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Abstract
Existing research showed that unpleasant haptic feedback, such as
pain, could enhance the user experience and performance in various
scenarios (e.g. entertainment and training). This paper introduces
ThermOuch, a wearable thermo-haptic device that leverages the
thermal grill illusion (TGI) to simulate pain sensations in virtual
reality (VR) without causing actual invasive/non-invasive harm.
Our results of the user-perception experiments revealed that higher
temperature-changing rates, particularly with increased warming,
were associated with more intense pain perceived by the partici-
pants through our system. Furthermore, a higher ratio of warm-to-
cool temperature transitions reduced the sensation of coldness prior
to pain. Our experiments also showed that introducing an additional
stimulus unit potentially heightened pain perception, and altering
the spacing between stimulus units modified the perceived pain
area. Lastly, the user study in VR demonstrated that ThermOuch
significantly enhanced the sense of presence and body ownership
for the participants, as well as elevated their biosignal-indicated
arousal levels.

CCS Concepts
• Human-centered computing→ Virtual reality; Haptic de-
vices.
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1 Introduction
Many researchers have developed various haptic devices for en-
abling high-fidelity haptic experience [Cai et al. 2024, 2020; Choi
et al. 2017; Huang et al. 2023; Tanaka et al. 2023; Zhu et al. 2019a],
for different types of touch sensation in VR. Among different tactile
modalities of human beings, the pain sensation is considered to be
an unpleasant sensory experience possibly associated with poten-
tial or actual damage [Raja et al. 2020]. As the pain sensation in-
duces danger or harm awareness to humans, bringing such unpleas-
ant experiences in VR could improve safety awareness in training
[Cervero 2012] and increase the experience of entertainment, en-
lightenment, and sociality [Benford et al. 2012; Laso 2007].To avoid
applying extreme conditions directly to user’s body, researchers
have proposed different approaches for pain induction in VR, such
as electrical muscle stimulation (EMS) [Kono et al. 2018; Lopes
et al. 2015] and pseudo-haptics [Weir et al. 2012]. However, these
techniques may suffer from limited application scenarios (e.g. at-
tacking impact for EMS) and mismatching visual-haptic experience
(for pseudo-haptics). Recently, Jiang et al. [2021] applied capsaicin
chemical stimulant on users’ skin to trigger different levels of pain
sensations, but extra chemical stimulants need to be applied to re-
move the pain effects and may potentially harm the skin invasively.
To this end, there is a need for a new haptic mechanism to induce
continuous pain sensation without harming human skin, and easy
for removing the pain effect in VR.

The thermal grill illusion (TGI) is an illusory phenomenon that
generates a paradoxical sensation of pain through simultaneously
deploying interlaced warm and cool stimuli within an innocuous
temperature range [Bach et al. 2011; Craig and Bushnell 1994; Kern
et al. 2008]. Compared to using chemical stimulants to generate
pain sensations, TGI enables pain sensation with fast execution and
removal on the skin surface without the need of micro-needling or
penetrating the skin which may cause direct skin harm. To this end,
TGI could be potentially applied in virtual environments to “render”
pain sensation safely. However, it may not be trivial to directly apply
the TGI mechanism into VR. This could be due to the uncertainty of
how different system parameters (e.g., temperature-changing rates,
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Figure 1: Detailed architecture of a single ThermOuch unit.
(A) Internal components and their arrangement; (B) A bot-
tom view highlighting a 2 mm spacing between two Peltier
devices; (C) A side view showing that the maximum thick-
ness of the unit is approximately 2 cm.

stimulated locations) may influence the perception of TGI-induced
pain, hindering the scalability of its application in VR. Additionally,
while the thermohaptic feedback has been extensively studied in
VR research [Cai et al. 2020; Liu et al. 2021; Niijima et al. 2020; Peiris
et al. 2019, 2017; Zhu et al. 2019b], it is unclear how TGI-induced
pain perception may affect the VR experience.

In this paper, we propose ThermOuch (Fig.1), a wearable device
with thermal feedback for creating TGI-induced pain sensation
in VR. Our first user-perception experiment showed that higher
temperature-changing rates led to more intense pain perception.
Furthermore, a higher warm-to-cool rate ratio reduced the sen-
sation of coldness before pain was perceived. We then deployed
one more stimulus unit in our second experiment, where the re-
sults demonstrated that additional stimulus unit heightened the
perception of pain, and altering the spacing between units could
affect the perceived pain area. Lastly, a user study in VR showed
that the ThermOuch-induced pain perceptions could significantly
improve the sense of presence and the body ownership compared
to no haptic feedback.

2 Related work
In this section, we discuss the relevant research on pain sensation
for VR/AR and the background of thermal grill illusion.

2.1 Haptic Rendering of Pain Sensation in
VR/AR

Incorporating appropriate pain sensations could enhance empathic
and immersive experiences in virtual environments [Fusaro et al.
2016]. However, providing pain sensations to users poses challenges
due to safety and ethical concerns. One cost-effective pain-induction
approach was through pseudo-haptics. For example, BurnAR [Weir
et al. 2012] allowed users to experience the illusion of heating and
burning through virtual fires and smoke on their hands in aug-
mented reality (AR). Clavelin et al. [2023] employed perceptual ma-
nipulation on pain during a simulated finger dislocation experience.

However, the effectiveness of pain perception induced by pseudo-
haptics may vary among individuals, as some may not feel the
vision-induced pain [Eckhoff et al. 2020]. In addition, only applying
visual stimuli to evoke psychological effects of pain sensation could
lead to a non-matching visual-haptic experience, which may affect
the user performance and immersion [Cai et al. 2024; Hochreiter
et al. 2018].

Some researchers have explored haptic feedback on users’ skin
to generate actual pain sensations. Lopes et al. [2015] developed
Impacto to create the physical impacts of hitting and being hit
through EMS in VR. Similarly, Kono et al. [2018] combined EMS
with visual feedback to manipulate users’ eyelids and induce fear or
pain. However, EMS-induced pain may be limited to instant physi-
cal impact rather than persistent pain. Besides, Niijima et al. [2020]
found that users could also feel heat and pain when their sensitive
body parts, such as lips or forearms, came into contact with acti-
vated Peltier devices. However, it may cause actual harm on the
human skin by exceeding the pain threshold.

Considering chemical stimulants for pain sensation, previous
research has demonstrated that capsaicin can induce pain and me-
chanical hyperalgesia on human skin [Simone et al. 1989]. Jiang et al. [2021]
present Douleur , which injected capsaicin onto the skin to activate
the trigeminal nerve, and incorporated an additional Peltier mod-
ule to adjust the level of pain by heating or cooling the affected
area. Lu et al. [2021] investigated the temporal profile of painful
sensations as the skin naturally absorbs cinnamaldehyde. However,
the use of chemical stimulants comes with the limitation of latency
due to the dispersion of pain sensation.

While these approaches enabled pain sensation in virtual envi-
ronments, they may cause actual negative effects on skin or mis-
matched visual and haptic experiences (for pseudo haptics). Com-
pared to these existing efforts, ThermOuch explores the feasibility
and effects of leveraging TGI, which led to on-skin pain illusion
without inflicting harm to the skin, in interactive VR scenarios.

2.2 Thermal Grill Illusion
The thermal grill illusion (TGI), initially discovered in 1896, is a
phenomenon where the application of alternating warm and cool
stimuli to the skin leads to the illusory perception of intense heat
and pain [Alrutz 1898; Craig and Bushnell 1994]. Characterized
by the simultaneous presentation of these stimuli, TGI results in
a unique prickling sensation combining burning heat and pain
[Bach et al. 2011]. Previous studies have shown that neither the
arrangement nor the number of alternating warm and cool stim-
uli units significantly affected TGI occurrence [Li et al. 2009]. A
larger temperature range increases pain intensity through sen-
sory summation [Leung et al. 2005]. A larger thermal stimuli area
is associated with increased pain perception [Saga et al. 2022].
Harper and Hollins [2014] discovered that adaptation to the cool
bars of the grill resulted in a significant reduction in pain, indicating
that the sensation of coolness may contribute to the experience
of TGI-induced pain. Consequently, exposure to coolness before
applying the TGI could potentially lead to reduced pain sensations
[Hunter et al. 2015]. Later, Patwardhan et al. [2018] showed that
the larger temperature difference between heat and cold led to
higher pain intensity perceived by the participants, along with
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shorter response time. More recently, Mitchell et al. [2024] found
that the temperature-changing process periodically between hot
and cold with a single Peltier module could also induce illusionary
pain sensation.

Although previous research has extensively investigated TGI and
its impact on pain sensation, there is a lack of exploration regarding
the influence of warming and cooling rates on the pain sensation
induced by TGI and how to integrate it with VR technology. Fur-
thermore, the previous work [Hunter et al. 2015] shows that it is
challenging to provide the strong intensity of simulated pain sensa-
tions induced by TGI due to the diminishing pain sensation caused
by the anticipatory feeling of coolness prior. Such a challenge could
potentially be addressed by combining a rapid warming rate and
a slow cooling rate in dynamic conditions (changing the temper-
ature while the skin is in contact with the grill). Additionally, a
grounded TGI system adopted by previous researches limits further
exploration of its potential application in VR, where users typi-
cally move and use gestures to interact with virtual environment.
ThermOuch seeks to address these gaps by focusing on the design
of wearable TGI device which was untackled in the previous works
and investigating the effects of thermal feedback on TGI-induced
pain sensations with varying dynamic signal configurations.

3 ThermOuch System Implementation
ThermOuch contains a thermoelectric stimulative system to evoke
TGI-based pain, supplemented by a water-cooling regulation sub-
system to stabilize the rate of temperature change.

3.1 TGI Induction Module
The cornerstone of the ThermOuch system is the Peltier-based
temperature-control system for inducing thermal grill illusion. The
stimulative unit is housed within a 3D-printed enclosure, with a
copper heat sink. Beneath this heat sink, a pair of thermoelectric
Peltier elements (12.5 × 12.5 mm, Module No.: HT16040), one for
warming and the other for cooling, are situated to form an integral
stimulative unit. The Peltier elements are separated by a 2 mm gap,
as depicted in Fig. 1B, to reduce thermally mutual influence. A Type-
K thermocouple is attached for close-loop temperature regulation.
Heat sink surface in potential contact with the user’s skin are
covered with thermal insulation fabric to prevent unintended heat
transfer. To allow comfortable wearing on the user’s body, the
system contains an adjustable elastic band that allows for a versatile
fit across different body parts for different users. In our current
prototype and experiments, we focused on the specific context
of the ThermOuch device being worn on the user’s forearm as it
has been widely studied for TGI and obtained an average level of
thermal sensitivity [Luo et al. 2020] and pain threshold [Park et al.
2019] among different body parts.

3.2 Thermal-Regulation System
The temperature-regulation system of ThermOuch ran upon a
water-cooling mechanism. Originating from the inflow and outflow
ports of the copper heat sink, the silicone tubes connected to a water
pump and a reservoir, respectively, constituting the water-cooling
circuit. The reservoir (370 milliliters), positioned atop the water
pump, serves as the repository for the cooling medium, which is

Figure 2: The system diagram of ThermOuch

circulated to the heat sink as needed. The water temperature is
continually monitored via a Type-K thermocouple and is main-
tained within the narrow range of 23 to 25 °C (room temperature)
for our later experiments. The fans were activated to cool the wa-
ter when the temperature exceeded 23°C detected by the Type-K
thermocouple.

The temperature-regulation systemwas driven an ArduinoMega
2560 which interfaced with two dual channel motor drivers (L298N
BTS7960) powered by an external 9V power supply to control the
Peltier elements, shown in Fig. 2. Real-time temperature monitoring
was achieved via the Type-K thermocouples connected to MAX
6675 modules that provided temperature readings at a sampling
frequency of 4Hz. With the thermocouple readings, the microcon-
troller executes a Proportional-Integral-Derivative (PID) algorithm
to continuously adjust PWM signals for temperature control. Ta-
ble 1 in the supplementary material shows the PID parameters of
our control system. Figure 3 shows our system performance, for
various rates and thermal directions. We adopted the temperature-
changing rate of +/-5°C/s for temperature resetting, achieving the
resetting time below 2.5s which could be useful for real-time VR
application. In a VR setting, as users navigate and interact with
the environment, the system detects the collision events on the
avatar’s forearm, and controls the ThermOuch system to trigger
the corresponding thermal stimulus.

4 User-perception Experiment 1: The Perceived
Intensity of Pain Sensations

In the first study, we investigated how different warming and cool-
ing rates would affect users’ perceived pain intensities through
the grounded ThermOuch setup. This was to study the perception
bandwidth of pain sensation enabled by our system. All the experi-
ment protocols (including this and the latter ones) were approved
by the ethics committee in our university (HU-STA-00000327).

4.1 Participants
The study recruited 12 participants(3 females and 9 males), with
an average age of 28.7 years old (SD = 3.71). The average skin
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temperature of the forearm was 33.48°C (SD = 0.63). Furthermore,
the mean length of their forearms was 23.25 cm (SD = 2.22). As
they self-reported, all the participants were right-handed without
any body impairment, and possessed normal thermal-perception
capacity.

4.2 Apparatus
Fig. 4 illustrates the configuration of the user study environment. A
participant put his/her dominant forearm on a pressure-sensing sur-
face with load cells (GML670). We adopted a linear motion actuator
(Module No.: 28T6*4-100) to control the perpendicular movement
of Peltier actuators to contact the midpoint of the forearm with the
constant applied normal force. During the study, the participant
provided his/her subjective ratings on the stimuli using a 12-inch
touch-screen laptop, with their non-dominant hand. To mitigate vi-
sual cues that may influence their perception, a black cloth is placed
in between to obscure the stimulus unit from the participant’s view.
Additionally, to eliminate potential auditory distractions, the par-
ticipant put on a pair of noise-cancelling headphones throughout
the duration of the study. The environmental conditions within the
study area are regulated, with the ambient temperature maintained
at a constant 25°C.

Figure 3: The step response of thermal stimuli with different
temperature-changing rates (i.e., 1°C/s, 3°C/s, and 5°C/s) and
thermal directions (i.e., warming and cooling) in the experi-
ment.

Figure 4: (A) The user interface for evaluating pain intensity,
coldness, and unpleasantness; (B) Setup environment where
stimulus unit fully contacts the skin and halts upon a 2N
increase in pressure as measured by the load cell.

4.3 Study design
A within-subjects design was adopted with the combination of
warming and cooling rates as the independent variable. In this ex-
periment, we adopted the six temperature-changing rates, three
warming and three cooling. These temperature-changing configu-
rations were chosen due to the clear distinguishability among them
based on the results of the previous thermohaptic studies [Claus
et al. 1987; Kenshalo et al. 1968; Nakashige et al. 2009; Pertovaara
and Kojo 1985; Wilson et al. 2011]. This resulted in 3 cooling rates
× 3 warming rates = 9 combinations of thermal stimuli for TGI
induction, denoted as S1 to S9 shown in Figure 3. A neutral start-
ing temperature of 34°C was chosen as this is within the defined
‘natural zone’ of thermal sensation [Jones and Berris 2002; Stevens
2013] and has been used in other studies [Cai et al. 2020; Stevens
and Hooper 1982]. To ensure the participants’ safety and comfort,
the temperature range was constrained, with an upper limit of 42°C
and a lower limit of 22°C which are below the thresholds for heat
and cold pain [Bouhassira et al. 2005; Hardy et al. 1952; Harrison
and Davis 1999]. Each participant was subjected to a total of 45
randomized trials, with the 9 combinations of warming and cooling
rates, each being repeated 5 times.

We measured participants’ subjective ratings of perceived cold-
ness prior to the onset of pain sensations, the unpleasantness and
the perceived pain intensities at the incipient moment of pain per-
ception, and the perceived pain intensities at five seconds after
the detection of pain sensation. Participants were asked to provide
subjective ratings on an 11-point Numerical Rating Scale (NRS)
ranging from 0 to 10, assessing perceived coldness prior to pain
onset, initial pain intensity, and unpleasantness associated with
the pain. Additionally, the detection time was logged as the time
interval between the initiation of the temperature shift and the
point at which participants reported the onset of pain sensation.

4.4 Procedure
Each experiment consisted of one participant and one researcher.
The researcher first explained the purpose and procedure of the
study to the participant, obtained their consent, and measured their
skin temperature and the length of their dominant forearm. The
participant was then seated at the experiment table, aligning their
dominant forearm with the central position marked on a load cell
located at the midpoint of the stimulus unit. The central position of
the participant’s forearm was determined based on the previously
measured length.

Prior to the experiment trials, participants underwent a training
session to familiarize themselves with the experimental process
and ensure that they could perceive and tolerate the simulated pain
illusion. During the training session, participants experienced two
thermal stimuli: 1°C/s for cooling and warming, and 5°C/s for cool-
ing and warming rates. These extreme temperatures were chosen
to evoke mild and intense TGI sensations, respectively, providing
participants with a range of thermal stimuli. The participant inde-
pendently initiated each trial by pressing the “START” button on
the touchscreen (Fig. 4A). A linear motion actuator then advanced
the stimulus unit downward, halting upon a 2N increase in pressure
as measured by the load cell, to ensure the full contact and the com-
fort. After attaining the 2N pressure, the stimulus unit remained
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at 34°C for an additional five seconds with the visual countdown
on the screen, before the thermal stimulus was triggered. During
the stimulus, the participant was instructed to press the “OUCH”
button on the touchscreen as soon as he/she perceived a painful
sensation, and he/she then rated the pain level, the coldness, and
the unpleasantness respectively. The temperatures of the warming
and cooling elements were logged simultaneously and maintained
for five seconds. After a five-second maintenance period, the par-
ticipant was prompted with “Trial Finish” on the screen to rate the
current pain intensity. To end the trial, participants pressed the
“MOTOR UP” and “RECORD” buttons, which retracted the stimulus
unit. A 15-second interval was provided between consecutive trials
to allow the skin temperature to return to its initial state and alle-
viate any remaining pain through self-touching of the stimulated
skin area [Kammers et al. 2010].

If the participant did not report pain within 15 seconds of starting
the trial, they were instructed to press the “NO PAIN” button and
leave the rating sections blank. Participants were also informed
that they could withdraw from the experiment at any time if they
found the simulated pain sensation intolerable. Importantly, no
participants chose to end their participation prematurely. The entire
experimental procedure lasted approximately 1 to 1.5 hours per
participant.

4.5 Results
4.5.1 More Pain with Faster Warming and Cooling. Taking the com-
binations of warming and cooling rates as the independent factor,
we ran a Friedman Test on the participants’ ratings of perceived
pain intensities at the incipient moment of pain perception (Fig. 5A).
The analysis revealed that the warming-cooling combination signif-
icantly affected the rated pain intensities (𝜒2(8) = 92.583, 𝑝 < 0.001).
We then conducted post-hoc pairwise Conover Test between each
two combinations, and more details about pairwise comparison
results can be found in Table 2 in our supplementary materials. In
general, the participants rated more pain at the incipient moment
with faster warming-cooling combinations. Additionally, with an
identical sum of warming and cooling rates, a faster warming rate
tends to dominate the illusion and induce more pain.

Similarly, we also found a significant effect on the perceived pain
intensities five seconds after in terms of the warming-cooling com-
bination (𝜒2(8) = 50.126, 𝑝 < 0.001), depicted in Fig. 5B. We also ran
Conover test on our pain intensity after 5-seconds in Table 3 in the
supplementary materials. We then adopted Wilcoxon signed-rank
comparison test on perceived pain intensity for incipient moment
and 5-second past (Table 4 in the supplementary materials). The re-
sults indicated a significant reduction in all stimuli after five seconds
compared to their initial moment, highlighting a rapid decrease in
pain sensations within a relatively short time frame. The Pearson
Correlation Test revealed that the rated pain intensities after five
seconds was highly related to those at the incipient moment (𝑟 (538)
= 0.844, 𝑝 < 0.001).

4.5.2 Cold and Unpleasant Feeling Varied Across Stimuli. We col-
lected subjective coldness and unpleasantness ratings for each stim-
ulus during the experiment (Fig.5C&D). We expect to provide suit-
able pain sensations through TGI with minimum cold sensation
interference. The Friedman Test on perceived coldness prior to the

onset of pain sensations showed a significant difference (𝜒2(8) =
67.747, 𝑝 < 0.001). Post-hoc pairwise Conover Tests revealed that a
higher warm-to-cool rate ratio could result in a less intense cold
sensation prior to the pain. More details could be found in Table 5
in supplementary.

Additionally, the Friedman Tests revealed that there was a signif-
icant main effect of the different warming-cooling combinations on
the ratings of unpleasantness (𝜒2(8) = 78.696, 𝑝 < 0.001). Post-hoc
pairwise Conover Test delineated that S6 (𝑝 < 0.001) and S9 (𝑝 <
0.01), with the fastest cooling speed and the intermediate/fastest
warming speed, elicited significantly higher ratings of unpleas-
antness in comparison to the other seven stimuli. Table 6 in our
supplementary provides more details for pairwise comparisons. The
Pearson Correlation Test yielded that the immediate perception of
pain intensity is strongly positively associated with the response
of unpleasantness (𝑟 (538) = 0.719, 𝑝 < 0.001).

4.5.3 Shorter Response Time with Stronger Pain. Out of 540 trials,
participants reported no pain perception in 118 instances. The av-
erage response time for each stimulus is shown in Figure 5E. For
the statistical analysis, we treated the participants’ response time
toward these trials as 15 seconds. A repeated-measures ANOVA re-
vealed a statistically significant influence of the different warming-
cooling combinations on the participants’ response time towards
perceiving the pain sensation/illusion induced by our system (F(8,
88) = 13.722, 𝑝 < 0.001). Table 7 in the supplementary materials
shows more details about our post-hoc pairwise comparison test
results for response time. In addition, Pearson Correlation Test indi-
cated a negative relationship between detection time and the initial
perceived pain intensity (r(538) = -0.768, p < 0.001), suggesting that
greater pain intensity correlates with quicker detection times.

In summary, our first user-perception experiment showed that
the combination of warming and cooling rates significantly in-
fluenced the participants’ rated TGI-induced pain intensity. We
further performed a K-means-based clustering process on the in-
tensity ratings, and found the nine warming-cooling combinations
could be divided into 3 clusters (as shown in Table 8 in the sup-
plementary materials) with a significant difference in the intensity
ratings between all clusters and no significant difference within the
cluster. This suggested that our system could yield three different
levels of pain illusion. Within each cluster, we selected the stimuli

Figure 5: User perception of perceived pain intensity on in-
cipient moment (A) and 5-second past (B), coldness prior to
the incipient moment of pain (C), unpleasantness (D), and
detection time (E) regarding each temperature rates combi-
nation (color-coded bins denote groupings of stimuli with
identical sum of cooling and warming rates; error-bar repre-
sents a 95% of confidence interval).
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Figure 6: Adjustment of inter-stimulus distances (bottom-up
view). The structure is affixed to the motion slide rail at the
potion marked by the black cross.

that elicited less cold sensation, namely S2, S3, and S6, for further
experiments.

5 User-perception Experiment 2: The Perceived
Area of Pain Sensations

While our first experiments showed different temperature-changing
rates in our system could yield different levels of pain illusion, a
wearable design may contain multiple stimulating units to support
dynamic TGI patterns. In the second study, we investigated how
the thermal signals from two spatially distributed warming-cooling
units on user’s forearm may affect the perceived pain area and
intensity.

5.1 Participants
The study recruited 12 right-handed participants (9males, 3 females)
from a local university with the similar criteria (i.e. normal limb
functionality and thermal sensation) as the first experiment. To
avoid potential biases or learning effects, none of the participants
had been involved in the preceding experiment.

5.2 Apparatus
The experimental setup for the second user study was analogous
to that of the first experiment. There was an additional stimulus
unit affixed alongside the original unit on the end effector of the
linear motion actuator. To accommodate the experimental need for
adjustable inter-unit distances, each unit was attached to the end
of a pair of pin-jointed beams, as depicted in Fig. 6.

5.3 Study Design
We adopted a within-subjects design, with three independent vari-
ables: the distance between the two stimulus units, the combination
of warming and cooling rates, and the actuation sequence of the
stimulative units. Considering the two-point-discrimination (2PD)
threshold for pain sensation on the forearm [Mancini et al. 2014],
we chose 1.5cm, 3cm, and 6cm for the possible values of the distance
between the two stimulus units. The two stimulating units were
attached symmetrically according to the midpoint of the forearm.
As mentioned above, we selected S2, S3, and S6 for the stimuli
combinations. Last but not least, we considered three actuation
sequences: the activation of the distal stimulus unit followed by the
proximal unit (denoted as 𝑆𝑑𝑜𝑤𝑛), vice versa (denoted as 𝑆𝑢𝑝 ), and
the simultaneous activation of both units (denoted as 𝑆𝑛𝑜𝑛𝑒 ). The
duration of each stimulus is detailed in Table 9 in the supplementary

materials. For 𝑆𝑢𝑝 and 𝑆𝑑𝑜𝑤𝑛 , the subsequent stimulus would start
once the prior one achieved its maximum temperature differential
of 20°C, established between 42°C and 22°C. Meanwhile, the prior
stimulus maintained this maximum temperature differential. The
stimuli stopped when the subsequent stimulus also attains its max-
imum temperature differential. For 𝑆𝑛𝑜𝑛𝑒 , both stimulating units
were activated at the same time, and stopped when both reached
the maximum temperature differential. Each participant completed
a total of 81 trials (3 distances × 3 warming-cooling combinations ×
3 actuation sequences × 3 repetitions). The presentation order of the
distances was counterbalanced using a Latin square design. Within
each block, the sequence of stimulus presentations was randomized.
The dependent variables measured in each trial included the partic-
ipants’ subjective ratings of perceived pain intensity, the accuracy
of identifying the lateral motion direction of the pain sensation,
and the pixel count in the user-drawn pain area.

5.4 Procedure
We followed the similar procedure of “Introduction – PreQues-
tionnaire – Training – Testing” in the first user study. During the
training session, participants were exposed to randomized stimuli
under the inter-unit distance of 3cm and tried as much as possible
until he/she reported him/herself to be familiar with the experimen-
tal procedure. After each trial, the screen displayed the graphical
user interface (Fig. 7) for the participant to rate the perceived pain
intensity from 0 to 10, indicate the lateral direction of pain (i.e.
DOWN, UP, or NONE), and draw the perceived pain area.

There was a 15-second break between two consecutive trials,
and a 5-minute break after each condition of inter-unit distance.
The entire experiment spanned approximately 2 to 2.5 hours per
participant.

5.5 Results
5.5.1 Larger Pain Area with Longer Unit Distance. The size of the
perceived pain area was determined by the number of pixels of
the participant-drawn image. A multi-factorial repeated-measured
ANOVA revealed a statistically significant effect of the inter-unit

Figure 7: (A) The pop-up window for drawing perceived pain
area during stimulation period, featuring a pair of cross
marks that indicate the approximate locations of the two
stimulus units. (B) Main window for evaluating generally
perceived pain intensity and the directional movement of
pain sensation.
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distance on the size of the perceived pain area (F(2,22) = 16.252,
𝑝 < 0.001, 𝜂2𝑝 = 0.317). Post-hoc pairwise comparisons (Fig. 8A)
further disclosed that the distance of 6cm yielded significantly
larger pain area compared to the settings of 3cm and 1.5cm (𝑝 <
0.001). Furthermore, the warming-cooling condition also exerted
a significant effect on the perceived pain area (F(2,22) = 14.999,
𝑝 < 0.001, 𝜂2𝑝 = 0.3). The post-hoc test (Fig. 8B) revealed that S3
triggered significantly larger pain area than S2 (𝑝 = 0.025) and S6
(𝑝 < 0.001). Additionally, S2 elicited significantly more expansive
pain area than S6 (𝑝 = 0.022). There was no significant effect on
the perceived pain area in terms of the actuation sequences. Fig.9
showed the heat maps of the participants’ drawings for different
warming-cooling combinations and inter-unit distances for the
condition of the simultaneous activation for both units (𝑆𝑛𝑜𝑛𝑒 ).

5.5.2 Distant/Sequence not Affecting Perceived Pain Intensity. A
multi-factorial repeated-measures ANOVA on the response results
after Aligned Rank Transform (ART) [Wobbrock et al. 2011] showed
that a significantmain effect of the selected combination ofwarming
and cooling rates on the ratings for general pain intensity (F(2,22) =
4, 𝑝 = 0.023, 𝜂2𝑝 = 0.103). The post-hoc pairwise comparison revealed
that S3 engendered significantly higher pain intensity compared
with S2 (𝑝 = 0.034). Meanwhile, S6 was associated with a pain
intensity that was only marginally higher than that of S2 (𝑝 = 0.054),
and no significant difference was found between the pain intensity
ratings of S6 and S3, as shown in Fig.8C. There was no significant
effect of either inter-stimulus distance or actuation sequence on
the ratings of perceived pain intensity.

5.5.3 Low Accuracy for Detecting Lateral Motion Direction. In over-
all, the participants achieved a low accuracy in identifying the lat-
eral motion direction of the illusory pain (i.e., 42.90 % (SD=23.66%)
for 1.5cm, 44.45% (SD=18.37%) for 3cm, and 55.56% (SD=10.76%)
for 6cm). Specifically, with the distance settings of 1.5cm and 3cm,
most trials were identified as non-directional stimuli, while the
identification accuracy increased with the inter-unit distance of
6cm, as illustrated in Fig.8D. This could be due to the low spatial
acuity of thermal perception [Jones and Berris 2002; Stevens 2013].

Figure 8: User perceived average pain area relative to spacing
interval (A) and temperature rates combination (B); Overall
pain intensity during stimulation period (C); The identifica-
tion rate of the lateral motion direction of pain sensation
relative to spacing interval (D) and the stimulus activation
sequences (E) (error-bar represents a 95% of confidence inter-
val; * 𝑝 <= .05; **𝑝 <= .01; ***𝑝 <= .001)

Figure 9: Aggregated results of the pain areas drawn by all
participants under the 𝑆𝑛𝑜𝑛𝑒 condition. The color gradient
represents the degree of overlap in responses, ranging from
0 (no overlap) to 30 (complete overlap by all participants).

6 User-Perception Experiment 3: User
Experience with ThermOuch in VR

Building upon the empirical findings from the first and the second
experiments, we conducted the third user study to investigate the
integration of ThermOuch in VR and how it may influence user’s
sense of presence, body ownership, and emotional conditions re-
flected in their biosignals in immersive VR.

6.1 Participants
We recruited 12 participants (8 males, 4 females) for this experi-
ment, with an average age of 26.4 (SD = 3.83), all right-handed with
normal limb functionality. All of them did not attend the previous
experiments. All participants had prior experience with VR, but
only two had encountered it in combination with haptic feedback
on skin.

6.2 Apparatus
The ThermOuch system used in the second experiment was de-
ployed to provide the TGI feedback on the user’s forearm. We
developed a VR application containing two scenes using Unity3D
engine, version 2020.3.40f1. The application used an HTC Vive Pro
HMD and a pair of HTC Vive handheld controllers for interacting
with virtual objects in the scene. We also collect users’ heart rate
(HR), electrocardiography (ECG) and electrodermal activity (EDA)
signals through BITalino1 toolkit. The electrodes were adhered
to the recommended positions in the literature [van Dooren et al.
2012; Wang et al. 2013], as illustrated in Fig. 10C, ensuring accurate
biosignal measurement while minimizing potential signal distur-
bance during engaging in VR activities. The biosignal data thus
collected were continuously monitored and subsequently archived
using the OpenSignals software2 on a PC.

1https://www.pluxbiosignals.com/pages/bitalino
2https://support.pluxbiosignals.com/knowledge-base/introducing-opensignals-
revolution/
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Figure 10: In a 14-secondwindow centered around each times-
tamp, the change in heart rate is measured by comparing the
average cardiac cycle before and after the stimulus (A). The
change in EDA values is measured within the same window
by subtracting 𝐸𝐷𝐴𝑏𝑎𝑠𝑎𝑙 from 𝐸𝐷𝐴𝑚𝑎𝑥 (C). It shows a three-
lead ECG placement (pink) and a two-lead EDA placement
(green).

6.3 Study Design
The experiment was constructed with a within-subjects design. We
create three different conditions in VR scenes: wearing ThermOuch
with temperature maintained at an idle state (i.e., 34°C, denoted as
𝑇𝑂𝑖𝑑𝑙𝑒 ), wearing ThermOuch with the TGI-based haptic stimuli cor-
responding to the VR visual contents (denoted as 𝑇𝑂𝑐𝑜𝑟𝑟 ), wearing
ThermOuch with randomized TGI-based haptic stimuli (denoted
as 𝑇𝑂𝑟𝑎𝑛𝑑 ) wherein all correlated stimuli excluded. We selected
inter-unit distances of 6cm and 1.5cm, and comprised them with S2,
S3, S6 to form six distinct stimuli. To preserve the sense of presence
in VR and mitigate the potential disruption of immersion due to
mid-experiment changes in inter-stimulus spacing, we designed
two separate VR scenes, jungle navigation and dragon fighting. In
one scene, participants were tasked with navigating to a campfire
by following a stone path. The other scene presented a fiercer event
where participants were required to defend themselves against a
dragon and subsequently retaliate using a bow and arrow. Each
pain-triggering event in the two scenes was tailored around the
profile of corresponding stimuli, as detailed in Fig. 11.

The dependent variables were the sense of presence and body
ownership within the VR, which were evaluated through question-
naire with selected haptic-related items from [Witmer and Singer
1998] and [Roth and Latoschik 2020] respectively. Moreover, vari-
ations in biosignals between pre- and post-stimulus, were also
analyzed to study how the participant responded to the interaction
in real time.

6.4 Procedure
In the third user experiment, we followed a similar procedure as
the first two. Participants were introduced to the experiment, put
on the ThermOuch system, VR HMD, and biosignal sensors with
the researcher’s assistance. They learned how to interact with the
virtual environment using handheld controllers.The participant
then engaged in three testing conditions, counterbalanced using
a Latin square design, with each representing one of the three
aforementioned haptic conditions. Within each sub-session, the
presentation sequence of the two scenes was randomized. During

Figure 11: Six events and their corresponding stimulus fea-
tures

Figure 12: Questionnaire responses on the user experience.

the VR interactions, any incidents of pain sensation triggers were
annotated by the experimenter with timestamps in the OpenSignals
software. After each sub-session, participants removed the HMD
and completed a touchscreen questionnaire using a 7-point Likert
scale. The study ended with a semi-structured interview, allowing
for a more nuanced exploration of the participant’s experience.
Overall, the experiment took around 45 minutes per participant.

6.5 Results
6.5.1 Subjective Ratings of Presence and Ownership. The rating of
the sense of presence and body ownership within VR was depicted
in Fig. 12. The Friedman Test analysis revealed that the stimulation
mode significantly influenced the naturalness of the interaction
(𝜒2(2)= 19.581, 𝑝 < 0.001), consistency of VR and real world (𝜒2(2) =
22.136, 𝑝 < 0.001), attraction of interaction (𝜒2(2) = 15.548, 𝑝 < 0.001),
experience involvement (𝜒2(2) = 20.333, 𝑝 < 0.001), consistency of
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the multi-sensory information in VR (𝜒2(2) = 21.565, 𝑝 < 0.001),
latency of haptic feedback (𝜒2(2) = 21.333, 𝑝 < 0.001), lost track of
time (𝜒2(2) = 18.865, 𝑝 < 0.001). Post-hoc Conover’s test revealed
that the stimulation mode 𝑇𝑂𝑐𝑜𝑟𝑟 and 𝑇𝑂𝑟𝑎𝑛𝑑 outperformed the
𝑇𝑂𝑖𝑑𝑙𝑒 across most measured dimensions, with the exception of
the latency of haptic feedback. Furthermore, 𝑇𝑂𝑐𝑜𝑟𝑟 marginally
outperformed 𝑇𝑂𝑟𝑎𝑛𝑑 in naturalness of the interaction (𝑝 = 0.051)
and consistency of VR and real world (𝑝 = 0.054).

Additionally, the Friedman test revealed a significant effect of the
stimulation mode on the ratings of body ownership (𝜒2(2) = 16.233,
𝑝 < 0.001), limb ownership (𝜒2(2) = 21.273, 𝑝 < 0.001), embodiment
(𝜒2(2) = 18.878, 𝑝 < 0.001), personal identification with the Avatar
(𝜒2(2) = 21.571, 𝑝 < 0.001). A subsequent post-hoc Conover’s test
revealed that the conditions 𝑇𝑂𝑐𝑜𝑟𝑟 and 𝑇𝑂𝑟𝑎𝑛𝑑 were superior to
the 𝑇𝑂𝑖𝑑𝑙𝑒 in cultivating a sense of ownership across all measured
dimensions. There was no significant difference was discerned
between the 𝑇𝑂𝑐𝑜𝑟𝑟 and 𝑇𝑂𝑟𝑎𝑛𝑑 .

6.5.2 Biosignals. We observed obvious changes in heart rate and
EDA data in response to the stimulus, as shown in Fig. 10A&B. We
compared the collected heart rate (Fig. 13A) and EDA (Fig. 13B)
data within a 7-second interval preceding and succeeding each
logged timestamp of the onset of event. The repeated-measured
ANOVA revealed that the type of stimulation mode significantly
impacted the heart rate variation (F(2,18) = 7.142, 𝑝 = 0.005, 𝜂2𝑝 =
0.442). Further analysis through post-hoc testing revealed that the
average heart rate increased significantly under both stimulation
mode𝑇𝑂𝑐𝑜𝑟𝑟 (𝑝 = 0.005) and𝑇𝑂𝑟𝑎𝑛𝑑 (𝑝 = 0.048) compared to𝑇𝑂𝑖𝑑𝑙𝑒 .
No significant effect was detected between the stimulation mode
and the event type, implying that the observed heart rate changes
were consistent across different VR events within each stimulation
condition.

For 𝐸𝐷𝐴𝑎𝑚𝑝 data, we first adopted a 0-35Hz bandpass filter to the
collected 𝐸𝐷𝐴𝑎𝑚𝑝 signals to remove high-frequency noise [Chen
et al. 2015]. Four participants’ data were excluded due to the flat
plateau 𝐸𝐷𝐴𝑎𝑚𝑝 signals, which may be caused by the sweat from
palms. The repeated-measured ANOVA showed that the type of
simulation mode had a significant impact on the 𝐸𝐷𝐴𝑎𝑚𝑝 values
(F(2,14) = 11.593, 𝑝 = 0.001, 𝜂2𝑝 = 0.623). Post-hoc comparisons re-
vealed a significant higher 𝐸𝐷𝐴𝑎𝑚𝑝 under the correlated simulation
mode 𝑇𝑂𝑐𝑜𝑟𝑟 than 𝑇𝑂𝑟𝑎𝑛𝑑 (𝑝 = 0.027) and 𝑇𝑂𝑖𝑑𝑙𝑒 (𝑝 < 0.001).

6.5.3 Qualitative Feedback. We interviewed the participants to
gather their feedback after the experiment. Compared to 𝑇𝑂𝑖𝑑𝑒𝑙 ,
the conditions simulating pain sensations improve the sense of
presence and immersion in the virtual environment. However, most
of them could not specify a superior between 𝑇𝑂𝑐𝑜𝑟𝑟 and 𝑇𝑂𝑟𝑎𝑛𝑑 .
For example, P10 stated, "I may notice the discrepancy of pain
areas if I focus on it." P8 felt that somatosensory localization of
pain, experienced when being cut by a leaf in 𝑇𝑂𝑐𝑜𝑟𝑟 , was more
aligned with the concurrent visual cues, and the pain intensity
from the cut was more intense than when applying medicine to the
wound, which met his expectations. Regarding the haptic feedback
in the designed events, six participants mentioned the event of
using a shield to block fireballs as being notably realistic. "[...]
because in that event the fireball is inherently hot, and the rendered
stimulus spreads out, which very much resembles the impact of

Figure 13: Average variation of heart rate (A) and electro-
dermal response (B) in response to three stimulation modes.
(error-bar represents a 95% of confidence interval; * 𝑝 <= .05;
**𝑝 <= .01; ***𝑝 <= .001)

being struck," said P9. Additionally, the event of applying medicine
to a wound and the pain felt in the arm during archery received
positive feedback. P2 commented, "The whole medicine application
was very much in line with expectations. It started off with a cool
feeling, just like when you first dab on some ointment, right? Then
came this spreading kind of pain that kicked in, telling me the stuff
was working. Gave me a pretty rich, detailed kind of sensation."
P11 noted, "The pain during archery seemed to remind me that the
damage from the recent rockfall wasn’t just make-believe. It even
affected how I handled things afterwards." The events involving
blocking falling rocks and being pricked by pointed leaves did not
receive positive feedback. "In my mind, the impression of being hit
by a rock still includes some pressure and a scraping sensation," said
P11. "A diffuse, spreading pain doesn’t quite match the sharpness
of being pricked by leaves. However, having experienced the prick,
I found myself wanting to avoid similar plants on my path," P6
explained. When asked about noticeable delays in haptic feedback,
10 out of 12 participants reported perceiving little to no latency.
The other two participants reported a slight delay, but it did not
detract from the overall experience. P3 commented, "Actually, it’s
not bad, especially for virtual environments, because your focus is
definitely on other things." P10 added, "There’s a tiny bit, maybe,
in the second scene where timely feedback is relatively crucial. But
with something like a leaf cut, it’s pretty reasonable to how you
might not check the wound on your skin until you notice the pain
from a real-life accidental cut."

7 Discussion
The first user study provides insights into how pain illusions re-
spond to dynamically changing thermal stimuli. The results in-
dicated that the temperature-changing rate combination signif-
icantly influenced the perceived pain intensity. Specifically, the
participants experienced lower pain intensity with faster cooling
rates, even when the total rate changes (i.e., the sum of warm-
ing and cooling rates) were identical. This aligns with previous
research showing that the increased frequency of cold sensations
reduces pain perception in the context of TGI [Harper and Hollins
2014]. The findings suggested that pain intensity can be augmented
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more energy-efficiently by raising the ratio of warm-to-cool rates
rather than merely increasing total rate change. Given that cooling-
stimulus Peltier devices inherently produce excess heat that must
be efficiently dissipated, a lower dependency on the cooling rate can
significantly reduce the heat generated. This reduction could con-
tribute to the development of a more compact air-cooling system,
enabling the design of wearable TGI devices to be more lightweight
and untethered. Meanwhile, altering the ratio also affected the
perception of coldness preceding the pain, with a higher warm-to-
cool rate ratio leading to a less intense cold sensation. This can
be beneficial in scenarios requiring increased pain intensity with-
out a preceding cold sensation. A carefully managed ratio could
also provide more nuanced pain sensation, especially in situations
where coldness is required before rendering pain sensation, such as
simulating the touch of sharp edges. We observed that there were
22.4% of the trials without receiving the response of pain sensation,
spanning all temperature rate combinations and participants. These
pain-free trials were predominantly concentrated among three indi-
viduals with attenuated responses, echoing with previous research
[Bouhassira et al. 2005; Harper and Hollins 2014], suggesting that
some individuals may have an inherent insensitivity to TGI.

The second user perception experiment demonstrates that the
spatial-temporal parameters (i.e., the distance, the temperature-
changing rate, and the activation sequence) of thermal stimuli units
have significant effects on the perceived pain area and intensity. By
increasing the distance between thermal stimuli units from 3cm to
6cm, we found that the perceived pain area significantly expanded.
In terms of temperature-changing rate combination, S3 induced
stronger pain and covered the largest perceived pain area. However,
the participants did not discern a significant difference in pain
intensity between S3 and S6. This divergence from the results of
the first user study may be attributed to the evaluation based on
overall pain intensity rather than specific moments. In addition,
compared to the first experiment, the second one observed fewer
pain-free trials: none for S2 and S3, and only 2.8% for 𝑆𝑛𝑜𝑛𝑒 at a 1.5
cm spacing interval. The results indicate that an enlarged area of
stimulation enhances the perception rate of TGI, especially for mild
pain sensations. The participants could more accurately perceive
the direction of lateral motion with a 6cm spacing interval (∼70%),
but the overall identification rate was not high. We suspected that
the selected distances were not available for clear lateral motion
detection as they were too close. Previous research has observed
that TGI stimuli can produce a pain sensation up to distances of
30cm [Defrin et al. 2008], which creates ambiguity in direction
determination. Additionally, our results of two-units TGI-based
pain sensation indicated the possibility of integrating the array of
TGI-triggering units into the wearable form factors dynamic pain
patterns in VR.

By integrating the ThermOuch system with VR, we assessed its
impact on user experience in terms of sense of presence, owner-
ship, and stress level. Compared to the condition without haptic
feedback𝑇𝑂𝑖𝑑𝑙𝑒 , correlated configurations𝑇𝑂𝑐𝑜𝑟𝑟 and random con-
figurations 𝑇𝑂𝑟𝑎𝑛𝑑 significantly enhanced the sense of presence
and ownership. While comparing𝑇𝑂𝑐𝑜𝑟𝑟 and𝑇𝑂𝑟𝑎𝑛𝑑 , we didn’t ob-
serve significant difference between these two conditions in terms
of presence and body ownership in VR. Existing psychophysical
research indicates that simultaneous visual and tactile stimuli can

enhance the sense of ownership towards virtual body parts, while
the specific type of tactile stimuli (i.e. noxious and non-noxious,
more and less pain), may not significantly affect this sense of own-
ership [Capelari et al. 2009]. Users’ ratings on the sense of presence
were based on their subjective understanding of the pain sensations
anticipated from VR pain-triggering events. However, scenarios like
blocking falling rocks or defending fireball attacks from a dragon,
were imaginary experiences that most people have not encountered
in their real lives. These were different from the existing VR haptic
research (e.g. temperature/vibration-based material identification
in VR), meaning users may not have a real-world “ground truth” of
pain as a reference for their ratings of in-VR realism. This may lead
to similar sense of presence ratings between 𝑇𝑂𝑟𝑎𝑛𝑑 and 𝑇𝑂𝑐𝑜𝑟𝑟 .
Notably, the psychological signals evoked by𝑇𝑂𝑐𝑜𝑟𝑟 yielded higher
levels in terms of stressful experience compared to the randomised
𝑇𝑂𝑟𝑎𝑛𝑑 , allowing more intensive skin conductance response (SCR),
such as sweating. Existing research showed that the SCR level could
be positively correlated to the effectiveness of fear learning which
is crucial for survival and danger avoidance [Staib et al. 2015]. To
this end, our system with corresponding visual and TGI-based
pain stimuli could be potentially applied to the scenario of safety-
related training and education in VR. In our interview, participants
suggested several potential applications for ThermOuch. In enter-
tainment, such as VR gaming and 4D cinema, it could heighten
tension and excitement, thereby enhancing immersion. In medi-
cal education, it could train healthcare professionals about pain
management and foster empathy towards patients. It could also
be applied in training of hazardous settings, like firefighting or
military operations, to enhance skill acquisition. Another potential
application is wearing the TGI modules on other body parts, such
as foot, chest, and back, to stimulate whole-body experience.

8 Limitations
We identified and summarized a few limitations for the current
ThermOuch system. First, there is a subset of individuals is insen-
sitive to TGI, limiting ThermOuch’s utility as a haptic interface
for pain feedback. Although our second user study resulted in the
improvement with enhanced stimuli, more comprehensive testing
across broader demographics, ethnic backgrounds, and skin sites
should be considered for further validation. We also noticed that the
perceived pain intensity decreased within five seconds post-onset,
suggesting that the ThermOuch system may not be ideal for simu-
lating intensive pain over a prolonged duration. Additionally, our
future work will study how ThermOuch may perform in genera-
tion pain sensation for other body parts which may obtain different
thermal and pain sensitivity. Last but not least, the current device
relies on a water-cooling system to cool the Peltier devices, which
constrains user mobility. Potential advancements could explore
portable cooling technologies or redesign the system to improve
cooling efficiency and user comfort.

9 Conclusion
In this paper, we proposed ThermOuch, a wearable thermo-haptic
device to induce pain sensation through thermal grill illusion (TGI)
without causing actual harm and requiring invasive procedures in
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VR. Through three user-perception experiments, we first demon-
strated that controlling the warming and cooling rates of the stim-
ulus unit enables to modulate the level of pain intensity. Then, we
introduced an extra stimulus unit to explore pain perception perfor-
mance in terms of perceived area, pain intensity and lateral motion
effects. Lastly, our third user study for VR experience revealed that
ThermOuch significantly enhanced the sense of presence and own-
ership. Looking ahead, we envision broader applications where
ThermOuch could contribute to a safer, more empathetic, and en-
gaging interaction experience.
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