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Abstract

Human skin is innervated with a variety of receptors serving somatosensation and includes the
sensory sub-modalities of touch, temperature, pain and itch. The density and type of receptors
differ across the body surface, and there are various body-map representations in the brain. The
perceptions of skin sensations outside of the specified sub-modalities e.g. wetness or
greasiness, are described as ‘touch blends’ and are learned. The perception of wetness is
generated from the coincident activation of tactile and thermal receptors. The present study aims
to quantify threshold levels of wethess perception and find out if this differs across body sites. A
rotary tactile stimulator was used to apply a moving, wetted stimulus over selected body sites at
a precise force and velocity. Four wetness levels were tested over eight body sites. After each
stimulus, the participant rated how wet the stimulus was perceived to be using a visual analogue
scale. The results indicated that participants discriminated between levels of wetness as distinct
percepts. Significant differences were found between all levels of wetness, apart from the lowest
levels of comparison (20 pl and 40 ul). The perception of wetness did not, however, differ
significantly across body sites and there were no significant interactions between wetness level
and body site. The present study emphasizes the importance of understanding how bottom-up

and top-down processes interact to generate complex perceptions.
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Introduction

Cutaneous sensations result from the stimulation of many different skin afferents including those
from touch, temperature, pain and itch receptors, and vary across the body due to differences in
the receptor type and density. The body is represented in various ways in the brain, for example,
the somatotopical sensory homunculus in the primary somatosensory cortex (Sl), where the
hands have a much larger representation than input from the back [25]. When the skin is
stimulated, a sensation is perceived through processing changes in the firing patterns from
peripheral afferents. Skin sensations are rarely composed of just one sensory modality and
some sensory receptors are polymodal [16]. Furthermore, perception of the sensation usually
occurs from a blend of inputs, for example, when we sense that something is wet, it is typically
due to changes in both touch and temperature afferents [2, 30]. There is no evidence to suggest
that we have ‘wetness’ receptors in the skin. Bentley [2] tested the perception of dipping a
sheath-covered finger into a liquid; the results showed that the participants at first refused to
believe that the finger was not actually wet. When skin is touched, cutaneous mechanoreceptors
(e.g. Merkel's disks, Pacinian corpuscles and Ruffini's end organs, and also Meissner’'s
corpuscles in glabrous skin and hair and field receptors in hairy skin [17, 33, 35]) detect a
change and information is transmitted to the central nervous system by these fast-conducting,
myelinated A-fibre afferents. Slowly-conducting, unmyelinated C-fibre afferents (e.g. C-tactile
fibers) in hairy skin also contribute to the touch sensation [22, 34, 36]. Together, these
mechanosensitive afferents code for different aspects of touch involved in the perception of a

liquid, for example, the location, pressure and duration of a stimulus.

In the thermoreceptive system, there are also a number of different receptors that may
contribute in the perception of wetness and changes in absolute and relative temperature can be
perceived [29]. From separate experiments by Blix, Goldscheider and Donaldson (see [21] for an
overview) it has long been known that thermal sensitivity is punctate and there are many more
temperature spots responding to cooling than warming, so the perception of cool is a particularly
salient stimulus [1, 6]. Temperature sensing involved in the perception of wetness is typically in
the innocuous temperature range i.e. where the skin is not damaged. Normal skin temperature is
approximately 33°C [1, 20] and when a wet stimulus is sensed, it is usually due to a decrease in
temperature (in combination with a mechanical indentation). Specifically for wetness perception,
temperature afferents activated may include thinly myelinated Ad afferent fibres that fire
preferentially to skin cooling between 20-30°C [3, 4, 8], unmyelinated C cold afferents that are

active below 20°C, but may contribute more to the sense of cold pain [3, 4, 5], and unmyelinated



warm afferent fibres that are active at >30°C [9, 15]. The present study investigates the effects of
evaporative cooling of water from the skin (i.e. in the Ad thermoreceptor range), however, in
other circumstances, the more extreme, cold unmyelinated fibres may contribute more (e.g.
when touching freezing water) or the unmyelinated warm afferents may also contribute (e.g.

when in contact with warm water).

There are two mechanisms in which the temperature changes induced from wetness may be
perceived: (i) through direct contact with a liquid, which causes a change in skin temperature
and (ii) through the evaporation of liquid from the skin (leading to cooling of the skin). The
present study is aimed at understanding the ability to perceive the wetness of an object moving
across the skin This has relevance for everyday life, as people will report feeling uncomfortable
in wet clothes or when they become sweaty [31, 32]. It is of interest to investigate the
neurophysiology behind wetness perception to understand the mechanisms of the contributing
sensations and how these can relate to the future design of textiles, particularly for sports-wear
and in occupations where protective clothing is important. We hypothesize that participants will
discriminate between different amounts of wetness and that due to the differences in cutaneous

receptor density there may be topographic differences in the discriminatory abilities.

Materials and methods

The perception of wetness was tested using psychophysical ratings. A total of nine healthy
female participants completed the experiment (aged 21-42). Participants were given information
about the study, which conformed to local ethical approval and was performed in accordance
with the Declaration of Helsinki. Written informed consent was obtained for all participants and
they were paid for participation. An automated rotary tactile stimulator (RTS; Dancer Design,
Wirral, UK) was used to deliver controlled moving stimuli at a predetermined force, direction and
speed to the skin sites, using custom-written scripts in LabVIEW (National Instruments, Austin,
TX). The RTS had four radial arms with a smooth, slightly rounded plastic surface at each end
(length: 6¢m, width: 3cm). Pieces of VELCRO® (length: 1 cm, width 3 cm) were stuck on the
underside of each plastic surface and on to knitted cotton fabric (cut into pieces of length: 8 cm,
width: 3 cm) so that the fabric could be attached securely to the plastic surface. This meant that

the fabric covered the whole of the plastic end and could be quickly and easily changed.

In the experiment, the participants wore shorts and a vest top so the different skin sites could be

accessed easily, and they were positioned comfortably on a massage table so that the RTS



could be manoeuvred above them to deliver the stimuli. The temperature of the room was set at
24°C and the water used for wetting the fabric was kept at room temperature. The participants
wore earplugs to minimize any noise and also glasses with side-shielding so they could only see
the screen in front of them, which was used for rating wetness. A micropipette was used to wet a
piece of fabric, just before application of the stimulus, with one of four levels of water (20, 40, 80,
or 160 pl). Each level of water was applied in a single stroke to the different body parts at a
relatively slow velocity of 0.5 cm/s and at a relatively light force of 0.25 N. There were eight body
sites under investigation: mid-forehead, and on the left side of the body, the dorsal forearm,
palm of hand, collar, shoulder, lower back, ventral thigh, and the mid-ventral leg. The body sites
chosen were all relatively flat so that the area of skin contacted by the probe was similar across
the conditions. The direction of stimulation on the forehead, collar, shoulder and lower back was
from right to left and on the forearm, palm, thigh and leg, the direction was proximal to distal.
The wetted fabric was randomly assigned to an arm on the RTS for each trial and the stimuli
presentation to the body parts was also randomised. A new piece of fabric was used for each
wetness level, body site and participant.

After each stimulus, the participant rated how wet they thought the fabric was with a slider
device held in their right hand. A visual analogue scale (VAS) was used with the hand-held slider
for ratings. The end anchors of the scale were ‘Completely dry’ on the left of the screen, which
represented a bone dry piece of fabric, and ‘Completely wet’ on the right side, which represented
a dripping wet piece of fabric. There was a minimum of 30 seconds between each stimulus. The
participants were informed how to use the scale and what the end-text anchors were before the
experiment. They also had a practice run prior to the experiment so that they had an idea of the
feel of the stimulation and also how to use the VAS. The output from the RTS provided data on a
0-100 point scale from each participant, for each wetness level and body site. Statistical
analyses were conducted using MATLAB (The Mathworks, MA) to calculate significant
differences between conditions using a repeated measures analysis of variance (ANOVA) with
two variables (wetness: 4 levels of water; body site: 8 levels, representing each site). Where
significant main effects were found, a multiple comparison post hoc test using Tukey's least
significant difference (alpha sought at p<0.05, p<0.01 or p<0.001) was used to compare
between the levels of the variable. Inferential statistics were required to conclude whether any
significant differences found in the data were more than the random variability in the population

sampled.



Results

The results showed that participants were able to differentiate accurately between the wetness
levels and a main effect was found (F=30.94;, 1, p<0.001). Figure 1A shows the differences
between the participants’ ratings, averaged per wetness level and collapsed over the body site
where the stimulus was applied. A multiple comparison post hoc test showed that there were
significant differences (p<0.001) between all of the levels of wetness, apart from between 20 pl
vs. 40 pl (t=1.819, p>0.05). Ratings were more variable at lower levels of wetness (20 and 40 pl)
and less variable at higher levels (80 and 160 pl); this can be seen in the differences in the
length of box-and-whisker plots between the minimum and maximum ratings for each wetness

level (Figure 1A).
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Figure 1. Ratings for wetness over all the participants averaged over (A) wetness level and (B)
body site. In (A), the average ratings of wetness are shown for each level of wetness. There was
no significant (n.s.) difference between the ratings for 20 and 40 ul/, however all other
combinations of wetness level were significantly different (p<0.001). In (B) the average ratings
for wetness are shown per body site. There was no significant main effect of body site. Both
graphs show the minimum-to-maximum average ratings in the box and the median value as a
line in the middle of the box, with standard error bars. The high variability in the ratings in Figure
1B is due to the averaging over the highly differently rated wetness levels.
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Figure 1B shows the participants’ ratings averaged over body site and collapsed over the
wetness levels. One of the aims of the present study was to determine whether certain body
sites were more sensitive to wetness than others. No significant main effect for body site was
found (F=1.64(;, 25, p=0.102). In general, the collar area was rated as generally lower on
wetness, and the lower back and thigh were rated higher than other body parts for wetness (see
Figures 1B and 2). The interaction between wetness level and body site was also explored.
Figure 2 details the average ratings per wetness level per body site, however, no significant
main interaction was found (F=0.35(, g4, p=0.996) and there were no significant interactions

between the wetness level and body site.
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Figure 2: Averages of wetness ratings for all body sites over all levels of wetness. This shows
the average ratings for all participants, with standard error bars. There were no significant

interactions between wetness level and body site.

Discussion

The present study emphasises the importance of understanding the interaction between the
peripheral and central nervous system. Stimulation of the skin by the application of different
levels of wetted cloth was perceived through changes detected by pressure receptors (the touch
of the wetted cloth) and temperature receptors (from contact of the wetted cloth and the
evaporation of residual water from the skin). The results demonstrate that this is a very sensitive
system, as participants readily discriminated between very small amounts of wetness. However,
there were no significant differences across body sites for wetness perception. Sensitivity to

wetness was not increased on the glabrous skin of the palm, which has a much higher density of



myelinated mechanoreceptors, exemplified in two-point discrimination tests as increased
discriminatory abilities [37]. This implies that wetness perception was not directly related to a
certain type of tactile receptor density. Differences in tactile receptor type and density may
nevertheless contribute to the encoding of wetness, however in the present study the tactile
stimulus was not difficult to detect. In situations where light forces or minimal duration of tactile
contact are used, differences may be found between wetness sensing at glabrous and hairy skin
sites, due to the high precision of mechanoreceptive information from glabrous skin that may

capture small differences in tactile contact.

In comparison to the distribution of afferents for mechanosensation, the temperature sensing
system has a more uniform distribution across the skin, although there are many more receptors
for cool sensing [1, 21]. Most studies on thermal perception have been conducted in patients,
although studies on healthy adults have shown that the foot is less sensitive in thermal threshold
tests than the arm or hand [12, 13, 26]. Less is known on how thermal perception thresholds
differ across the whole body. To investigate how cool detection varied across many body sites,
we compared data from two sources: a study by Heldestad and Nordh [13] and from reference
values in the TSA-Il (Medoc, Israel) thermal sensory testing device database. Data from these
showed that the detection of cooling occurred at a thermal change of ~1°C for most skin sites
(e.g. face, neck, upper arm, mid-arm and palm), with lower detection temperatures on the mid-
leg (requiring a 2°C change). Furthermore, the upper body, and more proximal skin sites
(including the thigh), appeared to be more sensitive to cool than distal sites on the lower half of
the body [13]. The present study investigated many different body sites and there were no
significant differences in the distribution of wetness perception, although the more proximally
located abdomen and thigh may be more sensitive to cooling than other sites. From comparing
these wetness and cool sensing data, both appear to show largely similar sensitivities across the
body. This suggests that in the present study, the main influence for the perception of wetness

came from cool thermoreception and that this has little variation across the body.

At the lowest wetness levels, it was more difficult to judge the wetness of the fabric samples and
the ratings were more variable: there was no significant difference for levels of wetness in the
ratings between 20 and 40ul water. From this, there may be a level of wetness that is difficult to
discriminate and/or not readily noticed. It is likely that this is signalled by thermoreception, as the
participants were able to feel the tactile pressure input, which did not change. Furthermore,

relating to the two ways in which thermoreception occurred in the experiment (change in



temperature of the skin on contact and through evaporation), the results point to evaporation as
being most important in wetness perception. As the temperature of the stimulus was the same
throughout the experiment, we conclude that the difference in the perception of the level of
wetness was due to differences in the residual water left on the skin, which evaporated at slightly
different rates. These small differences in evaporation rate may be sensed by faster-conducting

cool Ad afferents and to some extent a decrease in the firing of warm unmyelinated afferents.

If the skin is saturated with water, evaporation may play a lesser role and the perception will be
more limited to the changes in touch coupled with a direct change in temperature. Furthermore,
if the liquid contacting the skin is at the same temperature, it may become difficult to perceive
wetness as there would only be a change felt in the touch somatosensory modality. However, in
everyday life, the senses rarely act alone. The perception of wetness is primarily detected by
somatosensory input; however the other senses can play a role in the mediation of the
sensation. For example, seeing the input (e.g. the observation that a material is wet) may make
the decision about wetness perception much quicker (i.e. you may be able to see if the material
is wet). Also, auditory input has been shown to influence tactile perception: previous studies
have highlighted the cross-modal influence of audition on somatosensation through attenuating
sounds while examining surfaces to change the perception of wetness/dryness and
roughness/smoothness of the surface [11, 14].

Afferents relating to touch project to the contralateral SI and secondary somatosensory cortex
(SlI), but also to the posterior insula [19, 24]. Innocuous thermal stimuli activate the insula
cortex, whereas noxious thermal stimuli additionally activate SlI [7, 10, 18]. Specifically, these
studies have demonstrated bilateral posterior insula activation to innocuous cold stimuli. From
these findings, the integration of afferent inputs from mechano- and thermoreceptors, which lead
to the perception of wetness, may be due to the convergence of these inputs in the posterior
insula, although it is also possible that a network of cortical areas are involved, including the
insula, SI and Sll and also more frontal areas associated with the more complex processing of
somatosensory stimuli [27, 28]. The perception of wetness has implications for everyday
situations, for example, it is linked to the detection of sweating and comfort in wearing clothes.
People who need to wear protective clothing during physical work (e.g. fire-fighters) may benefit
from clothes designed to take into account the neurophysiology of the perception of wetness to
improve comfort in strenuous work conditions [23, 38]. Further studies will investigate how touch

and temperature combine to determine wetness perception, such as testing different liquids (e.qg.



ethanol, which evaporates faster than water) and also the perception of water at different
temperatures. Future directions for gaining a better insight into the limits of wetness detection
will also include psychophysical tests on the ‘just-detectable’ level of wetness and investigating

the sensitivity of wetness detection to the actual volume of water applied to the skin.

Conclusions

The present study demonstrates that low levels of wetness can be perceived and the amount of
wetness can be rated accurately, even though there are no dedicated wetness receptors in the
skin. From the results, the differences in the perception of wetness did not relate directly to
mechanoreceptor type or density, but were more related to thermoreception. Nevertheless, it is
likely that the combination of all touch and temperature receptors activated at a specific skin site
send information to the central nervous system where this input is integrated as a ‘touch blend’
leading to the perception of wetness. From these results, we emphasize the importance of
understanding how the peripheral and central nervous system interact to generate complex

somatic perceptions from more basic (temperature and touch) sensations.
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