ~ 2. Table 1 reports specifications of the

experimental fabric samples.



Table 1 Specifications of the experimental fabrics grouped according to low (L), medium (M) and high (H)
thickness and presenting different surface texture (ST) measured as surface roughness (SMD) by the
Kawabata Evaluation System. Water content was defined as equal water per volume of textile. The
criterion for water content manipulation is reported in the ‘Conditions’ section.

Fabrics Thickness Thickness Fibre type Structure ST Mass Material Water
Group (mm}) (um}) (g-m?) description content
(uL)
LOW
LCO4 0.60 cotton single jersey 3.7+0.18 140 ‘fuzzy” texture 2400
LPM6 0.56 polyester single jersey 59+18 160 multi-chanelled 2400
fibre cross-section
LP3 0.56 polyester single jersey 2604 160 plain surface 2400
LP& 0.60 polyester single jersey 6.4 =06 160 profiled surface 2400
MEDIUM
MP2 0.90 polyester double jersey 190 130 silicon treated 3600
“silk-like surface’
MP3 1.00 polyester double jersey 2702 280 untreated ‘standard 4000
surface’
HIGH
HP4 2.10 polyester double jersey 3614 330 ‘smooth’ texture 8400
HPI15 2.10 polyester double jersey 15317 330 ‘rough’ texture 8400

french terry

Experimental set up

The experimental set up consisted ofalric sample an adjustablehair whereeach

participant was positioned and a fabric motign(Fig 1).

Fabric sample

To prevent water spreading acrosfabric area larger than 120 x 100 mm, each long

side of the experimentébrics (120 x 100 mm) waéitted to a non-wicking material



(200 x 120 mm)The two norwicking materialstogether with the fabrjan between,

formed the fabricample

Fabric motion rig

Each fabricsample(Fig 1) was placed in austommade lineamotionrig. The sample
was connected to a motor driea one side and to a counterweight on the other side.
The fabricsamplecouldrun over two rollers, creatinghorizontal area of stimulation.
Under this areathe right forearm of each participant was placedto a height
adjustablearm restsuch that the fabric touched thentralforearm. The latter’'s setting

was adjustable vertically to ensure equal pressure/ contact area in diffezearssz

The ventral forearm was selected as body region of intenegtactical easons. In fact
this body site allowed easy applications of the fabrics in relation to thendaisibe
motion rig, yet maintaining the comfort status of {barticiparis during the trial
Additionally, it has been indicated that the ventral forearm ptesiege same sensitivity

to cold as the upper back (Parsons 200®refore the results can be compared with the

existing literaturdSweeney an@ranson 1990a; Raccuglia et al. 2016).

A dividing wall was mounted onto the fabric motion rig, approximately half way
between the forearm and the arm of each participant. With this setting the patsicip
could not see the experimental textile samplefore, during and after the application

process, therefore any visual influence on the perceptual responses was prevented.



Each fabricsamplewaspulled bidirectionallyacrosshe skin at a velocity of.02 m.§".

Two fixed levels of pressureere applied:127 Pa (LOWP) and 236 Pa (HP). The

order of this two pressure conditions was counterbalalited method to measure
fabric-to-skin pressure is reped in the Conditionsextion) The rangeof travel of each
fabric was of 5 cm per stroke, with a total of 8 strokes per fabric, 4 toward the medial

forearm and 4 toward the lateral forearm.

Test fabric

Roller Roller

Height adjustable
armrest

Non wicking
fabric
Non wicking
fabric

Motor
Drive Counterweight

Figure 1. Schematic representation of the Fabric Motion Rig and experimental set up.

Adjusting chair and participant position



A chair was positioned at a standard distance fromfahac motion rig. After each
participant settledn the chair, the investigator adjusted the positicth@participant’s
right forearmon the armrestThe posterior margin of the olecransas placd in line
with the posterior edge of the armrest, the dorsal side of the foreasmocatedn
contact with the armrest and the ventral si@gesleft exposed, to allovthe application

of the samplesBecause of individual forearrshape and size differences, to ensure
standard level of contact between the sample andethigalforearm, each forearm was
maintained at a distance of 2 @hovethe rollers of thenotionrig. Additionally, the
height of the chair was adjusted to ackistandard position of the foreanmrespect to

the arm (98 angle), which varied based on the individual height of the participants.

Conditions

The fabric samples were tested in wet (WET) and dry (DRY) shat&VET, the
samples were all treated with @mount of water corresponding to 50% of their total
absorption capacifyaccording to the wetting proce@udescribed in Raccuglia et al.
(2016). This amount was shown to deliver the saquantity of water per unit of

volume of the different fabrics.

Water absorption capacity was determined according to the ‘water absargpacity
test’ described byTang et al. 2014)For the test a fabric sample (100 x 100 mm) was

put into a tank of water and 5 min was allowed for it to sink completely into water.
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Following from this, the fabric was taken out by tweezers and hung onto a rod werticall
until there was no water dripping within a 30 seconds interval. The water gain was

calculated according to:

Water absorbed (L) = [wetF (g) — dryF (g)] = 1000 %L

Where,
wetF, is the weight of the saturated fabric (g);
dryF, is the weight of the dry fabric (g).

Thefakrics were wetted 30 min before theperimental trial, in accordance to the order
(balanced)of application during the human sensorial assessnteath fabric was
positioned onto a plastic film andater was added by using a micropipe®eiQuip
LTD, Newtown, UK positioned at a fixed disnce of 10 cm perpendicular to each
sample and pointing at its centre. When the water was in equilibrium with the, fabr
(specifically, when the water spread out uniformly across the sample; oibks t
approximately 1 minutegach fabric was placed intoptastic bag which was securely
sealedto prevent water evaporatiofo water dripped from the samples inside the
plastic bags during the storage peri@iven thatwithin each group the experimental

samples had same thickness and same voltimefabricsalso presented theame
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relative to volumewater conteniuL-mmni°) and sameor almost the sameabsolute

water contenfuL- mni®) (Raccuglia et al2016) (Table 1).

The fabricswere alsotested in the DRY condition to observe changes in texture and
pleasatness sensation between WET and DRY. In the DRY condition no water was
added to the fabric sampleshich were in equilibrium regaiwith the environment
(25 °C ambient temperaturend 40% relative humidity) In DRY the pressurapplied

was 0f127 Pasame as LOWP condition, see below).

To confirm the role of resultant fabric to skin pressure on wetness percegsion,
observed under statmontact (Raccuglia et a2016), within the WET condition each
fabric sample was tested at two pressure levelg:dressure of 127 Pa (LOW) and
high pressure of 236 P&lIGH-P). The two pressure conditions weaehievedusing
two different counterweight200 g and 300 @), attached at one end of each
experimental sampleand mountedn thefabric motionoperator ig (Fig 1) Extensive
pilot testing were conducted to define the two resultant skin pressures. Resoétethdi
that a pressure of 127 Pa represented the Igvessiblepressure applicable in order to
ensure enough tensiameach WET fabric sample during tpalling process across the
skin and to avoid stickingrheHIGH-P of 236 Pa was chosen with the aim of adhigv
perceivable differences from the LQOW condition without applying excessive
mechanical stimulation. Given tisgynificanty higher weight of the two counterweights

compared to the individual wet weight of each fabric sample {#2080 g), the effect

12



of fabric weight on resultant skin pressure was negligible mEasurethe pressure
resulting from the applicatiorof each fabric sample plus attached clamp and
counterweight, aalibratedelectronic weighingscale PSK 3603, Kern, UK), with a
maximum load of 36Qy and a precision of 0.001 gyas usedA cylinder with a
forearmlike shape made of hard foapmwas placed on the measuring scale and each
fabric, at both LOWP andHIGH-P, was positioned on top of it. The two weight
readings (g) were recorded and from these the two corresponding applietga¢Bs),

assuming surfacecontactarea of 10 x 10 cnwere calculated according:
Pressure applied (Pa)Weight reading (kg) * 9.81 m“ contact area (A
Study overview

Fabrics were assessed in @megle experimental trial includin@ different conditions:

DRY; WET LOW-P; WET HIGH-P. Replicates of the 8xperimental fabric samples

were tested under the 3 different experimental conditions, therefore aft@tlfabric

samples were tested during the experimental tdalv fresh fabric samples were used

for each participantThe fabrics were assessedngsa quantitative sensory test, which
consisted of placing, in counter balanced order, the 24 samples on theemgtat

forearm of each participant. Participants reported their local texturateensvetness
perception, stickiness sensation and pleasantness sensation on ordinal scales (see

Measurements section). Prior to the experimental trial, participants waréafsed

13



(~15 min) with the experimental protocol, procedures and instruments used in the
present study. The experimental trial was cotetlicimmediately after the
familiarisation session. Ae experiment was performed in a climate controlled room,
maintained at air temperature 28.8 + 0.2 °C relative humidity39 = 0.7% and air

velocity < 0.05 m/s to ensutkermaneutrality of the partipants throughout the trial.

Experimental protocol

In the experimental trigparticipants entered the controlled climatic room and were
positioned comfortablyon the adjustable chawearing standard -$hirt and shorts.
Participants positioned their forearm on the armrest of the mopierator A reference
fabric sample (120 x 100 mm) was placed on the skin, with the long sides of the sample
perpendicular to the longitudinal axis thfe forearm and two lines next to these two
sides were drawn on the forearm to identify the fabrics’ area of applicdhencentre

of the sample was positioned ZBovethe distal margin of the carpubelength of the
ventral forearm was 27 cmand t wasmeasured fronthe distal margin of the carpus

to the coronoid fossaParticipants were then instrumented witlwo thin skin
temperaturesensorgsee Measurements sectipir) the skin area in contact with the
fabric, and with temperature sensors across the body to measure body skiatteeper
After this, participants rested for 20 min to allow time for skin temperature to stabilis
After the stabilisation period the investigaapplied on the participantentralforearm

six reference fabrics, two for eadndinal scale each corresponding to one of the two

14



extreme points of texture, wetneasd stickiness scale. The reference samples were
chosen after extensive pilot studi€pecifically, a dry wool (very rough) and a dilks

(very smooth) materials were selected as references for texture sensaticsariples

of the samepolyester fabricwere used as ‘extremely dry’ (no water added) and as
‘extremely wet’ (50 % of the total saturation) references. For stickinesst silk fabric
(extremely sticky) and a cotton fabric (rsiicky), both presenting same thickness and
water content, were chosen as referenddé®e score of each reference fabric was
reported by the investigatarho also informed the participathat the intasity of the
subsequent fabrics would not exceed the range of the two references for aach sc
Following from this, each experimental fabvias applied on thparticipants’ventral
forearm moving for a period of 20 seconds. Participants were alertedthay
investigator before the application of each fabric. At the end of the 20 seconds,
participants were encouraged to verbally report their texture sensationeswet
perception, stickiness sensation and pleasantness for the stimulated body ragete usi
four ordinalscales. Afterl5 seconds of applicatiolocal skin temperature was recorded.
After 20 seondsthe fabric sample was removed and a dry cloth was placed onto the
tested body area to avoid any chilly sensation, consequent to the evaporatign of an
remaining water on the skin. The tesgih area was then gently wiped with the cloth
and dried by blomg warm air; this took approximately 2 min and allowed temperature

and hydration state of the skin to return to baseline before the application of the

15



following experimental fabric. Additionallysince the repeated application of dynamic
wet stimuli can dcrease thermal and tactile sensitivig/ min of rest, before the
subsequent fabric application, allowed the recovery of the sensory system.mide sa
protocol was repeated for each of the 24 fabriesch experiment (stabilisation,
familiarisation and experimentaidl) took approximately 2 hosand @rticipants were

instructed to ask for a rest whenever they felt uncomfortable.

M easur ements

Surfacetexture

To characterise the surface texture of the experimental fanitzce roughnegSMD)

was measuredsingthe Kawabata Evaluation System (KE&hr the measurement a
sensor contacts the surface of the fabric under a constant normal force. The sensor
consists of a metallic rod connected, in its freed end, to a thin wire with a U shape.
Surface roughness is calculated from electrical signal generated by the vertical

displacement of the sensor contacting the fabric surface.

Skin temperature

Local skin temperature during the contact with each fabric was meagitingd/o fine
wire (0.025 nm dianeter, time constant of 0.003 sec.) type T thermocouples (RS

Components, Northants, UK). The thermocouple temperatures were monitored and

16



recordecevery second throughout the application of the stimulus via a Grant Squirrel
SQ2010 data logger (Gralmstrument Ltd., Cambridge, UKJocal skin temperature
was calculated from the mean of tin® measured spots. Local skin temperature drop
(Local Tsx Drop), resulting from the application of each wet fabric saropléhe skin,

was calculateaccording to:

Local Tsx Drop= PRE Local Tx—POST Local Tk

Where:

PRELocal Teis the local skin temperature before tipplication of the wet fabric

(baseline) in °C.

POST Local is {is the resultant local skin temperatueeorded at second 15 during

the application perioah °C.

Before testingthe thermocouples were calibrated by placing the measuring junction of
each thermocouple in a circulating water bath whose temperature was monitorad with

certifiedmercury thermometer.

To ensurghermaneutrality skin temperature of 5 body sites (check, abdomen, upper
arm, lower backrd back lower thigh) was measutbdoughout the experimental trjal

with iButtons wireless temperatuloggers (Maxim, San Jose, USA). From these five

17



body sites, mean skin tempena&sampled every minutejas estimated according to

the work of Houdas and Ring (1982).

Texture

To assess perception of fabric texture, i.e. roughness and smoothness, an ordinal bipolar,
balanced scale was developed (Fig 2: A). To prevent fathette the scale had a
neutral (O)point inthe middle, corresponding to ‘Neither rough nor smooth’. From zero

to 9 (rogressivancrease in texture), the scale presented different levels of roughness,
whereas from 0 to9 (progressivereduction in texture) differenmagnitude of
smoothnes were displayed. During the scoring process participants were indttacte

first associate the texture of tlsample with one of the two attributes, i.e. rough
(positive side) or smooth (negative side) and then to repomagaitudeof the specific

attribute chosen.

Wetness

A 30 poins unipolar ordinal scale (Fig 2: B) was adopted to assess fabric wetness
perception. The scale ranged from 0 to 30, presenting descriptors at point 0, 5, 10, 15,

20, 25 and 3QRaccuglia et al2016).

Stickiness

18



Sensationof fabric stickiness were assessed using a unipolar ordinal scale, ranging
from O (Notsticky) to 12 (Extremely stickyand intermediate descriptors at podnt6

and 9 (Fig 2: C).

Pleasantness

A bipolar, balanced ordinal scalas developetb assess phsantness sensation of the
tested fabric samples (Fig 2: D). Same as the tesemsation scale, this scale presents
an unforced choice at the middle point O (Neither pleasant nor unpledsant)-2, 4

and 6 were linked to the descriptors indicatipgpgressive reduction in pleasantness,
whereas points 2, 4 and 6 were linked to descriptors indicating progressive ingrease i

pleasantness.

19



A TEXTURE
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s 4+
I =
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Very wet
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Barely wet

Dry

Extremely dry

12—

9

0

D.

C.
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pem  Extremely sticky

Very sticky

Sticky

prm Sightly sticky

b N Ot-stiCKY

PLEASANTNESS

6

e \/ery pleasant

Pleasant

e Slightly pleasant

Neither pleasant
nor unpleasant

e S ightly unpleasant

| Jnpleasant

e \/ery unpleasant

Figure 2: A texture sensation scale; 2:
pleasantness sensation scale.

Statistics

B wetness perception scale; 3: C stickiness sensation scale; 2: D

The independent variables were: fabric thickness, fabric sutdatgre skin pressure

(HIGH-P versus LOWP), wet state (DRY versus WET). Dependent variables were:

Local Tsx Drop, meanTs, texture sensation, wetness perception, stickiness sensation

and pleasantness.

Data were tested for normality of distribution and homogeneity of variande wit

ShapiroWilk and Levene’s tests, respectively.
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One way repeated measures ANOVA tests were conducted to assess whethEgi mean
was significantly different over time (¥055) and whether there were differences in
local Tsk Drop (normalised data from baseline) betwdalpric samples tested under

WET.

Texture, wetness, stichkess and pleasantness sensatiata were measured through
means of ordinal scales aatboviolated the assumption of normality of distribution,

therefore for the statistical analysis Roarametric tests were conducted.

The main effect of fabric surfadextureon wetness perception (WET) was tested by
Wilcoxon Signed Rank test féd and H(2 levels of comparison81P2 andMP3for M,
HP4 and HP15 H) and by Friedman analysis of variance testlf@W (4 levels of
comparisonsL.CO4, LPM6, LP3, LP6. Friedman test was also conducted to test the
main effect of fabric surfaceextureon texture sensation. Where significant effect was

foundpost hoc analysis was conducted by Wilcoxon Signed Rank Test.

Wilcoxon Signed Rank tests were conducted to test the main effect of resaltdntd
skin pressure on wetness perception (2 levels of comparison for each fabtiQW-P
versusHIGH-P) and the main effect of wet state on texture sensatioipleasatness

sensation (2 levels of comparison for each fabric, i.e. DRY versus WET)

Regression analyses were performed to observe the relations within andnbetwee

objective (i.e.Local T Drop, fabric total water content, fabric thickness, surface

21



texture) andsubjective (i.e. wetness perception, stickiness sensation, texture sensation)
variables, using data from group means. To choose the most suitableioagmesdel,

linear and second order polynomial analyses were performed for each subject.
Individual ¥ values for linear and second order polynomial models were statistically
compared using paireetest. The regression modélat explained the highest variance

was then chosen for the analysis of group mean data.

In all analyses p < 0.05 was used to esthldignificant differences. Parametric data are
reported as means * standard deviation (SD). Data were analysed usingwaeesoft

IBM SPSS Statistics (version 22) (IBM, USA).
Results

L ow pressure (LOW-P) condition

Wetness perception

In L (0.560.60 mmthickness) ample LPM6 was perceived significantly dryer (p <
0.01) than the other three samplé€Q4, LP3, LP6), whereas none of these three

samples(LCO4, LP3, LP6)significantly differed from each other (p > 0.08&)ig 3

panel B.

In M (0.9-1.00 mm thicknesdyIP2 was perceived significantly wetter (p = 0.008rth

MP3 (Fig 3, panel B.
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No significantly different wetness perception responses were fourd (.1 mm

thicknes$ betweerHP4 andHP15(p = 0.459), (Fig 3panel B.

N
]
=
n

[J L(0.56 - 0.60 mm)

- .

O
O

a

B M (0.90 - 1.00 mm)

T drop (°c)

M He10mm)

o
)
.

O J
Extremely wet 30

Very wet 25 -
Wet 20 A [ * [ {
Slightly wet 15 ~
Barely wet 10 A
D 5|3 |2

v o| |& & &

| - - -

Extremely dry 0
Total Water Content (uL) 2400 2400 2400 2400 3600 4000 8400 8400

Figure 3 Panel A: average local T (skin temperature) Drop from baseline (normalised data) in response
to the dynamic application of each WET fabric sample in each thickness group: low (L), medium (M) and
high (H). Panel B: * Significant differences (p < 0.05) in wetness perception responses between fabrics
within L or M.

Mean and local skin temperature
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Mean skin temperatu@ampled everyinute), averageavertime, was 33.9 £ 0.02 °C

and did nosignificantlychanggp <0.05) throughout the trial.

Baselinelocal T¢x was 32.3+ 0.2 °C and was not significantly different (p < 0.05)

between each prapplication or condition (DRY, WET LOVW?, WET-HIGH-P).

Local Tsx Drop (data normalised from baseline), in response to the appliaHtidre
wet fabrics was not significantly differentvithin each thickness group: p = 0.BbL
(0.560.60 mm thickness), p = @8n M (0.94.0 mm thickness) and p =90. in H(Fig

3, panéA).

A positiverelation was observed betweeetness perception ana¢al T Drop  (r* =

0.48, p = 0.008]Fig 4).
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Figure 4: Relationship between wetness perception and local Tsk (skin temperature) drop in WET, LOW-P
(low pressure) condition. Fabrics grouped according to L (low), M (medium) and high (H) thickness.

Relation between wetness perception and stickiness

A linear positive relation (r* = 0.64, p = 0.007) was observed between fabric wetness
perception ad stickiness sensation (Fig). Nevertheless no relation was found

betweerstickiness sensaticard sample water contei®= 0.009, p = 0.82).
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Figure 5: Relationship between wetness perception and stickiness sensation of the experimental fabrics
tested in WET LOW-P (low pressure) condition. Fabrics grouped according to L (low), M (medium) and
high (H) thickness.

Relation of stickiness sensation and wetness perception with texture sensation and

surface texture (ST)

In WET no relationship was observed between stickiness sensationteande

sensation(r* = 0.087, p = 0.4Bnor between stickiness sensation and surface texture

(r*=0.11, p = 0.42).
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Wetness perception was not relatedietcture sensatiofr® = 0.003, p = 0.96 neither to

surface textur¢r® = 0.001, p = 0.89).
Relation between wetness per ception and fabric thickness

No significant relation was observed between wetness percegtidfabric thickness
(r*=0.29, p = 0.166) (Fi§). The lack ofrelationwas mainly caused Habric MP2 and
LPM6, perceived as the driesind the wettestmateria, respectively In these two
fabrics (PM6 and MP2) the lowest and the highest wetness perception resparse
not drivenby their thicknessor water conten{uL-mm?), but rather to their resultant

stickiness sensation (MRP2ost sticky LPM6 least sticky Fig 5).
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Figure 6: Relation between fabric wetness perception and fabric thickness in LOW-P (low pressure)
condition. Fabrics grouped according to L (low), M (medium) and high (H) thickness.

Texture sensation and surface texture (ST)

In DRY alinear positive relation was observed betweéabric texture sensatioland
surface textureST) (r* = 0.79 p < 0.00% (Fig 7a). The linear modeWas highly
dominated by the roughest fabric HP18Bhen excluding this samplgiP15)from the
model the relatiorappeardessclear and only approaehsignificance(r*= 0.55, p =

0.06).
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In WET the relationbetween texture sensation asutface textureST) wasless clear

compared to DRY and only approached significarce (x48, p = 0.06]Fig 7b).
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Figure 7a. Relationship between fabric texture sensation (in DRY) and surface roughness (ST), 7b
relationship between fabric texture sensation assessed (in WET) and surface roughness (ST). Fabrics
grouped according to L (low), M (medium) and high (H) thickness.
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Wetness perception predictors

In order to define factors affecting fabric wetness perception under dynantacico
stepwise regression analysis was conducted.ttisranalysistextile factors, such as
fabric thicknesandsurface texturas well aontextile factors such asocal T Drop
andstickiness sensatipwere imputed as independent variables and wetness perception

as dependent variable.

Fabric surface textureand/or texturesensationdid not appear as relevaptedictors.
Wetnessperceptionwas described bystickiness sensation arndcal Tsx Drop as the

predicting variablegTable 2 MODEL 1), giving an explained variance of 8&
Wetness perception = 4.338 + Stickiness * 1.059 + Tsk drop * 5.583

Fabric stickinessensation was the main predicteith a relatively larger Beta value at
0.64 (p = 0.008), whildocal Tg drop was found to make a significant additional

contribution to the predictive model (f = 0.53, p = 0.01Y.

Thickness alonalid not predict wetness perception (Fi§), mainly because of the
latter’s interaction withstickiness sensatiotiowever whenreplacing‘T s drop’ with
‘thickness’ and includingstickinesssensatioha similar prediction modebf the one

above is obtaineft’= 0.86, p = 0.003) (Table 2, Model 2; Fig 8).
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Figure 8 Representation of the prediction model of wetness perception (fabric stickiness sensation and
fabric thickness as main predictors). Fabrics grouped according to L (low), M (medium) and high (H)
thickness.
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Table 2 Stepwise multiple regression analysis of wetness perception under LOW-P (low fabric to skin

resultant pressure) condition.

Unstandardized Standardized
coefficient coefficient

Perceptual Predictor B SD 5 t Sign. F r?
variables variables error
MODEL 1 (Constant) 4338 2.693 1.758 006 22.051 .89
Wetness Stickiness 1059 247 642 4290 008
Perception

T, drop 5583 529 529 3529 017
MODEL?2 (Constant) 0.444 1.940 4.869 .005 15322 .86
Wetness Stickiness 1247 277 756 4493 006
Perception

Thickness 1.985 17 466 2.770 .039

High pressure (HIGH-P) condition

Wetness perception scores

Perception dta from the high pressure conditiddlGH-P) weretypically higher but

showed similar patterrte those obtained in the low pressure conditlddW-P).

In L (low thickness group)lPM6 was againsignificantly dryercompared tdahe other

three fabrics (p < 0.001),CO4, LP3 and LP6, whereas these three latter were not

significantly different fom each other (p > 0.05). In tfhedium thicknesgroup MP2

was perceived significantly wetter th&#P3 (p < 0.05) whereas in Hhigh thickness

group HP4andHP15were not significantly different (p > 0.5).
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A linear relation was observed between WP and stickiness sensatiod. {8, p < 0.05)

whereas no correlation was observed between WP and thickness.

LOW-P andHIGH-P scoreswere compared to assess the role of resultant fabric to skin
pressuren wetness perceptiom HIGH-P samples were perceived significantly wetter
(p < 0.05) compared to the LOW condition, apart frorhPM6 and MP2 in which the

differences were not significafp = 0.318, p = 0.975, respectively) (Fig 9).

E LOW-P B HIGH-P

5%
*

Extremely wet 30

Very wet 25

Wet 20

Slightly wet 15 -
Barely wet 10 -

Dry 5 1

Extremely dry 0 -
LCO4 LPM6 LP3 LP6 MP2 MP3 HP4 HP15

Fabrics

Figure 9 * Significant differences (p < 0.05) in fabric wetness perception between LOW-P (low pressure;
grey bars) and HIGH-P (high pressure; black bars).

Texture and pleasantness sensation
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Fabric pleasantness showed a significant relationship (secondpotgieromial fit) with
texture sensation in both DRY?E 0.93, p < 0.0013nd WET (* = 0.89, p <0.001),
(Fig 10). Pleasantness was also significamtjated(second order polynomial fityith
ST in DRY (r* = 0.75, p < 0.00pand WET(r? = 0.39, p < 0.0p although in WET the

modelpresentec less predictive power.

Pleasantness sensation was significantly redutdUET (p < 0.05) compared to DRY,
apart fromLPM6 and HP15which did not present significant differendestween the

two conditions (p = 0.53, p = 0.14#espectively)

Texture sensatiomncreasedin WET compared toDRY, however the increase was

significant onlyin sampleLP3 (p = 0.05),LP6 (p = 0001) andvIP3 (p = 0.03).
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Figure 10 Relationship (second order polynomial fit) between fabric texture sensation and pleasantness
sensation in DRY (diamonds symbols; solid curve) and WET (triangles symbols; dots curve) condition.
Fabrics tested under LOW-P (low pressure) condition.
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Discussion

The aim of the current study was to identifie textile propertiestriggering cutaneous
tactile and thermal inputs underpinning wetness perceptiatynamic skin contactn

order tocorrect for volume/thickness differences faoric water contentthe same
relative to volume water amountl{(-mm™) wasapplied,the lattercorresponding to the

50% ofthe fabric'stotal saturation.

We hypothesised thadue to a greater number of contact points with the $kiotics
with smoothersurface texture will cause higher skin friction and/or displacement
sensed as higher stickiness and associated with greater wetness perCept@nsely

to our research hypothessickiness sensatioand wetness perception did not show
any correlation withthe fabric textureproperty determinedby the KES systenand/or
with texture sensatigrandwhenconductingmultiple regression analys#se latterwere
not identified as relevanpredictors.Nevertheless, wetness pertiep was related with
fabric sticknesssensationtherefore we could not totally reject aesearchypothesis.

In fact, we speculatéhat the lack of correlation wamt due to a fundamental issue, but
rather toa methodological issue, i.e. the Kawabata Evaluation system may @t be

appropriateaestmethod topredictstickinesssensatiorof wet fabrics

With regard towetness perceptiothe earlier observed relation to fabric thickness and

skin cooling in static tests (triggering thermal responBesrcuglia et al. 20)6vas not
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observed here. However, when including stickiness sensatiotharelore, correcting
for the tactile responsesfabric thickness washown to be avalid predictor and
significantly contributd to the total variance (86 %) fabric wetness perception under
dynamic skin contactoo. Similarly, when selecting locakkin temperaturedrop
(thermal cuelogether withstickiness sensatioagtile cue) asindependent variables
an evenbettermodelof fabric wetness perception is obtainealaining89 % of the
total variance), indicating that the fabric thickness #rtsugh its relation with the level
of skin cooling based on the higher absolute water content of the thicker fablice
with our previouswork on static contac{Raccuglia et al. 2016)lso in dynamic
contact under conditions of higher fabrto-skin pressure(triggering mechanical
stimuli), greater wetness perception responsege observed. The latter suggests that

fabric weightcanhave areffecton wetness perception.

Finally, comparisons of texture sensation between wet and dry states ohdicate
under wet conditions fabrics felt more texturized compared to dry, causing oeduati

pleasantness sensation.
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Wetness per ception and surface texture

Due to the critical impact dfctile sensitivity on wetness perception Wwgpothesised
that fabric texture propertiemnd/orsensationcould affect wetness perception through
changes in skin tactile responses, such as stickiness senisapiarticular, we expected
the wetsmoother surfaces twausehigher stickinessensationthe latter likelydue to
the higher numbeof conact pointsbetweerthe skin and the fabri@alsocausinghigher

skin displacement compared to the rougher surfaces.

Two of theeight experimental fabricfLPM6 and MP2) presented different wetness
perception responses comparedhosefabrics presentingame water conterEig 3).
However, thee differences could not be attributed tbe measured fabric texture
propertiy, per se For instance, in the low thickness group,(LPM6 was peceived
significantly dryer thanLCO4, LP3 and LP6, and althoughLPM6 was rougher than
LCO4 andLP3 it was not rougher thabhP6 (Table 1). Additionally,LCO4, LP3 and
LP6 presented theame wetness paption scoregFig 3), despite differences surface
texture Similarly, in the high thickness group jHdespite the surte texture of
samplesHP4 and HP15was considerably differen8.65 versusl5.3 respectively, no
significant differences in wetness perception were obsdfigd3). On the cotrary in

M (medium thicknesgiroup wetness perceptiowas significantly differenbetween
sampleMP2 andMP3 (Fig 3) even though the difference in surfaesturewas quite

small (1.9 versus 2.7, respectively).
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The abovanentioned observations are validated by the lack of correlations between
stickiness seradion and surface texture as well as between wetness sensation and
surface textue, indicating that changes in stickiness sensation and related wetness
cannot be attributed tine surface texturgparameteli.e. surface roughnesspeasured

with the Kawabta Evaluation Systenit could be argued thahe ST of the samples

was not different enough to show its influence on stickiness sensation (betweial 2.6
6.4, except for HP15 in which it was 15.Bjowever, despite these small differences in

ST the participants couldense significandifferences in texture across the fabric
suggestingthat the Kawabata EvaluatioBystem isnot sensitive enough amot as

sensitive as humans.

The significant diffeencesobserved within the same thickness group, between
fabrics presenting same absoluteLémm™) and relative water contenpl(-mm™),

suggestthat certain surface and textureropertiesmight still affect the mechanical
interaction between the skin and the fabric under wet condititdmsever,in order to
asses this, other measurdsgferent from KES or more suitable means able to

characteriséabric surface properties are needed.

In L (low thicknessgroup, LPM6 performed as the best fabric in terms of wetness
perception, being perceived as drier tHa®O4, LP3 and LP6. Fabric LPM6 is a
polyester materiah which he fibre crossection consistof a series of closely spaced

channels (either tetr@r hexachannels)ncreasing the total surface area &mdlitating
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the capillary actionAs such,the theory is that moisture is wickedong the fibre
surfaceand spread across a widabric surfae area, enhancing evaporation. Hence, in
LPMB®6 the faster evaporation rate should have resulted in a higher local skin temperature
drop from baseline, however this was not the case (FgpBel A. Therefore it is
possible that thduzzy structure ofLPM6 reduced the skin adhesivenehsing the
application process, causitmver stickiness sensatiqfig 5 and wetness perception

On the other hand, differences in fibre type betwe€®4 (cotton) andLP6 or LF3
(polyester), did notletermine changes in surface texture such as to affect stickiness
sensatiorand related wetneggrception Similarly, the substantial difference in surface
texture betweenLP3 and LP6, as well as betweeHP4 and HP15 did notinfluence
stickiness sensation or wetness perception. These two pairs of fadmtickfferentknit
structure, butthe yarn type was identicalhe latter suggests that changing the knit
structure might not affect the mechanical interaction between the skin afabtite
however the effect ojarn shapewvas not investigatedrinally, MP2 was perceived
significantly wetter andtickierthanMP3. Even in this case these differencesild not

be attributed to the textuggarameters measured by the Kawabata Evalu&ystem

given that the difference in surfatexturewasminimal (1.9 inMP2 versus 2.7 itMP3).
Neverthelessit is likely that the silicon treatment applied kP2 causedhigher
adhesiveneswith the skin under wet conditionsesulting in higher stickiess sensation

and wetness perception.
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The role of tactile-sensitivity on fabric wetness perception

Unlike fabric surface texture, stickiness sensation was related to wetnesptiper.
When the fabric and/or the skin is wet the higher adhesiveness (Nacht et al. 1981)
increases the frictional force between the two surfédasht et al. 1981; Kenins 1994)

In normal wear onditionsthe higher adhesiveness occurs in response to the increase in
the size of the cells of th&ratum corneum, when it iswet, which result in a higher
numberof contact poirg between the fabric and the skin (Gwosdow et al. 1986). This
higher frictional force may cause greater skin displacement, sensed bytdhecous
mechanoreceptors as higher stickiness and perceived as greater éiimesteckiness
sensation was not related to fabric water content, likely betaeisxperimentdbbrics

were tested under the same saturation level (50%). Additionally, givemhéhaame
pressureondition was appliedhe individualweightof the fabric, pressing on the skin

did influencestickiness sensation. Based on this, the skin mechanical stimulation when
in contact with a wet material might be affected by vari@gsors and it seems not as

straight forward to identify a single parameteiggering stickiness sensation.

The contribution of tactilsensitivity to wetness perception is corroborated by the
significantly different responses between high and low pressure conditadsts
observed under static conditiofRaccuglia et al. 2016)In fact, almost all of the
experimental fabrics were perceived significantly wetter under higher arechgo

lower pressure conditi@nConversely, Filingeri et al(2014b)observed a diminished
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wetness perception when increasing the contact pressure of the wet stimlikd tapp

the skin. In Filingeri’'s et al. study (2013) a significantly higher conpaessure was
applied compared to the current stu@iyQ000 Paversus 260 Pa suggesting thathere
might be aU-shaperelationship between wetness perception and contact pressure.
However, a contact pressure of 260 Pa seems more refalighe current applications
therebre reducing théabric-to-skin pressure is recommended for the desigdathing

with reduced wetness perception.

The significantrelation between wetness perception and stickiness sensation as well as
the role of fabrieto-skin pressureindicatethat wetness perception can be manipulated

by changing theactile stimulationof the skin In practice,using fabrics with reduced
stickinesssensatiorfeatures together with the use of lightweight materiedés help the

clothing industry in designingarmentswith reduced moisture discomfort.

The role of thermo-sensitivity on fabric wetness perception

In line with the earlier results obtained in static applicatigteaccuglia et al. 2016a
significant relation was observed between wetness perception and local ski
temperaturedrop With the increase in fabric water contetite drop in local skin
temperature also increases, the latter sensed as higher cooling and associated with
greater wetness perceptiofabric waer content is mainly influencetty fabric

thickness(Raccuglia et al. 2016). Becausetlogé important relation between these two
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parameters, fabric thickness has been indicated as a critical factor affectimepavet

perception under static fabrio-skin contact (Raccuglia et al. 2016).

In the current dynamic conditiomo significant relations were observed between
wetness perception and fabric thicknel®wever when examining the model, it is
evident that the lack of relatiomas mainly caused by two fabrickPM6 and MP2.
These two fabricglid not fit in the regression lindecause of their significantly higher
and lower stickiness sensation, respectively. [&tter suggestthatunder dynamic skin
contactfabric thickness can predict fabric wetness perception only when considered in
combination withstickiness sensation. This watown by the multiple regression
analysis which indicated stickiness sensation and fabric thickness as valtgoredi

wetness perception®(r 0.86).

Because of the correlation between local skin temperaitop an thickness/water
content(Fig 4) a similar prediction model is obtained when replacing the variable
‘thickness’ with ‘local skin temperaturedrop’. Indeed, when using local skin
temperature drop, instead of thicknasgjether withstickiness sensation as variablas
stronger prediction model is obtaine@l£r0.89) This means thdbcal skin temperature
dropis asbetter predictor than fabric thicknassdynamic conditions, pointing towards
the temperature drop being the mechanism of actionfadm@ thickness showing an

effect due to its correlation with thisased on water content for evaporative cooling.
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Pleasantness and texture sensation of dry and wet fabrics

Pleasantness and comfort are criteria commonly used by the users whengselectin
fabrics and clothing.Pleasantness wasignificantly reduced when fabric texture
sensation increade(Fig 10). The significant relation between texture sensation and
pleasantness indicatéhat fabric texture is an important parameter to consider in terms
of clothing acceptability, in addition to wetness perception and thermal comfort.
Interestingly, under wet state fabtiexture sensation significantlgareased compared

to dry and resulted in a concomitant reduction in fabric pleasardeasationin line

with this, Gwosdow et al(1986b) indicated that fabrics feel more textured as skin
wetness rose above 20%. Therefore, judgements of fabric texture and edsociat
pleasantness can change in relation to the hydration state of the skin and/or fabric
moisture content. As such, evaluations of fabric/clothing texture and related

acceptability should be conducted under both dry and wet conditions.

Due to practical reasons and to prevent the effect of personal, environmental and
clothing factors on the outcomes,tims studywe studied comfostelated properties of
fabrics only at the ventral forearm. We spé&te that the current results could show a
similar trend at different body regions; however it is unknown to what extent the
outcomes will be different across the body. For instance, according to thenmetha
underlying skin wetness perception, body oegi differences would likely depend on

human sensorial factors, such as thermal and tactile sensitivity, as wahtamigal
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factors, i.e. hair distribution and differences between glabrougfladamous skin. In
terms of an overall garment, clothing factors, such as the air gap betveeskin and
the fabric as well as clothing fit (both influencing the level of fabriskin contact)
represent additional variables that would influence wetness perception respoosss ac
the body. Hence, future reselaes are necessary to understand how this initial sesult

relate to aroverall garment.
Conclusion

We studiedtextile and nortextile factors contributing tavetness perceptioaf fabric
treated with the same relative water contemtn(m's) and indynamic skin catact

conditions.

Local «in temperaturedropfabric thickness and stickiness sensatman predict
wetness perceptioof fabrics in dynamic contact with the skiwhereas fabric surface
texturemeasured by the Kawabata Evaluation System hadhpact at all The latter
indicates that the Kawabata Evaluation system fails to predict stickinesgiceref
wet fabrics, commonly assumed to be associated with fabric texture. Thusrardiff
way to define fabric texture may be needed in order to represent this link (stckime

texture).

Sensations of pleasantness are highly influence®&bysurface texture measured by

KES) andeven more byhe sensation of fabric texture (i.e. roughness and smoothness):
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asST and the roughness of the fabric sensed on tharskiease pleasantness sensation
diminishes.Additionally, in wet conditions fabrics are sensed more textuyited
resulting in a concomitant reduction in pleasantness sensation. Thereforenastes$s
fabric pleasantness and acceptability in relation to fabric texture pesgpentie

recommended under both dry and wet conditions.

By identifying thetextile and clothingparametersnfluencing skinwetness perception
and relateddiscomfort, this studyprovidesfundamental knowledgéor the design of
clothingwith reducedmoisturediscomfort featuredNevertheless, future researches are

necessary to understand how this initial result related to an overall garment.

Conflict of interests: none.
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