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ABSTRACT Thermal feedback has been proven to enhance user experience in human-machine interactions.
Yet state-of-the-art thermal technology has focused on the single finger or palm in static contact,
overlooking dynamic and multi-finger interactions. The underlying challenges include incompatible designs
of conventional interfaces for providing salient thermal stimuli for such interactions and, thereby, a lack
of knowledge on human thermal perception for relevant conditions. Here we present the ThermoSurf,
a new thermal display technology that can deliver temperature patterns on a large interface suitable for
dynamic and multi-finger interactions. We also investigate how user exploration affects the perception of the
generated temperature distributions. Twenty-three human participants interacted with the device following
three exploration conditions: static-single finger, dynamic-single finger, and static-multi finger. In these
experiments, the individuals evaluated 15 temperature differences ranging from —7.5 °C to +1.5 °C with an
initial temperature of 38 °C. Our results showed that human sensitivity against thermal stimuli is significantly
greater for static-single finger contact compared to the other tested conditions. In addition, this interaction
type resulted in higher thermal discrimination thresholds than the ones reported in the literature. Our findings
offer new perspectives on providing salient and consistent thermal feedback for future tactile interfaces.

INDEX TERMS Human-machine interaction, human thermal perception, thermal display, thermal feedback.

I. INTRODUCTION

Touch constitutes a substantial part of human interactions
with their surrounding objects and other people. Nonetheless,
humans spend considerable time in the virtual while inter-
acting with smartphones, tablets, or computers. Yet, these
interactions are far from natural as these devices are not well
equipped to display effective tactile feedback.

Recent advances in the field of surface haptics showed the
possibility of enabling tactile cues of friction and vibration on
touchscreens [1]. However, displaying thermal cues on these
devices has been rather overlooked, despite their importance
in everyday interactions. Previous research showed evidence
that thermal feedback has a significant role in conveying
emotions [2], [3]. It can also improve realistic rendering of
material properties [4], [5] and enhance user performance and
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comfort [6], [7], [8]. Imagine your smartphone could deliver
effective thermal feedback. During a long-distance call with
a loved one, you could lay your hand on the screen, and
the person on the other side could feel the warmth of your
skin besides perceiving your words and facial expressions.
Or picture a game in which you run through a desert, and
your teammate hands you an ice-cold beverage. The game
could feel more immersive if this sudden temperature change
is felt on your skin.

Creating such thermal effects on prevalent information
displays requires achieving several features (e.g., transparent
screen, large interaction area, low power consumption,
easy integration, compact design, suitability for localized,
distributed, and multi-finger interactions, ability to deliver
multi-modal tactile feedback [1]) desired for surface haptic
devices. Most state-of-the-art thermal displays use Peltier
devices, which rely on electrical current to generate or
remove heat [5]. These devices are generally closed-loop
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controlled, and their excessive heat is dissipated through
heat sinks [9], [10], [11] as well as active fluid cooling
systems [12], [13]. On such thermal display designs, the
users touch either directly the surface of the Peltier elements
[9], [10], [11] or the material that is heated or cooled by the
Peltiers placed below [14]. As the commercially available
Peltier devices are made of opaque ceramic substrates, these
displays are not transparent, hence not suitable for concurrent
visual feedback. More importantly, common thermal displays
have a small interaction area that prohibits the capability of
localized, distributed, dynamic, or multi-finger interactions.

Recently, two approaches were proposed to provide a large
interaction area for thermal displays. The first technique
relies on using individual heating elements (e.g., resistive
wires) and liquid cooling to distribute temperature over
a flat surface [15]. These elements are placed on a grid
to attain localized thermal patterns by applying current
to only the specified grid points. However, this approach
does not offer power efficiency or compactness and does
not ease integration and control. The second method uses
multi-layered anisotropic materials whose layers contain
a single heat beam. When multiple layers in various
orientations are stacked together, the combined beams can
create various thermal patterns [16]. This approach provides
low power consumption and compactness but requires a
complicated manufacturing process. Moreover, neither of
the methodologies offers transparency, making them hard to
integrate with the current touchscreens.

Probably due to the design challenges explained above
[13], the state-of-the-art research on human thermal percep-
tion has mainly focused on the single finger or palm in
static contact with a natural material or a thermal display
[6], [9], [10]. However, real-life interactions with objects also
include sliding and/or multi-finger contact, which affects the
resulting finger-surface contact dynamics [17] and possibly
the thermal sensitivity. Thus, our knowledge of how thermal
perception is affected by these conditions is limited. This
lack of knowledge also restricts the effective design and
implementation of thermal displays. For example, previous
research on static contact [13] showed that human thermal
sensation exhibits substantial spatial summation and poor
spatial acuity (see Section II for a detailed overview of
human thermal perception). Therefore, having a dense array
of thermal stimulators [13] may not be necessary to develop
a functional interface. Similarly, effective delivery of thermal
stimuli may require significant adjustments for different
touch interactions since contact variables such as pressure
and finger contact area highly affect the human thermal
perception [18], [19], [20], [21]. Therefore, a thorough
investigation is necessary to understand how user exploration
affects human thermal perception.

In this study, we designed the ThermoSurf, a new thermal
display that can generate thermal patterns on a large
interaction area. Our minimalist design relies on using only
four commercially available Peltier heating/cooling devices
positioned along the edges of a thermally conductive plate
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to generate a temperature distribution on the surface. Thanks
to the careful selection of the plate material and dimensions,
our compact thermal display can generate thermal patterns
suitable for various user interactions without the need for high
power. Although we used stainless steel for convenience, pre-
liminary analyses showed that our methodology has potential
to be applied on electronic screens if a transparent surface
material with similar thermal properties (e.g., aluminum
oxynitride, sapphire) is chosen. Using our thermal display,
we conducted human experiments where 23 individuals
explored the display with three different conditions (static-
single finger, dynamic-single finger, or static-multi finger).
During those interactions, the participants evaluated 15 tem-
perature differences ranging from —7.5 °C to +1.5 °C, where
the initial temperature was set to 38 °C.

The paper begins with an overview of human thermal
perception and the mechanisms underlying thermal infor-
mation processing (Section II). Then, the details of the
thermal display are explained together with the simulations
supporting the design choices (Section III). After that,
we present the results of the human subject studies following
the methods used to perform the experiments (Section IV).
Finally, we discuss our findings in Section VI.

Il. BACKGROUND: HUMAN THERMAL PERCEPTION

Cold and warm thermoreceptors, which are located in the
epidermal and dermal skin layers, sense changes in skin
temperature. Cold receptors fire to the central nervous system
in a temperature range of 5-43 °C with peak intensities at
around 25 °C skin temperature. Warm receptors fire between
the temperatures of 30°C and 50°C with a maximum
sensitivity at 45 °C. In the neutral zone, between 30 °C and
36 °C, both receptors fire at an equal rate, and no thermal
sensation is perceived [22]. When the temperature falls below
18°C or above 45°C, the activation of nociceptors (pain
receptors) causes a sensation of pricking (too cold) or burning
(too hot), respectively [23]. However, these temperature
thresholds can be different for each person; some people
already feel pain in the margins above or below these
limits [24].

Since thermoreceptors sense changes in the skin temper-
ature and not the temperature of the object, the perceived
sensation depends on the amount and rate of the transferred
thermal energy between the skin and the object. This energy
depends on various variables, such as the heat capacity of
the material and the initial skin temperature. A thermally
conductive material alters skin temperature quicker, and
therefore it is felt cooler or warmer than a thermally insulating
material, even if they are both at the same temperature [22].

Human thermal perceptual sensitivity is affected by skin
temperature and its rate of change as well as by stimulation
area and location [21]. Skin thickness, however, does not
influence the thresholds for cold and warm stimuli [25].
An earlier study by Stevens and Choo [18] found the just
noticeable difference (JND) of the lips as about —0.03 °C
at a temperature change rate of —1.9°C/s, and this value
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was about 40.03°C at a rate of +2.1°C/s. For the same
rates of change, the temperature JNDs on the toe for cooling
and warming were —1.8 °C and +5.6 °C, respectively. Under
the same circumstances, the JNDs for the fingertips were
reported as —0.6 °C for cooling and 4-0.9 °C for heating [18].
These values were determined for the participants aged
from 40 to 60 and grew with increasing age. Changing
the adapting skin temperature (the initial temperature with
respect to which the difference is calculated) within the range
of 25-40 °C also affects sensitivity [20]. Moreover, a decrease
in sensitivity is observed when the temperature rate of change
drops below 0.1 °C/s and the skin temperature stays within the
neutral zone (30-36 °C). As a result, a temperature difference
up to 5 °C can go unnoticed [21].

Another interesting aspect of human thermal perception
is spatial summation, which leads to poor localization [22].
Upon temperature change, the intensity over the stimulated
skin area is integrated [ 13], resulting in limited discrimination
of two different thermal cues on the same finger [26]. This
characteristic also gives rise to the ‘synthetic heat illusion’
shown by Green [24]. That illusive effect occurs when the
outer two of three stimulators touching adjacent fingers are
heated. In such a case, the middle finger also feels heated due
to spatial summation.

Human thermal perception exhibits temporal features,
distinctive from other senses. For instance, a time delay is
present since the change of temperature within the skin is
sensed, but not the temperature of the object. Hence, the time
required to discriminate two materials based on temperature
is longer than the discrimination duration based on hardness.
Distinguishing a soft and a hard object takes about 400-
500 ms, while the duration to differentiate two objects made
of copper and wood based solely on their thermal properties
averages at 900 ms [22].

Humans can identify various temporal thermal pat-
terns [27]. For instance, a study conducted by Singhal and
Jones [28] showed that six different patterns applied on the
right index and middle finger can be recognized with a mean
accuracy of 80%. That study also showed a square wave
temperature input was discerned more successfully than a
single step or a linearly varying input, implying that humans
perceive faster changes in temperature more effectively than
slower ones. Later, Ho and Jones [4] also found that humans
are able to distinguish two different materials using their
index fingers entirely based on thermal cues if the differ-
ence between thermal material properties is large enough.
In another study, temperature-based identification of various
synthetic and real materials is compared, and no significant
difference was observed between the two types [5].

Ill. THERMAL DISPLAY DESIGN

In this study, we aimed to design a new tactile display that can
deliver thermal patterns on a large interaction area suitable
for dynamic and multi-finger interactions. We also targeted a
system that is power efficient, compact, easy to integrate, and
potentially transparent for multi-modal interactions.
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FIGURE 1. Standard deviation of interaction surface temperature as a
result of a parametric sweep using stationary multiphysics FE
simulations. The input temperature of each four Peltiers placed along the
edges of the display surface was set to 60 °C. The selected material
thickness and conduction coefficient for the final design are indicated
with a white marker “x".

Based on these design goals, we decided on a
100 mmx 100 mm interaction surface, on which users can
explore thermal patterns created by four Peltier devices
placed along the edges of the display surface (see the
small illustration on the right in Fig. 1). This configuration
allows enough space for various user interactions and creates
perceivable thermal patterns by activating different Peltiers.
For this design, four commercially available 40x40 x
3.8 mm Peltiers (QC-127-1.4-8.5AS, Quickcool) with high
bandwidth temperature generation capability were selected;
therefore, a minimum of 180 mm x 180 mm display area was
required for sufficient interaction space.

The thickness and surface material of the display were
chosen by conducting finite element (FE) analyses using
the COMSOL Multiphysics@®) software. These simulations
justified the parameter values selected to attain distinct
steady-state thermal patterns. The transient thermal response
of the display was not considered. For the simulations, the
ambient temperature (7,) was set as 20 °C. The heat flux
from the surface to the surrounding air was simulated using a
convective heat flux over a horizontal plate. The convection
coefficient was assigned by COMSOL based on natural
convection for the external air pressure of 1 bar. Radiation
was assumed to be negligible.

The two most important variables governing the
steady-state heat diffusion through the material are the
thickness and the conduction coefficient (k). Hence,
we systematically varied the values of these two variables to
test their combined effects on the temperature distributions
at the interaction surface while keeping the other variables
constant. We selected the standard deviation of the average
surface temperature as the metric indicating the temperature
variability. The mean surface temperature was calculated by
averaging temperature values at 81 nodes evenly distributed
over the entire surface. We considered the condition where
all four Peltiers were set to 60°C, the maximum stable
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FIGURE 2. Sample steady-state thermal distributions obtained by
multiphysics FE simulations by using glass, ALON, stainless steel,
sapphire, and aluminum surfaces with the same thickness (2 mm) and
setting different input temperatures for Peltiers. Note that, glass, ALON,
and sapphire are transparent materials.

temperature that can be obtained with these devices. The
readers can refer to [29] for more details on the FEM
simulations.

Figure 1 shows the result of the parametric sweep
simulations. A very low standard deviation signifies a
uniform temperature distribution, implying that the entire
interaction surface has almost the same temperature. On the
other hand, a very high standard deviation indicates that
there is not enough heat distribution to create perceivable
thermal patterns on the overall interaction surface. There-
fore, a thickness-conductivity combination resulting in a
mid-standard deviation value is necessary for our application.
Hence, as the display structure, we selected a 2 mm-thick
stainless steel (k = 15.5 W/mK) plate that was available in
our lab.

Although we used stainless steel for convenience, our
simulations demonstrate that this methodology can also be
applied to electronic visual displays by selecting a transparent
surface material with optimal conductivity and thickness.
To highlight this opportunity, we conducted another set of FE
simulations for the same display surface dimensions, three
different input temperature combinations of Peltier elements,
three transparent materials (glass, ALON, sapphire), and two
non-transparent materials (stainless steel and aluminum). The
results presented in Fig. 2 indicate that thermal distributions
similar to the ones generated with stainless steel can be
attained with sapphire or ALON. The three temperature
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FIGURE 3. (a) The custom-designed thermal display. (b) A schematic
representation of a single Peltier connection. The temperature sensor
(represented as a black ellipse) is placed between stainless-steel surface
and Peltier via thermal paste.
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distributions obtained for the stainless steel surface were also
used for the psychophysical experiments; see Section IV for
more details.

Our final display (see Fig. 3a) consists of four 40x40 x
3.8 mm Peltier devices (QC-127-1.4-8.5AS, Quickcool) each
connected to a motor module (1573541, Joy-it), which allows
the Peltiers to get enough current input. The motor modules
are controlled via a microcontroller (Arduino Mega 2560,
Arduino). The Peltiers are powered by two external power
supplies (ES 030-05, Delta Elektronika). Four temperature
sensors (MCP9701A-E/TO, Microchip), one per Peltier,
were placed between the Peltiers and a 180 x 180x2 mm
stainless steel plate. The output of the sensors is processed
via another microcontroller (Arduino Uno, Arduino). Both
microcontrollers were controlled by a laptop (Elitebook
2560p, HP). The bottom side of each Peltier was attached
onto a heatsink and fan combination (CEBF0140401605-00,
Malico) using thermal tape. A schematic representation of a
single Peltier connection is given in Fig. 3b. Moreover, extra
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fans (TA350DC, Nidec Beta V, OD6025-24HSS, RSPro)
were used to cool the whole experimental setup.

The thermal display is controlled via open-source Arduino
IDE software. A closed-loop PID control ensures precise
and accurate temperature control of the Peltier devices.
A graphical user interface (GUI) designed via Process-
ing (Version 4.0) permits controlling the temperature of
each individual Peltier. This device has been approved
by the Health, Security, and Environment advisor of
TU Delft.

IV. PSYCHOPHYSICAL EXPERIMENTS

We conducted psychophysical experiments to investigate the
perception of thermal patterns generated via ThermoSurf.
The participants were asked to employ a specified interaction
(static-single finger (SS), dynamic-single finger (DS), static-
multi finger (SM)) and explore our custom-designed thermal
interface. Then, they reported whether they felt a thermal
difference between the two specified locations.

Eleven women and twelve men within the age interval
of 20-31 participated in the study. All participants were
right-handed. The experiments were conducted based on the
Declaration of Helsinki, and all participants gave informed
consent. This study was approved by the Human Research
Ethics Committee of TU Delft with case number 1988.

In these experiments, we used our custom-designed ther-
mal display explained in Section III. Before the experiments,
the participants were trained using a scale (80810018,
HEMA) to keep a constant exploration force of 1.5N.
During the experiments, the participants wore headphones
(HA-RX500, JVC); and they entered their answers using a
keyboard (SK140, HAMA). A thermal camera (FLIR E75,
InfraTec) and its embedded software (ResearchIR 4, FLIR)
were used to measure the temperature of the generated
thermal patterns.

The stimulus was the temperature difference between
two locations (standard and comparison) of the thermal
display surface. The users perceived these temperature
differences, AT, by exploring different paths over the
steady-state thermal distributions generated on the display
surface. Figure 4a exemplifies thermal camera measurement
over the display surface for one tested distribution (left)
and visualizes five corresponding stimuli considered in
the psychophysical experiments (right). In total, we used
three steady-state thermal distributions in our experiments;
see Fig. 2 for the input temperatures of each Peltier and
simulated thermal distributions corresponding to the stainless
steel surface. The thermal camera measurements showed
that the display reached a steady state in approximately
10 min.

As the adapting temperature influences how humans
perceive temperature [20], the standard temperature was kept
constant at ~38°C throughout a set of trials. The spatial
distance between the standard stimulus and comparison
stimulus was set as 10cm. By measuring the surface
temperature using a thermal camera, 15 stimuli ranging
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FIGURE 4. (a) Example thermal camera measurement for one tested
steady-state thermal distribution (the input temperatures for the Peltier
pairs 1-2 and 3-4 are 60 °C and 35 °C, respectively) and visualization of
five corresponding stimuli (temperature differences, AT). (b) Temperature
variation across all tested stimuli; the left and right legend entities
correspond to the input temperatures of the Peltiers 1-2 and 3-4,
respectively.

from AT = —7°Cto AT = 0°C were selected for the
experiments (check Fig. 4b). To minimize the influence of the
rate of temperature change during dynamic exploration, all
stimuli were chosen such that their temperature variations had
similar trends. The temperatures across the chosen thermal
patterns were within the non-painful range (18-45 °C) inside
the interaction area of the display [23].

Research has shown that a rate of change below 0.1 °C/s
decreases the thermal perception sensitivity [13]. Hence,
based on the smallest tested temperature difference (AT =
0.5 °C), the minimal exploration time was calculated as 5s.
Therefore, each contact with the thermal display lasted 5 s for
all exploration conditions. This duration was also sufficient
for static exploration since humans can distinguish between
materials based on thermal properties within 900 ms [22].
The force applied by the participants was maintained at
1.5 N based on previous research stating this amount to
be optimal for the thermal exploration of a texture [30].
This force magnitude was found to maximize the change in
temperature as a function of contact area and force, without
unnecessarily fatiguing the hand [19]. To control the initial
skin temperature, the participants touched a stainless steel
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FIGURE 5. Visualization of experimental procedure for a single
experimental trial per condition. In this example, the comparison
stimulus is at location “three”.

slab at room temperature for 5 s before the experiment. This
duration was selected based on a preliminary test.

Prior to the experiments, the participants washed their
hands (with water and soap) and dried them at room
temperature. Then, they watched an instruction video and
completed a training session. During the practice, the
participants familiarized themselves with the experimen-
tal procedures and exercised keeping the pressing force
at 1.5N.

In the experiments, the task was to compare the perceived
temperature of a standard stimulus marked as ‘start’, to a
comparison stimulus, which was indicated on the thermal
display by a number ranging from 1 to 9 (see Fig. 5). After
each trial, the participant answered ‘yes’ if they perceived a
thermal difference and ‘no’ otherwise.

An audio sequence played on headphones provided
guidance during the experiment. The beginning of each trial
was indicated by a audio cue. Upon hearing this sound,
the participants were instructed to place their index finger
on a piece of steel at room temperature to neutralize their
skin temperature. Afterward, depending on the condition, the
procedure continued as follows:

« For the SS condition, the participant was instructed to

place their index finger first on the ‘start’ position and

VOLUME 11, 2023

keep it there for 5 s until they heard another sound cue.
Then, they were asked to raise their finger, put it on a
specified location, and keep it there for 5 s until the next
sound cue.

o For the DS condition, the participant was instructed
to put their index finger on the ‘start’ position and
immediately start to move it to a specified location while
continuously touching the display, aiming for a total
exploration time of 5.

o For the SM condition, the participant was asked to
maintain their left index finger on the ‘start’ location and
the right one on a specified location for a total of 5.

After 25 trials, another beep indicated the end of the set.
A visual representation of the procedure is given in Fig. 5.

The experiment was conducted in three sessions. In each
session, the participant explored a single steady-state thermal
distribution using all three exploration conditions, which
were separated by 15 min breaks that allowed the participant
to relax and the display to reach a new thermal equilibrium.
Each steady-state thermal distribution contained five stimuli
(temperature differences) repeated five times per participant
in random order, resulting in a set of 25 comparisons. During
these 25 trials, the participant followed only one exploration
condition. Before each set, the experimenter instructed the
participant about the exploration to be performed. This
process was repeated for all three steady-state distributions in
arbitrary order. The entire procedure consisted of 225 trials
(5 stimuli x 5 repetitions x 3 exploration conditions x
3 steady-state distributions). The total experiment time was
about 125 minutes including instructions, training, and two
breaks.

The generated thermal patterns varied slightly on different
days due to external factors such as outside temperature
differences, humidity, and airflow. Hence, we also measured
the display surface temperature during the experiments using
the thermal camera. This measurement allowed us to monitor
the heat distribution and time frame until reaching the steady
state and to determine the exact temperature differences
explored by each participant. The emissivity of the thermal
display was calibrated using a thermocouple (¢ = 0.18),
and all measurements were conducted in a dark room to
minimize the effect of external light. The collected thermal
images were analyzed using the embedded software of the
camera.

V. RESULTS

The percentages of correctly perceived temperature differ-
ences were analyzed for both intended and measured cases;
see Figs. 6 and 7, respectively.

The results for the intended temperature differences (AT)
were calculated for each participant and then averaged over
all 23 participants (see [29] for the breakdown of individual
results). The number of AT values with mean correct
discrimination percentage above 50% was 12, 4, and 3 for
SS, DS, and SM conditions, respectively. A generalized
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linear mixed model (GLMM) was created to test the effect
of the exploration condition and temperature difference on
the thermal perceptibility of the stimuli set. This method
was selected because each condition was repeated for each
participant and the data violated the normality assumption.
Both exploration condition (F2,22 = 17.999, p < 0.001) and
AT (F1422 = 2.523, p = 0.002) significantly affected the
perceived temperature difference. A Fisher’s LSD post-hoc
test revealed the significantly higher performance attained
with a single static finger, compared to using a single finger
in dynamic exploration (p < 0.001) or using both fingers in
static state (p < 0.001). The pairwise comparisons between

12010

temperature differences for each exploration condition can be
found in Fig. 6.

As the measured AT’s varied among participants, the
results were grouped into bands corresponding to twice the
JNDs for human thermal perception (—0.3 °C) determined
in an earlier study [18]. The bands that did not include all
conditions were removed from the analysis. Moreover, the
data of the participants represented in a single band more
than once were averaged, and the data were treated as missing
for the bands in which all participants were not present. The
number of AT values with mean correct discrimination score
percentage above the chance level (> 50%) was 12, 6, and
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4 for SS, DS, and SM conditions, respectively. A GLMM
analysis showed that user exploration significantly affected
the perceived temperature differences (F2 22 = 8.484, p <
0.001), whereas AT had no significant effect (Fi42 =
1.303, p 0.200). A Fisher’s LSD corrected post-hoc
analysis showed that SS condition was different than DS
(p < 0.001) and SM (p = 0.004). The pairwise comparisons
of temperature differences are depicted in Fig. 7.

VI. DISCUSSION
In this study, we presented ThermoSurf, a new thermal
display technology for dynamic and multi-finger interactions.
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Using our device, we investigated the influence of user
exploration on the human perception of thermal patterns.
We performed human experiments in which the participants
were asked to report whether they felt a perceptual difference
between two thermal stimuli. Each participant performed this
task using three different types of exploration: static-single
finger (SS), dynamic-single finger (DS), and static-multi
finger (SM).

Our results show that the sensitivity of perceiving thermal
patterns is significantly higher for static exploration than for
dynamic ones. This outcome is aligned with the findings of a
recent work, which showed that the friction perceived during
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dynamic exploration of a glass surface can be modulated by
increasing the surface temperature without causing noticeable
thermal cues [31]. That study reported that even a temperature
difference of as large as 18°C could be unnoticed. One
possible explanation for this phenomenon could be the
reduced fingertip contact area during sliding [32] since
stimulating a smaller skin area also decreases thermal sen-
sitivity [21]. Another reason could be that thermal perception
is masked by the perceived frictional cues during dynamic
exploration. For example, Singhal and Jones [9] found that
recognition accuracy of certain thermal cues decreased when
vibrotactile pulses were simultaneously applied to the thenar
eminence.

During static exploration, using a single finger results in a
significantly better discrimination performance compared to
multi-finger interactions. This behavior could be explained
by spatial summation that occurs when multiple body
sites are stimulated simultaneously. For example, Rézsa
and Kenshalo [33] simulated either one forearm or both
forearms simultaneously with a cooling stimulus and showed
that detectability was superior for the latter, indicating
spatial summation. Later, Yang et al. [26] applied two
thermal stimuli with a large temperature difference to two
skin spots at once and found that participants failed to
identify their actual locations. The extent of this effect
depends on body sites as well as the distance between the
cues.

The selected thermal differences did not significantly
affect the discrimination performance. This result contra-
dicts previous research regarding human thermal thresholds
for static-single-finger exploration. Nonetheless, there is a
visible increasing trend in the correct percentage scores
above the chance level from -4.8 to -6 °C in SS exploration,
indicating that these temperatures are reliably felt (check
Fig. 7). However, this value diverges from the previously
found discrimination threshold (JND) reported by Stevens
and Choo [18]. Their JND for cooling was measured as
-0.3°C in case of static temperature perception for partici-
pants aged 18 to 28. This difference could be explained by the
methodological factors that differ between the two studies.
Stevens and Choo [18] measured the thresholds for warming
and cooling stimuli having a constant rate of change from
an initial temperature of 33°C. During their experiments, the
participants kept their fingers on the thermal stimulator. In our
case, the participants felt an instant temperature difference
compared to the standard stimulus (38°C). However, research
by Gerr and Letz [34] used a methodology similar to our
experimental design; the participants were asked to explore
two thermal plates using their index fingers and indicate
if a temperature difference was felt. The first plate was
maintained at 25°C, and the other one’s temperature was
altered while the participant was not making contact. The
warming JND for the index finger found via this method
(+0.82°C) differed only slightly from the warming JND
found by Stevens and Choo (40.9 °C) for the same age group.
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Unfortunately, we cannot directly compare their results with
ours as they did not test for cooling stimuli.

Another reason underlying the differences in the discrimi-
nation performance between our study and earlier ones could
be the perceptual adaptation (38 °C vs. 25°C and 33°C).
Due to thermal adaptation, which can also be affected by
the duration and number of experimental trials, a temperature
difference felt initially can eventually become unnoticed [35].
These results support that thermal adaptation is an important
factor in designing future tactile interfaces for continued use.
It is also important to note that some temperature bands in
Fig. 7 only contained a limited amount of data points due to
the restructuring of the measured data. Hence, these particular
bands might not accurately represent the overall percentage of
correct scores.

As seen in Figs. 6 and 7, the discrimination performances
exhibit broad variances. Individual thermal sensitivities
[18], [19], [20]) and factors that affect contact conditions
(e.g., hydration or finger mechanical properties [36]) could
have played a role in this variability. Moreover, envi-
ronmental conditions (e.g., humidity, airflow, and ambient
temperature) could have affected the generated thermal
patterns, introducing variability in the presented stimuli.
This effect became apparent using thermal measurements,
which allowed us to monitor the differences in steady-state
temperature distributions per participant. More meticulous
monitoring of these variables or real-time control of the actual
surface temperature instead of the Peltier temperature could
lessen this variance. The latter would require a closed-loop
controlled system by adding multiple sensors to the bottom
side of the usable surface.

One limitation of the current design of ThermoSurf is the
inability to generate larger temperature differences with the
chosen cooling system. Using liquid cooling could result in
better heat dissipation. Conducting similar experiments with
broader temperature differences or investigating the effect of
lower initial temperatures can be interesting future research
directions.

In our design, we used stainless steel as the display material
due to availability reasons. However, using a transparent
material having thermal properties similar to steel (e.g.,
ALON or sapphire) would allow providing thermal cues
concurrently with visual feedback and create new application
opportunities. One may also choose a different display
material for such a design to attain a faster thermal response.

Moreover, this study focused on steady-state effects. In the
future, response time and transient dynamics can be included
in the design process. This can open new possibilities such as
creating active local patterns as a function of finger speed and
location.

To the best of our knowledge, this is the first study
investigating the effect of user exploration (static, dynamic,
and multi-finger) on human thermal perception. Moreover,
as far as we know, ThermoSurf is the first display that can
generate thermal patterns via heat input solely coming from
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the sides. This design consequently enables transparency
if a transparent display material with the optimal thermal
parameters is selected. Our findings can benefit user interface
designers and engineers in developing tactile interfaces with
salient and consistent thermal feedback. Our display design
and experimental results can be used for navigation devices,
immersive gaming, communication, online shopping, aid for
the limited vision, or health applications.
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