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ABSTRACT
Providing users with rich sensations is beneficial to enhance
their immersion in Virtual Reality (VR) environments. Wet-
ness is one such imperative sensation that helps humans avoid
health-risking conditions and adjust grip force when interact-
ing with objects. Recently, researchers have begun to explore
ways to create wetness illusion, primarily on face or body skin.
In this work, we extended this line of research by creating
wetness illusion on users’ fingertips. We first conducted a user
study to understand the effect of thermal and tactile feedback
on users’ perceived wetness sensation. Informed by the find-
ings, we designed and evaluated a prototype—Mouillé—that
provides various levels of wetness illusion on fingertips for
both hard and soft items of varied weights when users squeeze,
lift, or scratch it. We further presented demo applications that
simulate an ice cube, iced cola bottle, a wet sponge, etc, to
show its use in VR.
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CCS Concepts
•Human-centered computing → Human computer inter-
action (HCI); Haptic devices; User studies;

INTRODUCTION
There has been an increasing interest in providing users with a
rich set of sensations for VR environments. Recent research
has explored ways to create spatial vibrotactile [9], motion [6],
inertial [16], force [3, 17, 20, 21], thermal [5, 25, 27], and
wind [26, 27] feedback. Although Wetness sensation is im-
portant to human, which helps people avoid health-risking
conditions (e.g., feeling uncomfortable while wearing wet
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clothing [4]), researchers have only recently begun to under-
stand its underlying mechanism [11, 12]. This has inspired
researchers to explore ways to generate wetness sensation for
VR, such as simulating showering experience on face and body
skin [30, 24].

In addition to face and body skin, people commonly use their
fingers to sense wetness and adapt their interactions with ob-
jects accordingly, such as adjusting grip force upon sensing
wet surfaces [1, 2, 31, 28]). Therefore, it is important to
understand what affects people’s wetness sensation on their
fingertips and then use it to guide the creation of wetness
illusions on fingertips to enhance VR experiences.

In this paper, we first conducted a formative study with twelve
participants to understand how the temperature, pressure, and
friction affect users’ perception of wetness on their fingertips.
Results show that temperature is key to generating wetness il-
lusion; and temperature and friction could potentially enhance
such illusion.

Informed by the findings, we designed a prototype—Mouillé—
that allows users to perceive objects with various levels of
wetness and stiffness by changing its temperature and stiffness.

To understand whether Mouillé can provide wetness illusions
on fingertips for VR users and whether it allows users to
distinguish different levels of wetness, we conducted a user
study, in which twelve participants interacted with four wet
virtual objects of various stiffness in VR by squeezing, lifting,
or scratching Mouillé with their fingers and reported their
wetness perception on fingertips. Results show that all of them
were able to perceive wetness on their fingers and they were
also able distinguish three levels of wetness with at least 83%
accuracy for five out of six test conditions. In addition, we also
identified other factors that affected their wetness perception
and discussed potential future directions.

We made the following contributions: i) an understanding of
the effect of temperature, pressure, and fiction on simulated
wetness perception on dry fingertips; ii) a portable prototype
that allows users to feel different levels of wetness on their fin-
gertips when they interact with VR objects of varied stiffness
via touching, squeezing, lifting, or scratching;
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BACKGROUND AND RELATED WORK

Wetness Sensation Mechanism
Although previous research has identified anatomically the bi-
ological transducers of touch, pain, and temperature in human
skin [22], no receptors have been found for sensing wetness [7].
Instead, previous research suggested that the wetness is per-
ceived through the combination of specific skin thermal and
tactile inputs, including information about skin cooling and
rapid changes in touch, which are received primarily from
thinly myelinated thermoreceptors and fast-conducting myeli-
nated mechanoreceptors respectively [11].

Filingeri et al. conducted a study in which participants touched
a wet surface and reported their sensation of wetness. By
manipulating the temperature of the wet surface and asking
participants to make a small movement on the surface, they
provided the first experimental evidence that the combination
of conscious coldness and mechanosensation could be the pri-
mary neural process allowing humans to sense wetness [12].
Recently, Shibahara and Sato extended their study to further
evaluate the effect of static and dynamic touch on the per-
ception of wetness [29]. They found that while users could
perceive wetness via temperature alone in the static touch
condition, they were only able to perceive wetness through
the combination of temperature and the friction and rough-
ness in the dynamic touch condition. In sum, these studies
have provided evidence that the wetness sensation is produced
by thermal (i.e., heat transfer) and tactile (i.e., mechanical
pressure and friction) inputs.

While Filingeri et al. focused on the forearm and the index
fingertip skin [13, 12] and Shibahara and Sato focused on
the palm skin in their studies respectively [29], we sought
to extend this line of work to better understand the effect of
thermal and tactile inputs on users’ fingertips, which would
in turn inform interaction design that leverages the wetness
sensation on fingertips.

Wetness Illusion in VR
Informed by the recent understanding of the wetness sensation
mechanism [12, 29, 11], researchers have just begun to simu-
late wetness illusion for VR applications. LiquidReality inte-
grates thermal and vibrotactile modules into a head mounted
display to simulate a wetness sensation on the face while the
user is interacting with a VR application [24]. Liquid-VR sys-
tem adopts the same thermal and vibrotactile integrated head
mounted display but extends it by placing additional vibrotac-
tle modules on users’ collarbone and feet to simulate a whole
body wetness sensation [30]. Recently, Zhu et al. explored
the possibility of generating spatial thermal patterns using
smart rings embedded with multiple thermoelectric coolers
[33]. The exploration so far has been limited to simulating
wetness sensation for the face, the body parts (i.e., collarbone
and feet areas), and on a ring [30, 24, 33]. Inspired by this
line of work, we sought to create wetness illusion on users’
fingertips to enhance the immersion of VR environments.

UNDERSTANDING WETNESS ILLUSION ON FINGERTIPS
To better understand the effect of temperature, pressure, and
friction on the wetness illusion on fingertips, we designed a

prototype that allowed us to control the parameters and then
conducted a user study.

Apparatus

Figure 1: Experimental device (a: 40mm*40mm FSR sensor,
b: 40mm*40mm TEC plate with a water-cooling equipment,
c: printer plate with a finger holder) and (d) study setup (user
separated from the experimental device by a board)

Figure 1 shows the experimental device and the experimental
set. We retrofit a 3D printer to leverage its precise position
control on three-axis slides. The printer is rotated 90°and
placed on a table. One end of the original printhead is re-
placed by a TEC plate, which is connected to a water-cooling
equipment. The temperature of the TEC plate is controlled by
a TEC controller with an error of ±0.02 °C.

The other end of the printhead is attached with a 40mm×
40mm FSR sensor. A holder is positioned on the original
printing plate to host users’ fingers in the same position. The
prototype moves the X-axis slide to drive the finger forward
until it touches the TEC plate (ceramic surface). By measuring
the pressure via the FSR sensor and adjusting the printing plate
position in the X-axis, we can precisely control the pressure
that the finger applies to the TEC plate. Similarly, by manipu-
lating the movement of the TEC plate in the Y-axis back and
forth, we can create different levels of friction sensation.

Participant
We randomly recruited twelve participants (3 females, 9 males)
without sensory-related deficits from age 23 to 30 (M=24.25,
SD=2.05) from a local university.

Design
Inspired by prior works that show temperature, pressure, and
friction affect wetness sensation, we designed this study [13,
12, 10]. We evaluated the effect of five levels of temperature
(2, 5, 7, 10 and 15°C below each participant index fingertip
temperature, which would be referred to as temperature level
1 to 5) based on Filingeri et al.’s studies [13, 12]. We con-
ducted pilot to select appropriate friction and pressure values
with five participants. We recorded three different levels of
pressure and two different levels of friction that can be clearly
discerned by each participant first, and then selected the aver-
age of the overlapping values for each level of pressure and
friction. Three levels of mechanical pressure are (The con-
tact area between the finger and TEC plate is approximately
2 cm2):3 kPa(0.6N/2*10−4 m2, 6 kPa(1.2N/2*10−4 m2, and
12.5 kPa(2.5N/2*10−4 m2)), which will be referred to as low,



medium, and high pressure. Two levels of friction are gen-
erated by horizontally moving the TEC plate at 2 Hz and 6
Hz, which will be referred to as low-frequency friction and
high-frequency friction. In total, we applied 30 (5 + 5*3 +
5*2 ) cold-dry stimuli in a random order on each participant’s
index fingertip. Note that the temperatures of the stimuli were
calculated on an individual basis, by measuring the fingertip
temperature with an infrared thermometer.

Rating Scales
We asked participants to indicate their wetness perception on
their fingertips between 0 and 4: 0 is the feeling of dryness,
4 is the feeling of putting a finger in water. As there was no
clear discrete wetness levels, we encouraged participants to
indicate their wetness sensation with any values between 0
and 4. Participants were asked to indicate their pressure and
friction sensation between 0 and 4, with 0 meaning no pressure
or friction at all, and 4 meaning the very strong pressure or
friction that they had experienced in daily lives. To avoid
priming participants with questions only asking their wetness
feeling, we asked them to rate all these three tyeps of feelings
after each trial. This setup ensured that participants did not
know which of the three variables (i.e., temperature, pressure,
and friction) was changed in each trial but focused on their
real feelings.

Procedure
The study was conducted in a quiet office with room tempera-
ture of 21±1°C and the relative humidity of 35±5% . Upon
arrival, participants were asked to rest in the study room until
their finger temperature reached a stable temperature, which
was measured by infrared thermometer. During the study, the
temperature and humidity of the study room was controlled
constant. Participants were asked to immerse their finger into
water at room temperature only once at the beginning of the
study, allowing them to get a baseline wetness feeling. We
dried their finger with tissue and waited until their finger re-
turned to its original temperature (measured with infrared
thermometer) before continuing the study.

Participants sat at a desk where the prototype was placed. Par-
ticipants did not know the existence of the experimental device
and were separated from it so that they could not see it. They
did not know anything about how the stimuli were applied on
their index fingers or the type and magnitude of the simulation
to prevent any expectations. Stimuli included dry-stimuli of
different temperatures with no pressure or friction, dry-stimuli
of different temperatures with different levels of pressure, and
dry-stimuli of different temperature with different levels of
friction. Each stimulus confirmation was repeated three times
during the study and the stimuli were applied in a random
order.

For each trial, each participant positioned their index finger
in the holder on the printing plate, which then automatically
pushed the finger towards the TEC plate until the measured
temperature, pressure and friction satisfied the configuration
of the trial.

Then the participant was asked to rate their wetness, pressure
and friction sensation on their fingertip using scales in 3.4
section.

This phase took roughly 20 seconds. After that, the TEC plate
was set to the original temperature of the participant’s finger
to warm the finger back to its original temperature. This phase
stopped when the participant indicated that the temperature
of their finger was the same as that of the TEC plate. In
each trial, the printing plate pushed the finger towards the
TEC plate and then travelled back to its original position. We
checked the TEC plate surface using Cobalt chloride test paper
and ensured there was no condensation throughout the study.
Participants repeated this process for all the trials. On average,
the study took 135 minutes to complete. Each participant was
compensated with $23.

Results
Ten out of the twelve participants had experienced wetness il-
lusions on their fingers. The results of the rest two participants
were treated as outliers because they were very insensitive to
wetness perception, reflected by their wetness ratings (M: 0.06,
STD: 0.01) compared to those of the rest of the participants
(M: 0.48, STD: 0.27). As a result, in the following analysis,
we focused on the data from the 10 participants who actually
felt wetness to better understand how temperature, pressure,
and friction affected wetness illusions. Figure 2 a, b, and c
show the wetness perception ratings for different levels of
temperature, pressure, and friction respectively.

Figure 2 (a) shows that the lower the temperature, the stronger
the wetness illusion. We performed Friedman test and found
that there was a significant difference for the ratings of differ-
ent temperature levels (χ2 = 39.82, p = 0.000,d f = 2). Pair-
wise comparisons indicated that the differences between any
two levels were significant.

Figure 2 (b) shows that participants felt stronger wetness sen-
sation without pressure than with any given levels of pressure.
Friedman test found a significant difference (χ2 = 8.28, p =
0.041,d f = 2) and pairwise comparisons indicated that there
were significant differences between the no pressure condition
and any of the three given pressure conditions, but there was no
significant difference between the three pressure conditions.

Figure 2 (c) shows the ratings for all friction levels were very
similar. Friedman test found no significant difference between
the three frictions conditions (χ2 = 4.00, p = 0.135,d f = 2).

Discussion
It is encouraging that eight-three percent of the participants
(10 out of 12) were able to feel wetness illusions. Results in
Figure 2 show that temperature was key to generating wetness
illusions. Moreover, there was a clear trend between the tem-
perature and the wetness illusions. Specifically, the lower the
temperature, the stronger the wetness illusion. For example,
when exposed to a lower temperature levels (e.g., T-10, T-15),
P1 commented, “I felt my finger was wrapped in a sponge full
of water”; P2 commented, “it was like I just pulled my finger
out of water.”; and P6 commented, “it felt like touching a tin
can in winter, or a ice pop in summer.”.



Figure 2: The effect of temperature, pressure, and friction on wetness perception: (a) temperature; (b) pressure; (c) friction.

Interestingly, participants tended to feel stronger wetness sen-
sation when they touched on the surface without any external
pressure or friction. The implication is that the wetness illu-
sion can be triggered the moment when users touch a prototype
without needing to apply extra pressure or friction.

To better understand how participants’ perceptions of wetness
and pressure changed in different pressure levels, we further
plotted their ratings for wetness and pressure in Figure 2 (d).
The grey and blue bars were the perceptions of wetness and
pressure respectively. As the pressure become higher, partic-
ipants tended to feel pressure sensation more than wetness
sensation.

The implication for design is that if fingers would feel pressure
when interacting with a device that generates wetness illusion,
such as when lifting it, then the device should be designed
to feel as close to the simulated object as possible. Because
lifting a heavier object requires a higher grip force, which in
turns requires users to apply higher pressure on the interaction
surface. This could potentially reduce wetness illusion on their
fingertips.

Figure 2 (e) shows participants ratings of wetness and fric-
tion sensation for each friction level. Similarly, when friction
was applied, higher friction also tended to generate slightly
higher wetness ratings but the difference was not significant.
Moreover, the wetness rating was higher without friction than
with friction. The implication is that the frictions, as generated
via vibrations as our experimental device did, did not signifi-
cantly enhance wetness illusion. Future work should examine
whether other ways of generating friction could potentially
enhance wetness illusion on fingertips.

In sum, compared to Filingeri et al.’s recent work [11], our
study has two key differences: 1) the wetness was simulated
on a dry surface in our study while Filingeri et al.’s work
used water wetted fabrics (cotton); 2) external pressures were
passively applied to participants’ fingertips in our study to
make sure the applied stimuli were constant among users
while active pressures were voluntarily applied by participants
on a water wetted surface in Filingeri et al.’s work. While
their study contributes a physiological understanding of real

wetness, our study contributes an understanding of the effect
of dry stimuli on simulated wetness on fingertips.

Based on our findings, we take the following two factors into
consideration when designing our wetness illusion prototype—
Mouillé: 1) temperature is key to generating wetness illusion
and therefore. As a result, the prototype should be able to
generate different levels of temperature; 2) pressure and fric-
tion are secondary factors that could help enhance wetness
illusion. Therefore, the prototype should also allow users to
apply pressure or friction, such as via squeezing or lifting, or
not apply any pressure, such as scratching.

MOUILLÉ: CREATING FINGERTIPS WETNESS ILLUSION
Mouillé is a prototype that generates wetness illusion when
users touch, squeeze, lift, or scratch its surfaces.

Theory of Operation
For producing the illusions of wetness, the same rendering
mechanism was used as that of study 1, where the sense of
wetness is induced by the rapid skin cooling. As Mouillé
acts as an haptic proxy of virtual objects in VR and supports
users to perform a variety of hand operations, pressure and
friction are generated as a result of hand actions. Thus, we did
not consider to include extra pressure and friction control in
producing the wetness sensation.

Stiffness let users feel how hard the object are. Stiffness is
important in helping users differentiate material that is rigid or
soft. Here we employ two approaches to generate the sensation
of stiffness: 1) the sensation of stiffness can be felt via a
tunable spring, and 2) a rubber membrane can additionally add
the stiffness sensation of flexible surfaces.

Implementation
The prototype is shown in Figure 4. It measures 75× 70×
145mm in length, width and height. It comprises of three parts,
including the stiffness control components for rigidness and
elasity, and the component that leverages the TEC plate to
induce the rapid cooling on a copper plate, that serves as the
contact surface with a user’s fingers. There are two copper
plates, one on each side for enabling grasping postures and
support the rendering of wetness on all the fingers. The TEC



Figure 3: Mouillé scheme diagram: (a) stiffness control mod-
ule (lock system); (b) brass plate; (c) TEC plate; (d) stiffness
control module (spring system)

plates are attached with fluid cooler modules, that are tubed to
a liquid reservoir.

The two copper plates are docked inside the prototype frame,
and can slide in and out along the frame. To emulate different
objects of various stiffness, the cooper plates are connected
to a center wheel via linkage structures, whose rotary motion
are restrained by a spring and a locking mechanism. This
is to provide different stiffness sensations, as well as rigid
ones. Two miniatured servo motors are used, to stretch the
spring that enables the device to produces various levels of
stiffness when fingers squeeze the copper plates, and to lock
the center wheel to prevent any movements of the copper
plates for representing rigid objects, respectively.

The device is driven by a TEC controller module that controls
the TEC plates (same to the one used in Study 1), and an
Arduino board to control the two servo motors. Altogether,
the capabilities of Mouillé allows it to render sensations of
wetness, as well as those rigid, flexible objects, and table
surfaces as shown in Figure 5.

Figure 4: Mouillé: (a) shows the internal structure and (b)
shows one interactive surfaces.

Application Scenarios
To demonstrate how Mouillé can be used to enhance users’
experience when interacting with wet virtual objects, we de-
signed four application scenarios (Figure 5). In these scenarios,

users could experience wet virtual objects with different levels
of stiffness by squeezing, lifting, or scratching Mouillé, which
acts as a proxy for those virtual wet objects. To simulate a
ice cube ( 5 (b)), the lock system (highlighted in green cir-
cles) is locked so that the two vertical side surfaces cannot be
squeezed. To simulate a Coke bottle ( 5 (c)), the lock system is
unlocked so that the two vertical side surfaces can be squeezed.
To simulate the rigidness of the coke bottle, the bottom motor
(highlighted in red circle in Figure 5) rotates 180°and pulls the
spring down, which in turn pulls the two side surfaces into the
body of Mouillé so that the two side surfaces can only travel
a small distance. Similarly, to simulate sponge ( 5 (d)), the
lock system is unlocked and the bottom motor only rotates
90°so that the two sides surfaces can travel longer distances
and therefore produces a spongy effect. To simulate a wet
glass table (( 5 (e))), we rotate Mouillé 90°so that one of its
vertical side surface faces upward so that users can scratch it.
Similar to the ice cube, the lock system is locked to produce a
complete rigid surface feeling.

EVALUATION

Study Design
We conducted a user study to answer two research questions:

• RQ1: whether and to what extent Mouillé can simulate
wetness illusions that people commonly experience in their
daily lives?

• RQ2: whether and to what extent Mouillé can simulate
different levels of these wetness illusions?

To answer RQ1, we simulated four daily items covering three
levels of stiffness: 1) hard: ice cube, table surface; 2) medium:
coca-cola bottle; and 3) soft: sponge. Because people interact
with these items differently, we tested three common types
of interactions: squeeze, lift, and scratch. Specifically, we
asked users to squeeze and lift the simulated ice cube and
cola bottle, to squeeze the simulated sponge (we did not ask
users to lift the simulated sponge due to the prototype’s weight
constraint), and to scratch the simulated table surface. In
total, there were six combinations of the simulated items and
their corresponding interactions. For each combination, we
further included three temperature levels to test their effect on
users’ wetness perceptions. As a result, there were 18 (6*3)
test conditions. For each test condition, participants wore an
HMD, which renders the corresponding item, and were asked
to interact with the item with the corresponding interaction for
roughly 5 to 7 seconds. Afterward, they were asked to rate
on a 5-point Likert scale "I felt that I just touched [the item]"
(0: not at all; 4: exactly the same). We repeated the 18 test
conditions three times and therefore each participant tried 54
(18*3) trials. We shuffled the order in which the trials were
administered and allocated a time gap and fingertip rewarming
between any two adjacent trials to avoid potential carry-over
effect.

To answer RQ2, for each of the aforementioned 6 combina-
tions, we first asked users to interact with Mouillé with three
parameter settings corresponding to three wetness levels se-
quentially; we then repeated the same three parameter settings
and asked users to choose their perceived wetness level from



Figure 5: Four simulated items and Mouillé’s corresponding internal structures for : (a) Mouillé in the idle state; (b)ice cube
(green: lock, red: more stretched); (c) cola bottle (green: unlock, red: more stretched); (d) sponge (green: unlock, red: less
stretched); (e) glass table (green: lock, red: more stretched).

the three levels (i.e., least wet, middle wet, and most wet) for
each of the three parameter settings. We repeated the three test
trials for each of the 6 combinations one more time. In total,
users interacted with Mouillé 54 (6*(3+3+3)) times, in which
there were 18 trails to experience all three wetness levels and
36 (6*(3+3)) test trials. Similar to RQ1, we also shuffled the
order in which the trials were administered and allocated a
time gap between any two adjacent trials.

Participants
Twelve local university students with no sensory-related dis-
eases (3 females and 9 males, aged 25-28) participated in the
study (M=25.83, SD=1.03).

Design Procedure
The study was conducted in a quiet office with room tem-
perature of 21± 1°C and the relative humidity of 35± 5%.
Participants were asked to wear the HMD (HTC VIVO Pro).
Figure 6 (a) shows the study setup. They then were able to
see the corresponding item rendered in VR and interact with
Mouillé, which acts as an proxy to allow them to interact with
four wet virutal objects as described in Figure 5. Figure 6 (b),
(c) and (d), (e) illustrate how Mouillé allows users to squeeze
and lift an ice cube and a coke bottle respectively. Figure 6 (f)
and (g) show how Mouillé allows users to squeeze a sponge
and scratch a glass surface. During the study, they were pre-
sented with these six interaction scenarios in a random order.
After seeing each scenario and interacting with the virtual wet
object, they were asked to answer the corresponding questions
in VR.These scenarios were repeated three times.

During the study, participants were not allowed to see the
Mouillé prototype but could request a rest time whenever

needed. The study took 120 minutes on average to complete.
They were compensated with $ 23.

RESULTS

RQ1: Wetness perception of simulated wet objects
To answer RQ1, we computed and plotted the distribution
of users wetness ratings for the three test temperature levels
(i.e., T-5°C, T-10°C, and T-15°C) for all the six test condi-
tions (i.e., ice cube & Squeeze, ice cube & lift, coke bottle &
squeeze, coke bottle & lift, sponge & squeeze, and glass table
& scratch). The results in Figure 7 indicate consistent trends
across all the six conditions that participants’ perceived wet-
ness sensation became stronger when the temperature became
lower.

We performed Friedman test on users’ wetness ratings for
each of the six conditions. The results show that there were
significant differences in the wetness sensation ratings for
different temperature levels were significant for all six condi-
tions: Ice cube & squeeze (χ2 = 17.24, p = 0.0002,d f = 2);
Ice cube & lift (χ2 = 23.53, p = 0.0000,d f = 2); Coke bot-
tle & squeeze (χ2 = 20.47, p = 0.0002,d f = 2); Coke bottle
& lift (χ2 = 21.83, p = 0.0000,d f = 2); sponge & squeeze
(χ2 = 14.22, p = 0.0008,d f = 2); and glass table & scratch
(χ2 = 17.52, p = 0.0002,d f = 2).

We further performed post-hoc pairwise comparison for each
condition and the results show that: for the Coke & lift, Coke
& squeeze, Ice & lift, and sponge &squeeze conditions, the
differences between any two temperature levels were signif-
icant; and for the Ice & squeeze and glass table & scratch
conditions, the difference between the low temperature (T-
5°C) and the lower temperature (T-10°c) and that between the



Figure 6: (a): Study 2 setup; and prototype configurations: (b): ice cube (squeeze); (c): ice cube (lift); (d): coke bottle (squeeze);
(e) code bottle (lift); (f) sponge (latex films attached to the external surfaces); (g) glass table (device rotated 90°).

Figure 7: participants’ wetness ratings for six conditions: coke
bottle (squeeze); coke (lift); ice cube (squeeze); ice cube (lift);
glass table (scratch);sponge (squeeze)

low temperature (T-5°C) and the lowest temperature (T-15°C)
were significant.

RQ2: Recognition of correct wetness levels
To answer RQ2, we computed how accurate participants rec-
ognized the correct levels of wetness for the six test conditions
and the results are shown in Table 1. We found that: 1) par-
ticipants were able to distinguish three levels of wetness for
coke bottle and sponge with at least 89% average accuracy
(the fourth and fifth lines in the Table 1); 2) participants had
achieved higher average accuracy in distinguishing wetness
levels for the ice cube when they lifted them up than squeezing
them on the table (the first and second lines in the Table 1);

Table 1: The accuracy of recognizing correct wetness levels
for the six conditions(in µ(σ)). T refers to the temperatures
of the participants’ fingertips.

Condition T-5°C T-10 °C T-15 °C
Ice cube (squeeze) 0.83 (0.38) 0.94 (0.23) 0.57 (0.50)

Ice cube (lift) 0.97 (0.17) 0.97 (0.17) 0.94 (0.23)
Coke bottle (squeeze) 1.00 (0.00) 0.83 (0.38) 0.94 (0.23)

Coke bottle (lift) 0.97 (0.17) 0.97 (0.28) 0.94 (0.42)
Sponge (squeeze) 0.97 (0.74) 0.89 (0.51) 0.89 (0.82)

Glass table (scratch) 0.69 (0.33) 0.47 (0.32) 0.58 (0.42)

3) Comparison between T-15°C and the other temperature
levels for the ice cube & squeeze condition (the first line in the
Table 1) seemed to suggest that lower temperature could have
a negative affect the wetness sensation when users squeeze
Mouillé; 4) Participants had lowest accuracy distinguishing
the wetness levels for the glass table condition (the last line in
the Table 1) .

Qualitative feedback
All participants were able to feel wetness on their fingertips.
Ten out the 12 participants tried to rub their fingers to dry them
during the study. All participants thought there was a wetness
generator and three of them even constructed a mental model
of the wetness generator, which consists of a water sprayer or
a water drop generator, a dryer, and a stiffness generator.

Most participants felt that the wetness sensation for the coke
bottle and the table surface were more realistic than that for
the ice cube or the sponge. One reason perhaps was that the
texture feeling of the ice cube or the sponge was much more
different from that of Mouillé, compared to the texture feeling
of the coke bottle or the table surface. For example, an ice
cube was expected to melt after being touched and the sponge
was expected to be deformed after being touched. Moreover,



some reported that the sponge was more like a wet fabric.
Pressure and friction also helped enhance the wetness illusion.
For exampled, participants mentioned that they felt stronger
wetness when lifting cola bottle up, which would generate
pressure and friction on the touching surface.

Although lower temperature tended to generate stronger wet-
ness sensation, participants sometimes felt coldness more than
wetness when exposed to lower temperatures.

DISCUSSION
Our evaluations indicate it is possible to create different levels
of wetness illusion on fingertips by modulating the tempera-
ture, pressure, and friction on the touch surface when partici-
pants interacted with virtual objects through HMD by squeez-
ing, lifting, or scratching the prototype—Mouillé. Some partic-
ipants felt their fingers so wet that they asked the experimenter
to wipe their fingers (as they were not allowed to see and dry
their fingers themselves).

We also found that lower temperature, higher pressure, or
higher friction could potentially increase wetness illusion as
participants felt stronger wetness when the temperature was
lower and when they were lifting Mouillé up than squeezing
it on a resting platform. Participants needed a time to reset
their wetness sensation after they interacted with Mouillé each
time, which was the reason why we set a time between any
two adjacent trials. The implication for VR application design
is that user interactions should be designed to encourage users
to reset their fingers after interacting with Mouillé and the
length of each interaction with Mouillé should also be kept to
a minimum.

It is worth noting that the wetness illusion disappears once
the stimulus no longer applies to participants’ fingertips. As
some participants reported, it felt strange that their fingers
dried so fast, which was contradictory to their common knowl-
edge. It is a challenge for interaction designers to take into
consideration. Our participants suggested that if they were
tricked to believe there was a dryer helping with drying their
fingers, they would have been convinced the fast disappearing
wetness sensation. However, future work should examine how
to provide persistent wetness whenever desired.

We chose Mouillé’s parameters based on all participants’ data
in the first study. While these values worked in general, two
out of the twelve participants could not feel wetness illusion
well with the experimental device. This finding and the varia-
tions in the wetness ratings in Figure 2 suggests that individual
difference in their ability of perceiving wetness exists and
should be considered when creating wetness illusion, such as
choosing appropriate parameters or perhaps examining other
types of stimuli if changing temperature does not work for
these users. One potential way to search for an optimal set of
parameters is to continually change the set of parameters while
allowing users to provide their perceived wetness sensation.
However, because users need a time to reset their wetness
sensation from previous interaction with Mouillé, searching
through the vast parameter space could take a long time. Fu-
ture work should examine a better approach to identify optimal
parameters for an individual.

We chose not to ask users to lift the simulated sponge because
Mouillé was much heavier than a real piece of sponge. How-
ever, matching Mouillé’s weight with the simulated VR item
might potentially enhance users’ wetness illusion. This could
be realized by connecting Mouillé through a pulley system
to a weight-adjustable counterweight. With appropriate coun-
terweight, users might be able to feel the corresponding VR
item’s weight when they lift Mouillé up.

In addition to the different levels of stiffness and types of inter-
actions that Mouillé supports, the roughness of the interaction
surface could potentially affect wetness illusion [23]. Inte-
grating texture-generating prototypes (e.g., [8]) into Mouillé
would allow for a better understanding of the effect of surface
roughness on wetness illusion.

In the evaluaton of Mouillé, we designed the two questions to
understand if participants could distinguish different types of
wetness (e.g., coke, sponge) and if they could distinguish three
wetness levels for each type of wetness respectively. In future
work, it is interesting to understand the effect of Mouille on
enhancing virtual presence and embodiment using questions
proposed in the literature, such as Witmer and Singer’s ques-
tionnaire [32] and Gonzalez-Franco and Peck’s questionnaire
[15, 19].

In addition, the evaluation of Mouillé focused on users’ wet-
ness perception when interacting with the prototype, where it
was challenging to control the pressure and friction. This is be-
cause in the proposed scenarios, participants actively applied
pressure on Mouillé’s surfaces, and friction was implicitly
determined by the pressure and Mouillé’s weight (when lifted).
Therefore, we opted to only control temperature instead of
pressure and friction in the evaluation. Future work should
examine ways to better measure and control the active pressure
[14, 18] and friction that users apply when they actively use
Mouille in VR tasks.

CONCLUSION
In this work, we first conducted a study to understand how
temperature, pressure, and friction affect people’s wetness
perception on fingertips using simulated dry-stimuli. We then
designed and implemented a prototype—Mouillé—that allows
VR users to experience wetness on their fingertips. We con-
ducted a user study in which VR users interacted with four wet
virtual objects that were of different stiffness by squeezing,
lifting, and scratching Mouillé. Results show that users were
able to feel wetness with different levels of temperatures and
ways of interaction. Moreover, they were able to distinguish
three levels of wetness for each VR object (i.e., ice cube, coke
bottle, sponge, and glass table). We found that temperature is
key to generating wetness illusion and pressure and friction
can further enhance such perception if only they are carefully
designed to not override wetness sensation. Mouillé took a
step further to enhance VR users’ immersive experiences by
providing them with simulated wetness sensation to their fin-
gertips. We have discussed factors (e.g., weight and surface
textual of the prototype, duration of the wetness illusions, indi-
vidual difference) that should be examined to enhance wetness
experience in VR.



ACKNOWLEDGMENTS
This work was funded by the National Key R&D Program of
China (2016YFB1001402).

REFERENCES
[1] Thibaut André, Philippe Lefèvre, and Jean-Louis

Thonnard. 2009. Fingertip moisture is optimally
modulated during object manipulation. Journal of
neurophysiology 103, 1 (2009), 402–408.

[2] Thibaut André, V Lévesque, V Hayward, Philippe
Lefèvre, and J-L Thonnard. 2011. Effect of skin
hydration on the dynamics of fingertip gripping contact.
Journal of The Royal Society Interface 8, 64 (2011),
1574–1583.

[3] Hong-Yu Chang, Wen-Jie Tseng, Chia-En Tsai, Hsin-Yu
Chen, Roshan Lalintha Peiris, and Liwei Chan. 2018.
FacePush: Introducing Normal Force on Face with
Head-Mounted Displays. In Proceedings of the 31st
Annual ACM Symposium on User Interface Software
and Technology (UIST ’18). ACM, New York, NY, USA,
927–935. DOI:
http://dx.doi.org/10.1145/3242587.3242588

[4] Kam-Hong Chau, Ka-Po Maggie Tang, and Chi-Wai
Kan. 2018. Subjective wet perception assessment of
fabrics with different drying time. Royal Society open
science 5, 8 (2018), 180798.

[5] Zikun Chen, Wei Peng, Roshan Peiris, and Kouta
Minamizawa. 2017. ThermoReality: Thermally enriched
head mounted displays for virtual reality. In 44th
International Conference on Computer Graphics and
Interactive Techniques, ACM SIGGRAPH 2017.
Association for Computing Machinery, Inc, a32.

[6] Lung-Pan Cheng, Patrick Lühne, Pedro Lopes,
Christoph Sterz, and Patrick Baudisch. 2014. Haptic
turk: a motion platform based on people. In Proceedings
of the SIGCHI Conference on Human Factors in
Computing Systems. ACM, 3463–3472.

[7] RP Clark and Otto Gustaf Edholm. 1985. Man and his
thermal environment. Arnold London.

[8] Heather Culbertson, Juliette Unwin, and Katherine J
Kuchenbecker. 2014. Modeling and rendering realistic
textures from unconstrained tool-surface interactions.
IEEE transactions on haptics 7, 3 (2014), 381–393.

[9] Victor Adriel de Jesus Oliveira, Luciana Nedel,
Anderson Maciel, and Luca Brayda. 2016. Localized
magnification in vibrotactile HMDs for accurate spatial
awareness. In International Conference on Human
Haptic Sensing and Touch Enabled Computer
Applications. Springer, 55–64.

[10] S Derler and G-M Rotaru. 2013. Stick–slip phenomena
in the friction of human skin. Wear 301, 1-2 (2013),
324–329.

[11] Davide Filingeri and Rochelle Ackerley. 2017. The
biology of skin wetness perception and its implications
in manual function and for reproducing complex

somatosensory signals in neuroprosthetics. Journal of
neurophysiology 117, 4 (2017), 1761–1775.

[12] Davide Filingeri, Damien Fournet, Simon Hodder, and
George Havenith. 2014. Why wet feels wet? A
neurophysiological model of human cutaneous wetness
sensitivity. Journal of neurophysiology 112, 6 (2014),
1457–1469.

[13] Davide Filingeri, Bernard Redortier, Simon Hodder, and
George Havenith. 2013. The role of decreasing contact
temperatures and skin cooling in the perception of skin
wetness. Neuroscience letters 551 (2013), 65–69.

[14] James J Gibson. 1962. Observations on active touch.
Psychological review 69, 6 (1962), 477.

[15] Mar Gonzalez-Franco and Tabitha C Peck. 2018. Avatar
embodiment. towards a standardized questionnaire.
Frontiers in Robotics and AI 5 (2018), 74.

[16] Jan Gugenheimer, Dennis Wolf, Eythor R Eiriksson,
Pattie Maes, and Enrico Rukzio. 2016. Gyrovr:
Simulating inertia in virtual reality using head worn
flywheels. In Proceedings of the 29th Annual
Symposium on User Interface Software and Technology.
ACM, 227–232.

[17] Seongkook Heo, Christina Chung, Geehyuk Lee, and
Daniel Wigdor. 2018. Thor’s hammer: An ungrounded
force feedback device utilizing propeller-induced
propulsive force. In Proceedings of the 2018 CHI
Conference on Human Factors in Computing Systems.
ACM, 525.

[18] Susan J Lederman. 1981. The perception of surface
roughness by active and passive touch. Bulletin of the
Psychonomic Society 18, 5 (1981), 253–255.

[19] Jaeyeon Lee, Mike Sinclair, Mar Gonzalez-Franco, Eyal
Ofek, and Christian Holz. 2019. TORC: A Virtual
Reality Controller for In-Hand High-Dexterity Finger
Interaction. In Proceedings of the 2019 CHI Conference
on Human Factors in Computing Systems. ACM, 71.

[20] Pedro Lopes, Alexandra Ion, and Patrick Baudisch. 2015.
Impacto: Simulating physical impact by combining
tactile stimulation with electrical muscle stimulation. In
Proceedings of the 28th Annual ACM Symposium on
User Interface Software & Technology. ACM, 11–19.

[21] Pedro Lopes, Sijing You, Alexandra Ion, and Patrick
Baudisch. 2018. Adding force feedback to mixed reality
experiences and games using electrical muscle
stimulation. In Proceedings of the 2018 CHI Conference
on Human Factors in Computing Systems. ACM, 446.

[22] Ellen A Lumpkin and Michael J Caterina. 2007.
Mechanisms of sensory transduction in the skin. Nature
445, 7130 (2007), 858.

[23] Shogo Okamoto, Hikaru Nagano, and Yoji Yamada.
2012. Psychophysical dimensions of tactile perception
of textures. IEEE Transactions on Haptics 6, 1 (2012),
81–93.

http://dx.doi.org/10.1145/3242587.3242588


[24] Roshan Lalintha Peiris, Liwei Chan, and Kouta
Minamizawa. 2018. LiquidReality: wetness sensations
on the face for virtual reality. In International
Conference on Human Haptic Sensing and Touch
Enabled Computer Applications. Springer, 366–378.

[25] Roshan Lalintha Peiris, Wei Peng, Zikun Chen, Liwei
Chan, and Kouta Minamizawa. 2017. Thermovr:
Exploring integrated thermal haptic feedback with head
mounted displays. In Proceedings of the 2017 CHI
Conference on Human Factors in Computing Systems.
ACM, 5452–5456.

[26] Nimesha Ranasinghe, Pravar Jain, Shienny Karwita,
David Tolley, and Ellen Yi-Luen Do. 2017. Ambiotherm:
enhancing sense of presence in virtual reality by
simulating real-world environmental conditions. In
Proceedings of the 2017 CHI Conference on Human
Factors in Computing Systems. ACM, 1731–1742.

[27] Nimesha Ranasinghe, Pravar Jain, Nguyen Thi
Ngoc Tram, Koon Chuan Raymond Koh, David Tolley,
Shienny Karwita, Lin Lien-Ya, Yan Liangkun, Kala
Shamaiah, Chow Eason Wai Tung, Ching Chiuan Yen,
and Ellen Yi-Luen Do. 2018. Season Traveller:
Multisensory Narration for Enhancing the Virtual
Reality Experience. In Proceedings of the 2018 CHI
Conference on Human Factors in Computing Systems
(CHI ’18). ACM, New York, NY, USA, Article 577, 13
pages. DOI:http://dx.doi.org/10.1145/3173574.3174151

[28] P Saels, Jean-Louis Thonnard, Christine Detrembleur,
and AM Smith. 1999. Impact of the surface slipperiness
of grasped objects on their subsequent acceleration.
Neuropsychologia 37, 6 (1999), 751–756.

[29] Mai Shibahara and Katsunari Sato. 2019. Illusion of
wetness by dynamic touch. IEEE Transactions on
Haptics (2019), 1–1. DOI:
http://dx.doi.org/10.1109/TOH.2019.2919575

[30] Kenichiro Shirota, Makoto Uju, Roshan Peiris, and
Kouta Minamizawa. 2018. Liquid-VR-Wetness
Sensations for Immersive Virtual Reality Experiences.
In International AsiaHaptics conference. Springer,
252–255.

[31] AM Smith, Geneviève Cadoret, and Dominic St-Amour.
1997. Scopolamine increases prehensile force during
object manipulation by reducing palmar sweating and
decreasing skin friction. Experimental brain research
114, 3 (1997), 578–583.

[32] Bob G Witmer and Michael J Singer. 1998. Measuring
presence in virtual environments: A presence
questionnaire. Presence 7, 3 (1998), 225–240.

[33] Kening Zhu, Simon Perrault, Taizhou Chen, Shaoyu Cai,
and Roshan Lalintha Peiris. 2019. A sense of ice and
fire: Exploring thermal feedback with multiple
thermoelectric-cooling elements on a smart ring.
International Journal of Human-Computer Studies 130
(2019), 234–247.

http://dx.doi.org/10.1145/3173574.3174151
http://dx.doi.org/10.1109/TOH.2019.2919575

	Introduction
	Background and Related Work
	Wetness Sensation Mechanism
	Wetness Illusion in VR

	Understanding Wetness Illusion on Fingertips
	Apparatus
	Participant
	Design
	Rating Scales
	Procedure
	Results
	Discussion

	Mouillé: Creating Fingertips Wetness Illusion
	Theory of Operation
	Implementation
	Application Scenarios

	Evaluation
	Study Design
	Participants
	Design  Procedure

	Results
	RQ1: Wetness perception of simulated wet objects
	RQ2: Recognition of correct wetness levels
	Qualitative feedback

	Discussion
	Conclusion
	Acknowledgments
	References 

