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Abstract 9 

Humans often experience wet stimuli using their hands, yet we know little on how sensitive our fingers are to 10 

wetness and the mechanisms underlying this sensory function. We therefore aimed to quantify the minimum 11 

amount of water required to detect wetness on the human index fingerpad, the wetness detection threshold, 12 

and assess its modulation by temperature. Eight blinded participants (24.0 ± 5.2 years; 23.3 ± 3.5 body mass 13 

index) used their index fingerpad to statically touch stimuli varying in volume (0, 10, 20, 30, 40 or 50 ml) 14 

and temperature (25, 29, 33 or 37 °C). During and post contact, participants rated wetness and thermal 15 

sensations using a modified yes/no task and a visual analogue scale. The wetness detection threshold at a 16 

moisture temperature akin to human skin (33 °C) was 24.7 ± 3.48ml. This threshold shifted depending on 17 

moisture temperature (R = 0.746), with cooler temperatures reducing (18.7 ± 3.94ml at 29 °C) and warmer 18 

temperatures increasing (27.0 ± 3.04ml at 37 °C) thresholds. When normalised over contact area, the wetness 19 

detection threshold at 33 °C corresponded to 1.926x10-4 ml mm-2 (95% CI: 1.873x10-4, 1.979x10-4 ml mm-2). 20 

Threshold differences were reflected by magnitude estimation data, which were analysed using linear 21 

regression to show that both volume and moisture temperature can predict magnitude estimations of wetness 22 

(R = 0.949; R = 0.179). Our results indicate high sensitivity to wetness in the human index fingerpad, which 23 

can be modulated by moisture temperature. These findings are relevant for the design of products with 24 

wetness management properties. 25 

 26 

New and Noteworthy 27 

The perception of wetness is a fundamental sensory experience which underpins many aspects of life, from 28 

homeostasis to enjoyable experiences. While previous research has highlighted the importance of cold 29 
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sensations in human wetness perception, the maximum sensitivity of our wetness sensing system remains to 30 

be established. This research presents a novel methodology, which for the first time, has quantified the high 31 

sensitivity of the human index fingerpad to wetness and its modulation by moisture temperature. 32 

 33 

Introduction 34 

Wetness perceptions are experienced by humans on a daily basis, such as holding a drink or touching a damp 35 

cloth. However, human skin has not yet been found to contain hygroreceptors; a specific receptor for wetness 36 

in the skin (Clark and Edholm 1985). Instead, our brains must form a comprehensive picture of the outside 37 

world by integrating a range of external stimuli such as tactile and thermal stimuli (Driver and Spence 2000). 38 

The ability to sense wetness has been a critical factor in the evolution of humans and is an intrinsic 39 

component of both survival and comfort (Merrick and Filingeri 2019). This applies on a fundamental level 40 

surrounding wider homeostatic processes such as thermoregulation (Schlader et al. 2010) and maintaining 41 

ion concentrations in fluid systems as part of body water balance (Vokes 1987). There is also a behavioural 42 

and learning element, such as being able to sense and react to environmental conditions including rain and 43 

humidity fluctuations (Hill et al. 2004) or being able to carry out specific interactions including object 44 

discrimination and precision grip (Augurelle 2002). 45 

 46 

While there is a clear importance for the role of wetness perception in humans, there is not yet a conclusive 47 

model that integrates the range of senses underpinning it. Current research indicates that thermal stimuli have 48 

a significant role in wetness perception, with cold sensations being one of the main sensory drivers (Filingeri 49 

et al. 2013). While cold thermal influences are considered to be the dominant modality of these potential 50 

contributors to wetness perception, little quantitative research exists surrounding the wetness detection 51 

threshold of the human index fingerpad and the effect that moisture temperature has on this. This is highly 52 

relevant as using hands to interact with the environment is a primary exploratory action and forms the 53 

foundation of many sensorial and learning experiences for infants and adults alike (Streri and Spelke 1988).  54 

 55 

Those studies which do attempt to quantify influences on wetness perception are not truly comparable due to 56 

highly variable methodological and analytical approaches. For example, Sweeney and Branson reported 57 

relative detection threshold values of 4.70x10-4 ml mm-2 when using polycotton on scapular hairy skin 58 
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(Sweeney and Branson 1990), while Ackerley used knitted cotton as part of a dynamic interaction to 59 

investigate the variation in wetness perception across the body, including the glabrous skin on the palm of 60 

the hand. While no spatial effect was found across body sites, participants were able to differentiate between 61 

wetness levels and showed the lowest standard deviation in the hand  (Ackerley et al. 2012). While these 62 

studies had different material choices, there are other variations to be accounted for such as applied pressures 63 

and interaction duration or velocity. Furthermore, the aforementioned studies did not isolate the uppermost 64 

section of the fabric that was acting as an interface with the skin, and neither measured the specific surface 65 

area occupied by the applied liquid, instead using the full surface area of the sample in calculations 66 

regardless of liquid distribution. 67 

 68 

On this basis, we first aim to quantify the wetness detection threshold of the human index fingerpad when 69 

interacting with wet stimuli with a temperature akin to that of skin temperature (i.e. a neutral moisture 70 

temperature), and secondly to detail its potential modulation by moisture temperature in terms of both 71 

threshold and magnitude estimation. We hypothesise that lower moisture temperatures will provide a wetter 72 

sensation and therefore reduce wetness detection thresholds. The outcomes will provide further evidence into 73 

an integratory model and will also be used to inform the design of superabsorbent products such as diapers, 74 

sanitary towels and incontinence pads. 75 

 76 

Methods 77 

Participants 78 

Eight females were recruited for the study (age 24.0 ± 5.2 years; body mass index (BMI) 23.3 ± 3.5 kg/m2). 79 

This number was established using a sample size calculation with an α value of 0.05, a β value of 0.20 and 80 

an effect size (f) of 0.50 based on data from pilot studies (G*Power 3.1.9.2 software; Heinrich Heine 81 

Universität, Düsseldorf, Germany). Participants were subject to an inclusion criterion, such that all were 82 

healthy non-smoking individuals between the ages of 18 and 35 years with a BMI below 30 kg/m2. 83 

Individuals were not taking any long-term medication, nor did they have any long-term somatosensory 84 

disease. All participants had a low alcohol consumption, classified as being below the recommended weekly 85 

alcohol intake.  86 

 87 
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The study design was approved by the Loughborough University Ethics Committee and testing procedures 88 

were in accordance with the tenets of the Declaration of Helsinki. All participants were informed of the test 89 

procedures and given the opportunity to ask questions. All participants completed a health screen 90 

questionnaire and were asked to specify the dates of their most recent menstrual period. All participants gave 91 

their informed written consent before participation. Prior to the scheduled testing, participants body mass and 92 

height were recorded with a scale (ID1 MultiRange, Mettler, Toledo, US) and stadiometer (HM-250P, 93 

Marsden, UK) in order to determine their BMI and hence confirm eligibility for the study.  94 

 95 

Experimental Design 96 

The study was conducted as a single blind psychophysical experiment, such that participants were unaware 97 

of information that may bias the results. Diapers were chosen as the stimulus for investigation of thermal 98 

cues. They are composed of four layers; the outer chassis, superabsorbent inner core, acquisition layer and 99 

finally the topsheet, which is the uppermost layer in contact with the skin. The unique liquid sequestering 100 

properties offered by diapers allows a large range of volumes to be used with their temperatures easily 101 

maintained. This is facilitated by a absorbent gelling material, a type of superabsorbent polymer that that can 102 

absorb and retain an incredibly large volume of liquid relative to its size (Yun et al. 2017). The capacity of 103 

the superabsorbent depends on the polarity and ionic concentration of the applied liquid (Kalaleh and Atassi 104 

2018). In the context of diapers this liquid is urine, which can be mimicked using saline (Kreuzer et al. 105 

2019). This poses no anticipated disruption to perceptual data collection, as current research indicates that 106 

wetness sensations are primarily driven by cold thermal inputs (Filingeri et al. 2013) and there are minimal 107 

dermatological effects of such short term saline exposure (Carbajo and Maraver 2018).  108 

 109 

The pilot phase of the study focussed on wetness perceptions using 0.9% saline (10.8 ± 0.02 g NaCl; 1200 ± 110 

10 ml H2O) across a wide range of volumes (0 ml, 25 ml, 50 ml, 75 ml, 100 ml and 125 ml). These were 111 

chosen to reflect the wide absorbency range of the diapers. Additionally, by including stimuli that were 112 

completely dry and stimuli wetted to the point of saturation, this gave negative and positive controls 113 

respectively. This allowed the broader estimation of the wetness detection threshold and gave associated 114 

perceptual magnitudes. This data was used to isolate and apply a more specific volume range (0 ml, 10 ml, 115 

20 ml, 30 ml, 40 ml and 50 ml) around the threshold in the full experimental study and hence improve 116 
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resolution. In both pilot and full experiments, each participant completed four experimental sessions in 117 

which the same quantitative sensory tests were conducted using different stimulus moisture temperatures in 118 

each respective session (25 °C, 29 °C, 33 °C and 37 °C). Herein, all information refers to the full experiment 119 

as opposed to the pilot unless otherwise stated. 120 

 121 

Within each session the aforementioned six volumes (0 ml, 10 ml, 20 ml, 30 ml, 40 ml and 50 ml) were used 122 

to prepare stimuli, which were presented to participants after a 20 s dwell time had elapsed to allow moisture 123 

distribution throughout the superabsorbent layer. Each volume was presented 12 times in a balanced order 124 

both within and between participants.  The index finger of the non-dominant hand was used to statically 125 

interact with the stimuli at a static resting pressure for 5 s. It was positioned at a shallow angle such that the 126 

nail was almost parallel to the stimulus. This stimulus was perceptually rated at initial touch and immediately 127 

after withdrawing. Both a dichotomous response method (dry / wet, cold / warm) and a 100 mm visual 128 

analogue scale (very dry to very wet, cold to warm) were used for during and post contact evaluations.   129 

 130 

The non-dominant hand was chosen to interact with the stimulus as the dominant hand was required to fill in 131 

the scales. This is unlikely to affect perceptions as thermal and tactile sensitivity have been found to be the 132 

same on each index finger (Guy et al. 1985), and similarly nociceptors were triggered at the same intensity 133 

on each side (Pud et al. 2009). As resting pressure reflects the hand in a relaxed state, this is also unlikely to 134 

vary between dominant and non-dominant sides. Resting pressure is typically 1 - 2 N depending on finger 135 

size, and will naturally vary between individuals (Liu et al. 2018). However, the distribution of receptors 136 

across the finger is proportional to its size, and so is unlikely to have an effect at resting pressure (Peters et 137 

al. 2009). In total each participant interacted with 72 stimuli in each session; 12 repeats of 6 volumes at each 138 

respective temperature. After wetness detection thresholds were established from experimental data, they 139 

were converted to values relative to surface area.  140 

 141 

Local skin temperature (Tsk) at the stimulus contact interface was measured throughout interactions by use of 142 

a single thermocouple (0.08 mm wire diameter, 40 gauge; 5SRTC-TT-TI-40-2M, Omega, Manchester, UK). 143 

This was affixed to the centre of the index fingerpad using surgical skin tape (25 mm width Transpore, 3M, 144 

Loughborough, UK), ensuring the thermocouple tip was in contact with the skin but not covered by tape. 145 
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Note the fragility of the thermocouples occasionally caused breakages such that thermal data was not 146 

collected for every participant. Larger, more robust thermocouples did not provide sufficient resolution and 147 

so were not used.  All sessions were conducted in a thermoneutral environment (23.9 ± 0.8 °C, 37 % RH). 148 

During sessions participants assumed a seated position and were blinded to the experimental setup using an 149 

L-shaped obscuring screen to limit visual cues. Additionally, auditory cues including stirring and pouring of 150 

saline were systematically added every 4 minutes during stimulus preparation procedures to counteract any 151 

associative learning effects or bias in results. This was preferable to blocking auditory cues entirely, such as 152 

via ear defenders, as this would have interfered with the verbal commands used to direct participant 153 

interactions. Participants were allowed to take short self-governed breaks during the session, and were only 154 

permitted to consume water during this time.  155 

 156 

Experimental Protocol 157 

Prior to the start of each experimental session, a 0.9 % saline solution (8.46 ± 0.02 g NaCl; 1200 ± 10 ml 158 

H2O) was prepared to mimic the ionic composition of infant urine and therefore be absorbed onto the 159 

substrate optimally. The intended application temperatures were 25 °C, 29 °C, 33 °C and 37 °C, with the 160 

former two being within and just above the activation range of cold receptors (Filingeri 2016) and the latter 161 

two reflecting average skin temperature and average core temperature respectively. To account for heat 162 

losses during sample preparation and while the dwell time elapsed, each solution temperature was 163 

maintained using a small manually controlled thermal chamber at either 25.1 °C, 29.2 °C, 33.4 °C or 37.7 °C 164 

± 0.1 °C in the four respective sessions. These temperatures were established during initial sample 165 

classification studies using the same stimulus preparation protocols and experimental conditions as the full 166 

study, but across a wider range of moisture temperatures, with thermocouples embedded to monitor the 167 

thermal equilibration patterns towards room temperature. 168 

 169 

Different volumes of saline solution were applied to individual stimuli to moisten them prior to interaction 170 

with a participant. The stimuli comprised of the superabsorbent core and associated layers from the centre of 171 

a diaper. This ‘centre’ was cut from the elasticated diaper chassis such that it laid flat, as opposed to curving 172 

with the body as designed. Cuts were made such that the superabsorbent core was not ruptured, and no 173 

internal material was lost or made prone to leakage. This resulted in a 115 mm x 325 mm rectangular sample. 174 
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In the pilot, the applied volume of saline was either 0 ml, 25 ml, 50 ml, 75 ml, 100 ml or 125 ml. In the full 175 

experiment, this was refined to 0 ml, 10 ml, 20 ml, 30 ml, 40 ml and 50 ml. 176 

 177 

Each volume was applied to the substrate using a custom-made acquisition plate (Figure 1). This was formed 178 

of a plastic frame and foam stage upon which the sample would be placed, followed by a flat plate with 179 

aperture tube above it. When the diaper was aligned correctly between the terminal markers, the tube was 180 

positioned directly above its centre. The desired volume of solution was then applied via the aperture tube 181 

using a graduated plastic syringe (SS+50ES1, Terumo, Leuven, Belgium). After the solution had been 182 

absorbed from the aperture tube, the sample was allowed to rest for a period of 20 s, termed the dwell time. 183 

This period effectively allowed the solution applied to the topsheet to be absorbed by the acquisition layers 184 

and wicked away from application area to ensure a uniform distribution. 185 

 186 

Figure 1:  A diagram of the acquisition plate and associated assembly used to apply liquid to the diaper 187 

samples. 188 

 189 

Prior to experimental interactions, participants would undergo familiarisation to ensure the correct use of 190 

psychometric scales at the start of each of the four sessions. The familiarisation protocol consisted of four 191 

stimuli combinations; cold-wet, warm-wet, cold-dry and warm-dry. Each stimulus was introduced to the 192 

participant under standard test conditions, and the corresponding response on the psychometric assessments 193 

shown. As the stimuli were combinations that demonstrated the extremes of each condition across the 194 

experimental sessions, they provided a frame of reference for the study in addition to acquainting 195 

participants with the study protocols. 196 

 197 

Upon completion of familiarisation, participants inserted their non-dominant hand through an aperture in an 198 

L-shaped screen which prevented them seeing the experimental set up. The base was lined with foam to 199 

reduce conductive heat transfer and could be inverted to accommodate different hand dominances. 200 

Participants were instructed to place their index finger on to a fixed-position thermoneutral plate, which 201 

would maintain Tsk at 33 °C, herein also termed neutral. This effectively established a baseline from which 202 

interacting with a specific stimulus would result in the same rate of heat transfer across participants, thus 203 
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minimising inter and intra-individual variability (Stevens and Choo 1998). When the stimulus had been 204 

prepared as aforementioned, the participant was given the command ‘contact’. They would then move their 205 

hand from the thermoneutral plate and make contact with the stimulus at a static resting pressure. 206 

 207 

Participants had previously been instructed on such commands, and the correct orientation of the finger 208 

demonstrated and practiced. Additionally, the stimulus was always positioned correctly below the finger and 209 

moved before contact when necessary. At the point of contact participants would immediately complete a 210 

digital perceptual form based on the during contact interaction within 3 s. Both a dichotomous response 211 

method (dry / wet, cold / warm) and a 100 mm visual analogue scale (very dry to very wet, cold to warm) 212 

were employed. The dichotomous response paradigm used a binary scoring system for subsequent analyses, 213 

with a ‘dry’ response designated as 0 and a ‘wet’ response a 1 for wetness perceptions. Similarly, a ‘cold’ 214 

response was coded as 0 and a ‘warm’ response as 1 for thermal assessments. 215 

 216 

After a contact period of 3 s the participant was prompted to remove their finger from the stimulus using the 217 

command ‘lift’. Post contact perceptual assessments identical to those used in the during contact interaction 218 

were be completed, again within 3 s. Participants indicated completion using the word ‘done’, at which point 219 

the stimulus would be removed and replaced with a cotton towel. The participant was then instructed ‘dry’, 220 

and would statically press their index finger on to a dry cotton towel to collect residual water for 5 s. This 221 

was repeated for all stimuli regardless of wetness to prevent any learning effect or bias. In between this 222 

stimulus and the next, the index finger was returned to the thermoneutral plate to maintain Tsk at 33 °C. The 223 

period in which the finger was on the thermoneutral plate also served as a nervous refractory period lasting a 224 

minimum of 20 s, during which time the next stimulus was prepared before repeating the protocol.  225 

 226 

Threshold Determination 227 

Individual thresholds were determined using a modified dichotomous response method. There are two 228 

methods typically employed in threshold determination, which are considered to be equally effective in 229 

different physiological measures. A classic two-alternative forced choice method allows participants to 230 

choose which of two stimuli correspond best to a single descriptor, whereas the associated yes/no task 231 

involves only a single stimulus to which either a positive or negative response must be assigned (Green 232 

Downloaded from journals.physiology.org/journal/jn at Univ of Southampton (152.078.000.024) on April 12, 2021.



9 
 

1964; Schulman and Mitchell 1966). The current methodology incorporates principles form both, allowing 233 

participants to classify a single stimulus from two opposing descriptors (dry / wet, cold / warm). 234 

 235 

Coding the dichotomous responses as 0 or 1 allowed an average response ratio to be generated at each 236 

applied volume. These ratios were plotted across all applied volumes and fitted with a logistic sigmoidal 237 

curve; an s-shaped fit typically used to establish thresholds. The point at which the curve crossed 0.5 was 238 

decided as the detection threshold, on the basis that approximately half of values would feel dry, subceeding 239 

the threshold. and half would feel wet, exceeding it.  However, sigmoidal curves generated across the test 240 

temperatures in the pilot studies indicated that the wetness detection thresholds for all temperatures lay 241 

between 15 ml and 35 ml, which falls at the lower end of the range of tested volumes of 0 ml - 125 ml. 242 

Beyond this the curves peaked and plateaued, resulting in a poor overall fit. Despite this, there was still a 243 

notable difference in overall perception across temperatures, with lower temperatures being associated with 244 

lower wetness detection thresholds. This data allowed the secondary volume range of 0 ml - 50 ml to be 245 

established, centring the range around the proposed 0.5 threshold by providing a roughly equal quantity of 246 

stimuli below and above threshold (Figure 2), hence providing a balanced design and validating the use of 247 

the chosen threshold value (Filingeri et al. 2013).  Additionally, a this informed setup promotes a superior fit, 248 

allowing a higher resolution surrounding the detection threshold to be achieved in the full experiment, and 249 

also reduces anticipatory bias that could be expected by participation in a ‘wetness perception’ study, which 250 

inherently implies the presence of moisture in stimuli.  251 

 252 

Figure 2: An example of the during contact wetness detection thresholds of a single female participant 253 

(n = 1), as determined via the dichotomous response method using sigmoidal curves. Note the equal numbers 254 

of data points above and below threshold. Each data point represents x̄ ± 95% CIs wetness response from 255 

twelve repeat stimuli presented to a participant at a specific applied volume and temperature.  256 

 257 

Relative Threshold Determination 258 

Following the collection of perceptual and physiological participant data the established absolute wetness 259 

detection threshold values were converted into relative values, which relied on several principles. The first of 260 

these was the isolation of the topsheet of the diaper, which is the uppermost layer in contact with the 261 
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participant’s finger and therefore the acting interface between skin and moisture. Leading on from this, the 262 

level of moisture contained within the topsheet itself was critical. By establishing the surface area which it 263 

occupied and the corresponding change in weight of the topsheet, the relative water retention could be 264 

calculated within a given area. 265 

 266 

This was achieved by firstly isolating the aforementioned dry topsheet of the stimulus and weighing it. 267 

Subsequently a blue dye was added to the saline solution and applied at all experimental volumes under test 268 

conditions. However, instead of a participant interaction with the sample, the topsheet was immediately 269 

removed and weighed after the 20 s dwell time had elapsed. Having previously weighed the dry topsheet, the 270 

difference in weight between this and the wetted topsheet could be used to infer saline content, with 1 ml 271 

weighing approximately 1 g. Using a top down tripod clamp, a photograph was then taken of the topsheet 272 

with the inclusion of a scale such that the exact surface area, as indicated by the blue dye, could later be 273 

established using digital imaging software (Photoshop 2017.0.0, Adobe, San Jose, US) (Figure 3). 274 

 275 

Figure 3:  The original photo of the sample (left) and part of the surface area measurement process (right). 276 

 277 

The relationship between applied volume and surface area within the tested range was directly proportional. 278 

The absolute saline content and corresponding surface area could then be used to calculate the relative 279 

surface wetness of the sample topsheet (Equation 1).  280 

 281 

Surface wetness (ml mm-2)   =   saline content (ml) 282 

          surface area (mm2) 283 

Equation 1: Calculation of surface wetness as a function of liquid content in a given area. 284 

 285 

By plotting the established surface wetness of the topsheet across the range of applied volumes for each 286 

temperature condition, regression equations could be generated (Figure 4). From these, a standardising 287 

equation for surface wetness could be established (Equation 2). In this regression equation, the X value 288 

corresponds to an applied volume. As the absolute wetness detection threshold was calculated in terms of an 289 

applied volume it can be inputted as X. This generates a Y value for surface wetness in the topsheets, which 290 

can be considered as the calibrated relative detection threshold.  291 
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Figure 4: x̄ ± 95% CIs (n = 9) surface wetness in the topsheet plotted across the range of applied volumes for 292 

each temperature condition, with associated linear regression equations. 293 

 294 

Relative surface wetness (ml mm-2) = gradient x absolute threshold (ml) + intercept 295 

Equation 2: Calculation of surface wetness in the topsheet using a previously generated linear regression 296 

equation. 297 

 298 

Statistical Analyses 299 

In this study, the independent variables were the temperature of the stimuli (25 °C, 29 °C, 33 °C, 37 °C) and 300 

the applied volume (0 ml, 10 ml, 20 ml, 30 ml, 40 ml, 50 ml). The dependent variables were absolute 301 

wetness detection thresholds, wetness perception (mm), thermal sensation (mm) and fingerpad Tsk (°C). 302 

Absolute wetness detection thresholds are specified in ml, relative wetness detection thresholds are specified 303 

in ml mm-2. All data was tested for normality of distribution and homogeneity of variances using Shapiro-304 

Wilk and Levene’s tests respectively. In cases where the assumptions of these tests were violated, parametric 305 

means-based tests were nonetheless applied as they best fit the required analyses of the datasets. All 306 

statistical data reported in text are means (x̄) ± standard deviation (SD), with means and 95% confidence 307 

intervals (95% CIs) given in figures unless otherwise stated; α = 0.05. All statistical analyses were conducted 308 

using SPSS (Statistical Package for Social Sciences, Version 24.0.0.2, IBM, Chicago, IL, USA) and 309 

graphical representations of data produced using GraphPad Prism (GraphPad Prism, Version 8.3.0, 310 

GraphPad Software, La Jolla, CA, USA). 311 

 312 

During contact absolute wetness detection thresholds were established using dichotomous data, by plotting 313 

mean binary perceptual scores from each participant against applied volume. For example, 5 dry responses 314 

and 7 wet responses would generate a value of 0.42. This was analysed as part of a logistic sigmoidal curve 315 

fit using a lapse rate of zero, assumed given the responses from pilot studies. The point at which the response 316 

rate exceeds 0.5 (50 %) indicates that the data is no longer due to chance, and so can be considered threshold. 317 

Threshold values were established for each of the eight participants at each of the test temperatures and 318 

converted into relative values. The mean of these individual thresholds was subsequently calculated to give 319 

an overall mean relative wetness detection threshold for each test temperature. To investigate the influence 320 
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of applied temperature on during contact absolute wetness detection thresholds, a parametric one-way 321 

ANOVA was conducted. The results were further analysed using post-hoc Tukey tests.  322 

 323 

Magnitude estimation data was used to assess the influence of applied volume and applied temperature 324 

during and post contact wetness perception. These were processed using linear regression in conjunction 325 

with a two-way ANOVA. The difference between during and post contact wetness perceptions was then 326 

compared using paired t-tests. Further to this, magnitude estimation data was also used to assess the 327 

influence of applied volume and applied moisture temperature on during and post contact thermal 328 

perceptions. The data was initially analysed using a two-way ANOVA with post-hoc pairwise Tukey tests to 329 

establish whether both during and post contact thermal perceptions significantly differed at different applied 330 

volumes and moisture temperatures respectively. A linear regression analysis was then conducted to assess 331 

the overall contribution of applied volume and applied moisture temperature on during and post contact 332 

thermal perception. The post contact thermal perceptual data was then compared to during contact, and the 333 

relationship analysed using a series of paired t-tests.  334 

 335 

Tsk data from thermocouples was plotted to validate applied temperatures and time intervals. Additionally, 336 

the average Tsk at each temperature was compared during and post contact with a paired t-test. Linear 337 

regression analyses were used to assess the relationship between during and post contact Tsk in relation to 338 

during and post contact thermal perceptions. Finally, a linear regression analysis was conducted to assess the 339 

independent and interactive influence of applied volume and moisture temperature on the magnitude 340 

estimation of wetness perception. 341 

 342 

Results 343 

Wetness detection thresholds 344 

Use of a dichotomous response method enabled the determination of the absolute wetness detection 345 

threshold of the human index fingerpad at the moisture temperature resembling human skin temperature (i.e. 346 

33°C) to be 24.7 ± 3.48 ml. This threshold varied according to applied moisture temperature. Temperatures 347 

below 33°C resulted in lower wetness detection thresholds, with 25 °C and 29 °C having absolute thresholds 348 

of 18.7 ± 3.94 ml and 23.0 ± 3.17 ml respectively. At 37 °C, the threshold increased to 27.0 ± 3.04 ml 349 
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(Figure 5). This gave a total wetness detection threshold range of 8.3 ml between lowest and highest 350 

temperatures. This relationship between applied temperatures and wetness detection thresholds was 351 

statistically significant (F3, 21 = 8.79; P = 0.002), with post-hoc analyses indicating a statistical difference 352 

between 25 °C and 33 °C pairings (Δx̄ = -6.00; CIs = -12.0, -0.0160), as well as 25 °C and 37 °C pairings 353 

(Δx̄ = -8.29; CIs = -15.5, -1.09). 354 

 355 
Figure 5: x̄ ± 95% CIs (n = 8) during contact absolute wetness detection thresholds of the human index 356 

fingerpad. Data points represent individual thresholds from eight female participants across the four moisture 357 

temperatures, with each individual indicated by a different shape. Significant moisture temperature pairings 358 

following statistical analysis with a one-way ANOVA and post-hoc Tukey tests are indicated (*). 359 

 360 

Each temperature had a corresponding calibration equation which allowed expression of absolute detection 361 

thresholds (ml) as relative values (ml mm-2) according to the moisture content retained and relative surface 362 

area occupied in the uppermost layer of the stimulus. Table 1 presents the mean masses of the uppermost 363 

layer of the stimulus before and after the addition of moisture, with corresponding mean surface area and 364 

mean surface wetness.  365 

 366 

Table 1: Mass of the uppermost layer of the stimulus before and after loading with respective surface 367 

characteristics at each applied moisture level. 368 

Applied 
Moisture (ml) 

Mass Before 
Load (g) 

Mass After 
Load (g) 

Change in 
Mass (g) 

Mean Surface 
Area (mm2) 

Mean Surface 
Wetness 

(ml mm-2) 

10 1.52 1.82 0.296 1810 1.64 x 10-4 
20 1.49 2.09 0.606 3230 1.88 x 10-4 
30 1.62 2.45 0.828 4040 2.05 x 10-4 
40 1.53 2.97 1.44 6580 2.19 x 10-4 
50 1.45 3.47 2.01 8060 2.50 x 10-4 

 369 

Table 2 presents absolute and relative wetness detection thresholds at each moisture temperature. The 370 

relationship between applied moisture temperatures and wetness detection thresholds was analysed in 371 

absolute terms as larger temperatures are more stable. Additionally, any uncertainties in the surface area of 372 

topsheet liquid content used to determine relative thresholds will be magnified in this form of analysis.  373 
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 374 

Table 2: Absolute and relative wetness detection thresholds of 8 female participants with mean and standard 375 

deviation. 376 

Applied Temperature 
(°C) 

Absolute Wetness Detection Threshold 
(ml) (x̄ ± SD) 

Relative Wetness Detection Threshold 
(ml mm-2) (x̄ ± SD) 

25 18.7 ± 3.94 1.896 x 10-4 ± 8.39 x 10-5 
29 23.0 ± 3.17 1.918 x 10-4 ± 6.67 x 10-5 
33 24.7 ± 3.48 1.926 x 10-4 ± 6.30 x 10-5 
37 27.0 ± 3.04 1.933 x 10-4 ± 6.14 x 10-5 

 377 

Magnitude estimation of wetness perception  378 

The effects of applied volume and applied temperature on during contact wetness perception were reflected 379 

in magnitude estimation data. Applied volume had a proportional relationship with perceived wetness 380 

perception, such that greater volumes resulted in higher wetness perceptions. Conversely, applied 381 

temperature was inversely proportional to wetness perception such that lower temperatures resulted in 382 

greater wetness perceptions (Figure 6). The data showed a statistically significant difference between 383 

perceived wetnesses at different applied volumes (F5, 35 = 3010; P < 0.001) and applied temperatures (F3, 21 = 384 

177; P < 0.001). Applied volume accounts for 84.0 % of variance in during contact wetness perceptions 385 

whereas applied temperature only accounts for 2.96 %. Even so, there is a significant interaction between the 386 

two factors such that they act synergistically to produce a compounding effect (F15, 105 = 3.73; P < 0.001) 387 

which accounts for 0.31 % of variance.  388 

 389 

Figure 6: x̄ ± 95% CIs (n = 8) during contact wetness perception ratings of stimuli presented to eight female 390 

participants at a range of applied volume and temperature combinations, fitted using linear regression. 391 

 392 

The relationship between magnitude of wetness perception and applied volume is reflected by linear 393 

regression lines at different temperatures. The linear regression lines appear shifted according to temperature, 394 

with 25 °C resulting in the greatest overall wetness perceptions and 37 °C resulting in the lowest. This 395 

pattern is similar in y-intercept values, which indicates perceived wetness in dry conditions, with 33 °C and 396 

37 °C predicting a similarly low perceived wetness and the cooler values of 29 °C and 25 °C resulting in 397 

progressively larger wetness perceptions. At the other end of the scale, it can be noted that the data points 398 
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across all temperatures become clustered slightly below the linear regression line at the applied volume of 399 

50 ml. This is likely a result of the upper extremity of the scale being approached, at which point participants 400 

typically become more conservative and show a reduced accuracy (Leon et al. 2008). It is also possible that 401 

participants were experiencing a ceiling effect, but the potential of this was minimised by providing 402 

reference stimuli during familiarisation. 403 

 404 

The effects of applied volume and applied temperature on post contact wetness detection were reflected in 405 

magnitude estimation data. As with during contact wetness perception, applied volume had a proportional 406 

relationship with perceived wetness perception whereas applied temperature was inversely proportional to 407 

wetness perception. There was a statistically significant difference between perceived wetnesses at different 408 

applied volumes (F5, 35 = 1430; P < 0.001) and applied temperatures (F3, 21 = 172; P < 0.001). Applied volume 409 

accounts for 71.3 % of variance in post contact wetness perceptions whereas applied temperature accounts 410 

for 5.16 %. There is a small interaction between the two factors such that they act synergistically to produce 411 

a compounding effect (F15, 105 = 5.63; P < 0.001) which accounts for 0.84 % of variance in wetness 412 

perception.  413 

 414 

Wetness perceptions varied between during and post contact interactions at the different applied moisture 415 

temperatures, with stimuli being perceived as drier post contact by an average of 3.3 mm (CIs = 2.5, 4.2), 0.4 416 

mm (CIs = -0.4, 1.3), 1.8 mm (CIs = 0.5, 3.1) and 6.7 mm (CIs = 5.1, 8.3) at 25 °C, 29 °C, 33 °C and 37 °C 417 

respectively. The overall decrease in wetness perception post contact was found to be significant at three of 418 

the four tested temperatures, the exception being 29 °C (25 °C, t7 = 7.99, P < 0.001; 29 °C, t7 = 0.919, P = 419 

0.359; 33 °C, t7 =2.77, P < 0.006; 37 °C, t7 = 8.09, P < 0.001).  420 

 421 

Magnitude estimation of thermal perception  422 

The effect of applied volume and applied moisture temperature on during contact thermal perception was 423 

highlighted in magnitude estimation data. Thermal perceptions shared a positive relationship with moisture 424 

temperatures and significantly differed across applied range (F3, 21 = 4960, P < 0.001). Additionally, all 425 

applied moisture temperature pairings were significantly different (P < 0.001). Thermal perceptions were 426 

also affected by different applied volumes (F5, 35 = 9.15, P < 0.001), such that greater volumes typically 427 
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resulted in a greater magnitude of thermal perception. For example, warm stimuli were perceived to be 428 

warmer at larger volumes, and cool stimuli were perceived as cooler at larger volumes. Overall, moisture 429 

temperature was accountable for 84.0 % of variance in thermal perceptions, and applied volume accounted 430 

for 0.26 % of variance. Finally, there was a significant interaction between variables (F15, 105 = 33.8, P < 431 

0.001), with 2.86 % of variance in thermal perception due to the collective influence of applied volume and 432 

temperature. This was reflected in the associated linear regression plots, with increases in the magnitude of 433 

applied volume resulting in a greater deviation of during contact thermal perceptions from neutrality. The 434 

exception was at the neutral skin temperature of 33 °C, at which thermal perception was relatively stable 435 

regardless of applied volume.  436 

 437 

The effect of applied volume can be further investigated by expressing all thermal perception data as a 438 

deviation from the midpoint of the scale, ensuring that magnitude changes are not negated because of their 439 

opposing directions (Figure 7). In this case, the relative effect of moisture temperature decreases to 21.7 %, 440 

while the applied volume increases to account for 10.1 % of variance, and finally the effect of and interaction 441 

increases to 5.8 %.  442 

 443 

Figure 7: x̄ ± 95% CIs (n = 8) during contact thermal perception ratings of stimuli presented to eight female 444 

participants at a range of applied volume and temperature combinations, fitted with linear regression. Ratings 445 

are expressed as a deviation from VAS midpoints, which were unmarked, to the cold and warm extremes to 446 

allow magnitude comparison without directionality. 447 

 448 

The effect of applied volume and applied moisture temperature was also significant on post contact thermal 449 

perceptions, which were significantly different at different applied volumes (F5, 35 = 23.5, P < 0.001) and 450 

applied moisture temperatures (F3, 21 = 3040, P < 0.001). Linear regression analyses showed that both applied 451 

volume and moisture temperature shared a positive relationship with during contact thermal perception. 452 

Applied volume accounted for 0.99 % of variance and moisture temperature 77.0 %. Additionally, there was 453 

a significant interaction between variables (F15, 105 = 21.1, P < 0.001), with 2.68 % of variance in thermal 454 

perception due to the collective influence of applied volume and temperature. 455 

 456 
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Thermal perceptions also varied in post contact interactions, with overall differences between during and 457 

post found to be significant at all temperatures (25 °C, t7 = -5.79, P < 0.001; 29 °C, t7 = -11.4, P < 0.001; 33 458 

°C, t7 = 9.26, P < 0.001; 37 °C, t7 = 13.6, P < 0.001). In post contact interactions, perceptions tended back 459 

towards neutrality once the finger was lifted. The difference in during and post contact perception was 460 

proportional to the difference of the applied temperature from neutrality, with changes of - 2.0 mm (CIs = -461 

2.7, -1.3), - 4.3 mm (CIs = -5.1, -3.6), 3.7 mm (CIs = 2.9, 4.5) and 7.3 mm (CIs = 6.3, 8.4) at 25 °C, 29 °C, 462 

33 °C and 37 °C respectively. 463 

 464 

Thermocouple data 465 

The interactions between participant and stimuli made distinctive thermal traces at each applied temperature 466 

(Figure 8). The mean Tsk upon transient contact with stimuli was 29.7 ± 1.14 °C, 32.3 ± 0.84 °C, 33.0 ± 467 

0.66 °C and 34.8 ± 0.41 °C at 25 °C, 29 °C, 33 °C and 37 °C respectively. The mean post contact Tsk, 468 

measured immediately after the finger was removed from the stimulus, was 29.0 ± 1.26 °C, 32.2 ± 0.45 °C, 469 

30.7 ± 1.55 °C and 30.3 ± 0.65 °C respectively. Mean temperature differences between during and post 470 

contact Tsk were found to be significant at three of the four applied temperatures, the exception being 29 °C 471 

(25 °C, T4 = 5.63, P < 0.001; 29 °C, T2 = 0.713, P = 0.491; 33 °C, T5 = 12.6, P < 0.001; 37 °C, T3 = 43.6, P < 472 

0.001).  473 

 474 

Figure 8: Example thermal profiles generated with thermocouples, showing the changes in skin temperature 475 

on the index fingerpad during three interactions at each of the different test temperatures (25 °C, 29 °C, 476 

33 °C and 37 °C). Key interaction stages labelled A-E. 477 

 478 

The average Tsk upon transient contact with the stimuli shared a positive relationship with during contact 479 

thermal perceptions (Figure 9), which was statistically significant (Β = 12.7, F1,4 = 444, P < 0.001). Average 480 

Tsk and thermal perception post contact were positively correlated, however, this relationship was not 481 

significant (Β = 3.06, F1,4 = 3.75, P = 0.580).  482 

 483 

Figure 9: x̄ ± 95% CIs (n = 8) thermal perceptions of stimuli presented to eight female participants and the 484 

corresponding average skin temperature at the time of interaction, fitted with linear regression. Each data 485 
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point represents one of the six applied volumes, as indicated with different symbols, and is grouped 486 

according to applied moisture temperature. 487 

 488 

When Tsk was associated with wetness perception during contact, similar trends could be identified in terms 489 

of responses at 25 °C and 29 °C sharing similar perceptual magnitudes despite changes in Tsk (Figure 10). 490 

The aforementioned influence of applied volume can also be highlighted in relation to Tsk.  491 

 492 

Figure 10: x̄ ± 95% CIs (n = 8) wetness perceptions of stimuli presented to eight female participants and the 493 

corresponding average skin temperature at the time of interaction, fitted with linear regression. Data points 494 

grouped according to the six applied volumes and four moisture application temperatures.  495 

 496 

Multiple regression analysis 497 

When the independent variables, applied volume and applied moisture temperature, are integrated into a 498 

linear regression 85.5 % of variance in wetness perception during stimuli contact could be accounted for. 499 

This can be attributed to both applied volume and applied moisture temperature, which can be used to 500 

generate an equation to accurately predict perceived wetness during contact with a stimulus, expressed using 501 

a 100 mm visual analogue scale (Equation 3).  502 

 503 

Perceived wetness (mm) = 27.9 + (1.69 x applied volume (ml)) - (4.82 x applied temperature (°C)) 504 

 505 

Equation 3: Linear regression model for the prediction of wetness perception based on volume and 506 

temperature. 507 

 508 

Discussion 509 

Wetness detection thresholds 510 

Use of a dichotomous response method enabled the determination of the relative wetness detection threshold 511 

of the human index finger at a moisture temperature akin to human Tsk (33°C). Application of moisture at 512 

different temperatures modulated the threshold such that it was lower at cooler temperatures and higher at 513 

warmer temperatures, effectively showing that a greater quantity of moisture is required to illicit the 514 
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sensation of wetness as temperature increases. From a physiological perspective, this implies that humans are 515 

more sensitive to wetness at cooler moisture temperatures. In this case wetness was experienced at higher 516 

temperatures in addition to those below skin temperature, albeit at a lower intensity. This shows that there 517 

must be other factors involved in wetness perception and supports previous mechanistic work. For example, 518 

cold cues have been associated with wetness in the absence of physical wetness, when using a nerve block 519 

(Filingeri et al. 2014) and in the absence of physical skin cooling (Typolt and Filingeri 2020). As visual and 520 

auditory cues were removed or controlled in the present study, this brings a focus back on to the roles of 521 

haptics. Although interactions were static in this case, there is potential for characteristics such as adhesive 522 

forces and textural changes to play a role in wetness perception, which requires further investigation.  523 

 524 

Magnitude estimation of wetness perception  525 

In relation to magnitude estimation data, similar trends were seen in terms of greater volumes being 526 

perceived as wetter. Additionally, the effect of applied temperature on wetness perception seems similar to 527 

that of the dichotomous response method, with wetness sensation being inversely proportional to applied 528 

moisture temperature. Although dichotomous response and visual analogue scale methods show that the 529 

magnitude of difference in wetness perceptions is proportional to the magnitude of difference in volume, the 530 

trend is more prominent in the latter method. This is perhaps because of the higher resolution of visual 531 

analogue scales, which effectively allow variability to be more prominent. 532 

 533 

The relationship between applied volume, moisture temperature and wetness perception is likely a product of 534 

multimodal transduction in A - type somatosensory afferents, which account for cold cutaneous sensations 535 

and are strongly linked to the perception of wetness (Filingeri et al. 2014). Their collective response may be 536 

exacerbated by application of larger volumes in the preparation of stimuli. This may be caused by several 537 

factors, such as there being a larger concentration of moisture retained in the stimulus such that a higher 538 

proportion of receptors in a given area can be triggered in a form of spatial summation (Stevens et al. 1974). 539 

It was also considered that changed thermodynamics at larger applied volumes may result in more stable 540 

temperatures and hence alter the physical temperature at the point of interaction, but this difference between 541 

prepared temperature and temperature at the point of contact was accounted for using data from initial 542 

sample classification studies, as noted in the methodology. 543 
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 544 

Interestingly, magnitude data has also shown positive wetness responses in dry conditions, with the neutral 545 

and warm values of 33 °C and 37 °C predicting low perceived wetnesses and the cooler values of 29 °C and 546 

25 °C resulting in slightly higher wetness perceptions. While this variation in wetness perception across 547 

different temperatures is largely consistent with data in which liquid is physically applied, it is interesting 548 

that the same principles can be applied in the absence of physical wetness such that cooler temperatures still 549 

illicit greater wetness sensations. While existing studies have shown this influence of cold thermal inputs on 550 

wetness perception (Filingeri et al. 2014), the fact that there is still a positive response at the warmer 551 

temperatures despite the absence of physical wetness affirms that there are more factors involved in wetness 552 

perception. The importance of thermal cues is also reflected in the slightly different linear regression 553 

gradient associated with perceived wetness and applied volume at 33 °C. As neutrality effectively lacks any 554 

form of thermal cues, neither cooling nor warming, this is likely to have caused an uncertainty in judgement 555 

which resulted in a steeper gradient compared to other temperatures. 556 

 557 

Overall, at all applied moisture temperatures, stimuli were perceived as drier post contact. As colder 558 

sensations are associated with an increase in wetness perception, it could be expected that wetness 559 

perceptions would actually have increased as a result of the finger being lifted and temperatures reducing 560 

post contact. This would have been more prominent at the neutral and warm temperatures of 33 °C and 37 °C 561 

respectively, as the higher temperatures would result in the participant experiencing a greater thermal 562 

gradient towards ambient, in addition to evaporative cooling. The temperatures below neutral, 25 °C and 563 

29 °C, would have also been subject to some evaporative cooling, but the skin would also have increased in 564 

temperature towards neutral when in the ambient air and no longer in contact with the stimulus, effectively 565 

negating the change. Despite this, each applied moisture temperature was perceived to be drier post contact. 566 

While this interpretation of dryness post contact is factually correct, it was thought that the associated 567 

evaporative cooling cues would effectively counteract or even override the dryness experienced, especially at 568 

temperatures above neutral. The fact that it does not implies that additional cues beyond thermal inputs are 569 

also involved in the sensory feedback mechanism. 570 

 571 

Magnitude estimation of thermal perception  572 
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The effect of cooling cues on wetness perception can be further investigated by observing the corresponding 573 

thermal perceptions and physical temperature data surrounding interactions. In during and post contact 574 

interactions, applied volume and applied moisture temperature were found to have a significant effect on 575 

thermal perceptions. As can be expected this effect is mainly attributed to the applied temperature, but 576 

interestingly the interactive effect of applied temperature and volume was greater than the effect of volume 577 

alone. This may result from changed thermodynamics at larger applied volumes, coupled with the greater 578 

proportion of receptors being triggered in a given skin surface area as stimuli concentration increases, 579 

resulting in spatial summation and a heightened collective response. At a neutral temperature there is very 580 

little change in thermal perception across the volumes, which can be expected as there is effectively no 581 

directional change in thermal sensation that can be exacerbated by volume. This gives further evidence 582 

towards aforementioned linear regression gradients between wetness perception and applied volume, at 583 

which 33 °C was steeper than other temperatures, as this is resulting from thermal sensations. Interestingly, 584 

the limited difference in thermal perception between 25 °C and 29 °C may account for the lack of significant 585 

differences between the absolute wetness detection thresholds at those temperatures, which is also reflected 586 

in wetness perception magnitude data at all volumes between these temperatures. This gives further evidence 587 

to the inherent link between thermal sensation and wetness perception, which is exacerbated by volume. 588 

 589 

After expressing all thermal perception data as a deviation from the midpoint of the scale, the proportional 590 

influence of applied temperature, applied volume and their interaction shifted. As the basis for this data 591 

transformation was to align the direction of perceptual magnitudes changes and negate cancelling from their 592 

opposing directions, it could be easily predicted that the influence of volume would increase in relation to 593 

other variables. However, there is little to justify such a dramatic decrease in the influence of applied 594 

temperature. As physical surface area and liquid volume share a positive relationship with both physical 595 

temperature and thermal perceptions, both of which affect wetness perception, it could be proposed that all 596 

three aspects may be interlinked to produce such change. This is a small insight to the potential network 597 

which may underpin wetness sensations in different environmental conditions and circumstances, which 598 

should be further investigated.  599 

 600 
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The magnitude estimation data also showed a significant difference in thermal perception between during 601 

and post contact interactions. In each case the difference in thermal perceptions between during and post 602 

contact interactions was proportional to the magnitude of the applied temperature from neutrality. From a 603 

thermal perspective, this is because after the finger is lifted to perform post contact assessments its 604 

temperature will change as it equilibrates with the ambient air. This rate of change varies greatly depending 605 

on the initial temperature, as was demonstrated in thermal profiles. For example, after interaction with a cool 606 

stimulus the finger temperature would instead increase back to neutrality, and as such the two cooler 607 

temperatures of 25 °C and 29 °C were perceived as warmer post contact, effectively overcoming any 608 

influence of evaporative cooling. Conversely, after interaction with a warm stimulus the finger temperature 609 

begins to decrease back to the point of neutrality, which was shown in the two warmer stimuli of 33 °C and 610 

37 °C being perceived as cooler. 611 

 612 

It should be noted that all stimuli were perceived as drier post contact despite thermal perceptions being 613 

varied in directionality. As thermal inputs have been shown in a range of research to have a large influence 614 

on wetness perceptions, a concept that was reflected in the wetness detection threshold data, it could be 615 

expected that the associated thermal perceptions would have had a greater influence in this case. While the 616 

stimuli were correctly perceived as being drier post contact, the evidence from thermal perceptions again 617 

implies that additional cues are involved in the sensory feedback mechanism and add further complexity to 618 

the processing and interpretation of wetness perception. 619 

 620 

Multiple regression analysis 621 

Physical and perceptual factors both contributed to a statistically significant relationship within a linear 622 

regression model, accounting for 85.5 % of total variance in during contact wetness perceptions. This is to be 623 

expected as temperature and volume form an integral part of the physical sensations associated with wetness 624 

perceptions, as previously discussed. From the linear regression equation, it can be seen that volume has a 625 

greater effect than temperature. This can be expected on a fundamental level, as larger applied volumes 626 

typically result in a greater surface area such that a larger quantity of mechanoreceptors and thermoreceptors 627 

in the skin will be activated. However, in this case all surface areas resulting from the application of moisture 628 
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were sufficient to cover the average index fingerpad in females, which typically ranges from 78 mm2 at rest 629 

to 120 mm2 under low pressure (Liu et al. 2018). 630 

 631 

Instead, the main variation caused by the application of different volumes will be the quantity of applied 632 

liquid retained in the topsheet. This is effectively the concentration of moisture contained within a given 633 

area, termed the surface wetness, and increases with higher volumes. Those stimuli with higher surface 634 

wetnesses will have a greater number of contact points with the skin and therefore there is a higher 635 

likelihood of activating thermoreceptors or even mechanoreceptors in the skin, resulting in spatial 636 

summation (Raccuglia et al. 2017). Therefore, the increase in liquid volume giving rise to increased thermal 637 

stimulation may in turn effect the perceived level of wetness, which highlights an interactive effect between 638 

them. This greater level of liquid will also result in a slower thermal loss due to a lower surface area to 639 

volume ratio, and can alter thermodynamics such that there is decreased thermal conductance at larger 640 

applied volumes. Conversely, if only a relatively small quantity of liquid is transferred to the finger from the 641 

stimuli such that a thin liquid layer is present on the skin, it is more susceptible to evaporative cooling 642 

(Bergmann Tiest et al. 2012). 643 

 644 

Although interlinked with volume, temperature is also a significant part of the wetness detection process in 645 

its own right. This is shown simply by the wetness perception during contact increasing as temperatures 646 

lower, across all applied volumes. This is also presented in existing literature, such as research by Filingeri et 647 

al. showing that cold wet stimuli were perceived as significantly wetter than neutral wet and warm wet 648 

stimuli of the same volumes (Filingeri et al. 2014).  This again shows that cold thermal afferents are of 649 

primary importance in underpinning the perception and flexibility of skin wetness perception during contact 650 

with an external stimulus, and may form the basis of a larger multisensory model. 651 

 652 

Conclusions 653 

Using a dichotomous response method, the wetness detection threshold of the human index finger at the 654 

moisture temperature resembling human skin temperature (i.e. 33°C) was 24.7 ± 3.48 ml. This threshold 655 

could be modulated according to applied moisture temperature, with mean wetness detection thresholds 656 

varying by 8.3 ml between the lowest and highest applied moisture temperatures of 25 °C and 37 °C. 657 
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Overall, wetness detection thresholds were lower at cooler temperatures and higher at warmer temperatures. 658 

This forms a positive relationship and indicates that lower temperatures result in greater wetness sensations. 659 

The directionality of relationship was analogously observed in magnitude estimation data, a method which 660 

also highlighted the difference between during and post contact interactions. This research has identified and 661 

quantified several factors contributing to the network of human wetness perception. It can be used as a 662 

foundation to form a predictive model for integrating other sensory modalities involved in wetness sensation, 663 

and assessing additive, synergistic or antagonistic components of their interactions. The resulting insights 664 

will inform the design of future academic studies and aid the development of superabsorbent hygiene 665 

products, enhancing their comfort, economy and effectiveness. 666 
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List of Figures 739 

Figure 1:  A diagram of the acquisition plate and associated assembly used to apply liquid to the diaper samples. 740 

Figure 2: An example of the during contact wetness detection thresholds of a single female participant (n = 1), as 741 

determined via the dichotomous response method using sigmoidal curves. Note the equal numbers of data points above 742 

and below threshold. Each data point represents x̄ ± 95% CIs wetness response from twelve repeat stimuli presented to 743 

a participant at a specific applied volume and temperature. 744 

Figure 3:  The original photo of the sample (left) and part of the surface area measurement process (right). 745 
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Figure 4: x̄ ± 95% CIs (n = 9) surface wetness in the topsheet plotted across the range of applied volumes for each 746 

temperature condition, with associated linear regression equations. 747 

Figure 5: x̄ ± 95% CIs (n = 8) during contact absolute wetness detection thresholds of the human index fingerpad. Data 748 

points represent individual thresholds from eight female participants across the four moisture temperatures, with each 749 

individual indicated by a different shape. Significant moisture temperature pairings following statistical analysis with a 750 

one-way ANOVA and post-hoc Tukey tests are indicated (*). 751 

Figure 6: x̄ ± 95% CIs (n = 8) during contact wetness perception ratings of stimuli presented to eight female 752 

participants at a range of applied volume and temperature combinations, fitted using linear regression. 753 

Figure 7: x̄ ± 95% CIs (n = 8) during contact thermal perception ratings of stimuli presented to eight female 754 

participants at a range of applied volume and temperature combinations, fitted with linear regression. Ratings are 755 

expressed as a deviation from VAS midpoints, which were unmarked, to the cold and warm extremes to allow 756 

magnitude comparison without directionality. 757 

Figure 8: Example thermal profiles generated with thermocouples, showing the changes in skin temperature on the 758 

index fingerpad during three interactions at each of the different test temperatures (25 °C, 29 °C, 33 °C and 37 °C). Key 759 

interaction stages labelled A-E. 760 

Figure 9: x̄ ± 95% CIs (n = 8) thermal perceptions of stimuli presented to eight female participants and the 761 

corresponding average skin temperature at the time of interaction, fitted with linear regression. Each data point 762 

represents one of the six applied volumes, as indicated with different symbols, and is grouped according to applied 763 

moisture temperature. 764 

Figure 10: x̄ ± 95% CIs (n = 8) wetness perceptions of stimuli presented to eight female participants and the 765 

corresponding average skin temperature at the time of interaction, fitted with linear regression. Data points 766 

grouped according to the six applied volumes and four moisture application temperatures. 767 
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Table 1: Mass of the uppermost layer of the stimulus before and after loading with respective surface 

characteristics at each applied moisture level. 

Applied 
Moisture (ml) 

Mass Before 
Load (g) 

Mass After 
Load (g) 

Change in 
Mass (g) 

Mean Surface 
Area (mm2) 

Mean Surface 
Wetness 

(ml mm-2) 

10 1.52 1.82 0.296 1810 1.64 x 10-4 

20 1.49 2.09 0.606 3230 1.88 x 10-4 

30 1.62 2.45 0.828 4040 2.05 x 10-4 

40 1.53 2.97 1.44 6580 2.19 x 10-4 

50 1.45 3.47 2.01 8060 2.50 x 10-4 
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Table 2: Absolute and relative wetness detection thresholds of 8 female participants with mean and 

standard deviation. 

Applied Temperature 
(°C) 

Absolute Wetness Detection Threshold 
(ml) (x̄ ± SD) 

Relative Wetness Detection Threshold 
(ml mm-2) (x̄ ± SD) 

25 18.7 ± 3.94 1.896 x 10-4 ± 8.39 x 10-5 

29 23.0 ± 3.17 1.918 x 10-4 ± 6.67 x 10-5 

33 24.7 ± 3.48 1.926 x 10-4 ± 6.30 x 10-5 

37 27.0 ± 3.04 1.933 x 10-4 ± 6.14 x 10-5 
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