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Surface haptic rendering of virtual shapes through 
change in surface temperature
Changhyun Choi1†, Yuan Ma1,2,3*†, Xinyi Li1, Sitangshu Chatterjee1, Sneha Sequeira1,  
Rebecca F. Friesen1, Jonathan R. Felts1, M. Cynthia Hipwell1*

Compared to relatively mature audio and video human-machine interfaces, providing accurate and immersive 
touch sensation remains a challenge owing to the substantial mechanical and neurophysical complexity of touch. 
Touch sensations during relative lateral motion between a skin-screen interface are largely dictated by interfacial 
friction, so controlling interfacial friction has the potential for realistic mimicry of surface texture, shape, and 
material composition. In this work, we show a large modulation of finger friction by locally changing surface tem-
perature. Experiments showed that finger friction can be increased by ~50% with a surface temperature increase 
from 23° to 42°C, which was attributed to the temperature dependence of the viscoelasticity and the moisture 
level of human skin. Rendering virtual features, including zoning and bump(s), without thermal perception was 
further demonstrated with surface temperature modulation. This method of modulating finger friction has po-
tential applications in gaming, virtual and augmented reality, and touchscreen human-machine interaction.

INTRODUCTION
The haptics market is rapidly growing thanks to the expanding need 
for immersive human-machine interfaces. Applications—including 
teleoperation, remote collaboration, virtual reality (VR), and aug-
mented reality—benefit from incorporating the sense of touch through 
cutaneous and kinesthetic channels in delivering more realistic 
feedback for human-machine interactions (1–8). Mechanical and 
electrical stimuli are most commonly used for haptic feedback. 
Most mechanical stimuli deform the skin tissue by normal or lateral 
force modulations (9), whereas electrotactile stimuli activate the 
nerve fibers of mechanoreceptors through the application of a small 
current (10).

Surface haptic devices (SHDs) have an interactive touch surface 
that provides the users with tactile feedback on a surface (9) and 
enable functions that are not possible with traditional touchscreens, 
such as texture rendering, virtual knobs, and virtual buttons (11–13). 
Current SHDs work by vibrating the surface at an ultrasonic fre-
quency or attracting the skin using an electrostatic effect called elec-
troadhesion (14, 15). Ultrasonic vibration decreases friction force by 
creating a lubricating squeeze film using surface vibration, whereas 
electroadhesion increases friction forces using high-voltage electro-
static interaction (typically 100 to 500 V) between fingertips and 
screens (16, 17). The current commercially available devices can 
achieve 15 to 30% increase over the base friction force with typical 
voltages of 100 to 200 V (18–25). Higher friction modulation of up 
to 43% has also been demonstrated with higher driving voltages of 
200 to 500 V (26–28).

Both of these approaches, however, face different challenges in 
their applications. Ultrasonic devices consume a large amount of 
power when vibrating entire screen surfaces to generate sufficient 

friction reduction and also require special structural designs that 
confine and withstand the ultrasonic vibration. The uniformity of 
vibration is also challenged by the intrinsic vibration modes of 
the structure (9). Electroadhesion-based SHDs, on the other hand, 
require high-voltage circuitry to generate sufficient force between 
the fingertip and screen, which increases the cost of the device (9). 
Thus, alternative methods of lateral force modulation that are low 
voltage and efficiently localize the haptic effect on a surface are 
highly desirable.

In this work, we propose a method to modulate finger friction 
using changes in surface temperature to induce changes in the me-
chanical response of the sliding finger in contact (Fig. 1). This work was 
inspired by previous research studying the temperature-dependent 
friction behavior of polymeric solids like rubbers (29, 30). Here, 
we hypothesize that thermally modulating the mechanical prop-
erties of the outer layer of sliding skin creates friction-induced vi-
brations without thermal penetration to the thermoreceptor depth, 
which activate mechanoreceptors and generate haptic perceptions 
(Fig. 1, A to C). Measurements of friction force between a sliding 
human finger in contact with a glass film at room and high sur-
face temperature (23° and 42°C, respectively) showed ~50% in-
crease in sliding friction. An analytical mechanical model considers 
both the temperature dependence of skin viscoelasticity and the 
moisture level. The decreased viscoelastic modulus at a higher tem-
perature indicates the reduction of skin stiffness. In addition, the 
moisture level also works as a plasticizer inside the skin, which 
further reduces the stiffness. It suggests that the increase of finger 
friction with temperature is due to a reduction in the mechanical 
stiffness of the finger skin, which causes an increase in the real con-
tact area (Fig. 1E). We further explored the use of localized sur-
face heating to render virtual zones and bumps. Numerical finite 
element thermal simulations of a sliding finger heated with modu-
lation frequencies up to 250 Hz, combined with known frequency-
dependent mechanoreceptor sensitivities, suggest that this technology 
could be used to render surface textures using miniaturized heater 
arrays. The proposed method to modulate friction using surface 
heating is of great interest for a wide variety of human-machine 
interactions, such as car displays, mobile devices, and touchscreens.
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RESULTS
Effect of surface temperature on friction of fingerpad
To investigate the temperature effect on the friction of a human fin-
gerpad, we used a custom-built experimental setup (31) that mea-
sures the friction force on a reciprocally moving piece of glass under 
a controlled normal force and surface temperature as shown in Fig. 2A 
(see Materials and Methods and fig. S9 for details). Figure 2B shows 
an example of the variation of the friction force. The friction forces 
were extracted during stable stage movement (marked by shaded 
yellow and green areas in Fig. 2C), and the average friction forces at 
different surface temperatures are shown in Fig. 2D.

The shaded blue and red areas represent ± (SD) of the 16 re-
peated experimental data points of one participant (right index finger 
of a 32-year-old male) at each surface temperature (23° and 42°C). 
It can be observed that the friction force was larger at higher surface 
temperature by ~50% and the rate of increase in the friction force 
was higher at a higher surface temperature during the early stage of 
contact (0 to 20 s). Similar behavior was also observed with another 
participant (fig. S10). The friction force under different surface 
temperatures, sliding speeds, and normal forces were also measured, 
and the surface temperature showed the strongest influence over fric-
tion force when compared with sliding speed and normal force (fig. S11).

To understand the mechanism underlying the increase in the 
friction force in response to different surface temperatures, we de-
veloped an analytical mechanical model (see text S2 for details). In 
this analysis, we studied the temperature effect on interfacial shear 
strength and real contact area, as the friction force is a product of 
the two variables (eq. S6  in text S2). We first calculated the skin 
temperature variation with time when the finger makes sliding contact 

with glass with different surface temperatures (Fig. 1E and fig. S1C) 
and used the calculated skin temperature to theoretically calculate 
the interfacial shear strength (text S1). We found that, within the 
simulated range, the surface temperature affects the shear strength 
by less than 3%, which cannot explain the 50% change in friction. 
Therefore, we hypothesized that the main contribution of the tem-
perature effect on friction comes from the change in real contact 
area in response to surface temperature.

The effect of surface temperature on the real contact area was 
analyzed using the standard Kelvin-Voigt viscoelastic model, given 
that the stratum corneum, the outermost layer of human skin, is a 
viscoelastic material (32). In addition, we found that moisture level 
increases faster when the finger is sliding on a higher temperature 
surface (fig. S6), which could reduce the modulus of human skin 
(33, 34). By theoretically deriving a modulus model that incorpo-
rates the temperature dependence of skin viscoelasticity and moisture 
level and fitting it with the modulus calculated using friction data 
(Fig. 2E), we found lower elasticity and viscosity, and thus shorter 
time constant, at a higher temperature. This is a general behavior of 
viscoelastic materials with elevated temperature. In short, our anal-
ysis suggests that the physical mechanism behind the change in fric-
tion in response to surface temperature has two terms: temperature 
dependency of both the viscoelastic modulus and moisture level.

Rendering virtual shapes
Minsky et al. (35) and Robles-De-La-Torre and Hayward (36) 
showed that changes in friction of a two-dimensional (2D) sur-
face can be used to create the haptic illusion of 3D shapes such 
as bumps and holes. Inspired by this work, we investigated using 

Fig. 1. A schematic of the desired flow map in this work. (A to D) A schematic of the process to render realistic surfaces. We studied how the different temperature profiles 
can be used to change the finger friction and thus render the virtual shapes, textures, and potentially realistic surfaces through more psychophysical studies in the future. 
(E) A schematic of the mechanism underlying the temperature effect on the finger friction. The different skin temperatures due to the different surface temperatures in-
duced a change in the interfacial shear strength and viscoelastic modulus of human skin, where the latter was found to be dominant. (F) A schematic showing the strength 
of this work. The method proposed in this work has been demonstrated at low frequency and can generate friction modulation comparable to the existing SHDs but does 
not require a high voltage.
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temperature-modulated finger friction to create virtual features 
such as zones and bumps.
Virtual zoning
A step-like temperature change was generated using two Peltier 
elements placed beneath a glass sample (Fig. 3, A and B). The num-
bers (“1” and “2”) in Fig. 3B indicate each case of the right or left 
heater turned on. The left and the right heating elements were 
turned on separately to heat their surface to 42°C. The time evolu-
tions of the friction force after the onset of touch were averaged 
every 20 s (Fig. 3, C and D). The friction forces in the different 
sliding directions were plotted separately to avoid the influence of 
anisotropy of finger tissue and structure (37, 38). The friction force 
stepped up during sliding when the finger transitioned from the 
low- to high-temperature surface and vice versa. The participant 
reported the feeling of entering or exiting a “sticky” area when the 
finger was sliding across the borderline of the heating zone.
Virtual bump(s)
Rendering of virtual bump(s) was demonstrated using three polyimide 
strip heaters spatially separated underneath a glass sample (Fig. 4A). 
Each heater, when individually turned on, created bump-like tem-
perature profiles (Fig. 4B). The width of the heater used to create a 
single bump was 25.6 mm, and the width of those used for the three 
bumps was 12.8 mm. The friction data showed that the friction can 
be modulated in the same way that the surface temperature varies 
spatially (Fig. 4C).

For the case of rendering three bumps, the experiment was fur-
ther performed under different ∆T (Fig. 4D). TH is the average of 

the temperature at three upper peaks, and ∆T is the average of the 
peak-to-peak amplitudes of the temperature profile (Fig. 4B). The 
normalized change in friction, ∆F/Foff, showed a linear relationship 
with ∆T (Fig. 4D). According to Weber’s law (39), the ratio of just-
noticeable difference, which is represented by the smallest ∆F that a 
human can perceive, is linearly proportional to the original stimulus 
Foff. In our case, the Weber fraction was found to be approximately 0.2, 
which was reached at ∆T = 12 to 15°C.

Using our proposed method, the friction force can be modulated 
up to 0.4 N at a low frequency (1 Hz) and under a large temperature 
gradient. The maximum friction change of 0.4 N approximately 
corresponds to the bump height of 6 mm according to the relation-
ship between the lateral force and a Gaussian shaped bump (36). In 
addition, this method can be used to render fine features like 
textures using a dense array of heaters at a frequency of 250 Hz, 
corresponding to a wavelength of 400 m. For magnitude resolu-
tion, distinguishable friction force difference can be determined by 
the Weber fraction (friction difference ∆F/base friction Fbase) to be 
~0.1 N, which was 20% in our study (Fig. 4D) and 10 to 27% in 
another work (40).

To investigate whether different users can perceive the proposed 
thermo-driven friction modulation, we performed psychophysical 
experiments. These experiments used the same glass sample as the 
one that was used in the friction measurement. Three 25.6-mm-wide 
resistive heaters were mounted underneath the glass sample that 
was overlaid with a 21-point scale with 5-mm spacing for region 
identification (see fig. S14A for setup details). This chosen scale 

Fig. 2. Effect of surface temperature on finger friction. (A) An illustration of the experimental setup where the stage is reciprocating laterally and the finger is 
fixed. Force sensors that were sandwiched between two aluminum plates placed on a sliding stage measure the friction and normal forces. (B) Friction and normal force 
with respect to time. The friction force was marked as positive when the stage was moving toward the participant’s left-hand side. (C) Friction force variation in 10 s, 
showing the extracted data during stable sliding. (D) The averaged friction force at different surface temperatures with respect to time. The shaded area represents twice 
the SD of 16 repeated data for each surface temperature trial. (E) Experimentally estimated and model fits of Moduli of stratum corneum as a function of time. R2= 0.9789 
and 0.9914 for low- and high-temperature cases, respectively. (F) Extracted viscoelastic parameters by fitting the model to Esc.

D
ow

nloaded from
 https://w

w
w

.science.org at T
he H

ong K
ong U

niversity of Science and T
echnology (G

uangzhou) on M
ay 25, 2026



Choi et al., Sci. Robot. 7, eabl4543 (2022)     23 February 2022

S C I E N C E  R O B O T I C S  |  R E S E A R C H  A R T I C L E

4 of 9

resolution was smaller than the heater width to determine whether 
the participants were sensitive to the entire heated width or only the 
edge where the temperature gradient is high.

Each experiment consisted of 10 randomly ordered trials: two 
trials for each heater where it alone was heated to 42 ° C and four 
control trials where no heater was activated. Before the trials, the 

participants were asked to slide their in-
dex finger on the glass sample with no 
heater turned on so that they can feel 
the intrinsic friction of the glass sample. 
Before the onset of the experiment series, 
the participants were asked to sit and wait 
for 5 min to acclimatize themselves in the 
preset environmental condition to reduce 
their physiological variation over time 
(temperature and relative humidity were 
23 ± 1°C and 50 ± 2%, respectively). We 
measured the skin moisture level before 
each trial. In each trial, the participants 
were instructed to slide their dominant 
index finger along the full stroke of 
the glass sample (100 mm, from #1 to 
#21 in fig. S14A) until they determine 
the location of the region that feels differ-
ently, if present. Their answer times and 
skin moisture levels are shown in fig. 
S14B. The sliding speed was recorded 
with videos. In each trial, they were 
asked the following:

Fig. 3. A demonstration of rendering virtual zones. (A) A schematic of virtual zoning experiment. Either heater 1 or 2 was 
heated to make a “step-like” temperature profile. (B) The temperature profiles of two virtual zone scenarios where each 
heater was turned on individually. (C and D) Friction force variations of the right and left strokes under different virtual zone 
definitions. Friction forces for every five strokes in each sliding direction were averaged and plotted together along 
with a shaded error bar (SD). The five different curves in each subplot are friction forces averaged over different time 
periods (from bottom to top are 0 to 20, 20 to 40, 40 to 60, 60 to 80, and 80 to 100 s, respectively) increasing with time.

Fig. 4. A demonstration of rendering virtual bumps. (A) Schematic of the experiment for rendering virtual bumps. Each heater corresponds to a virtual bump. 
(B) Temperature profiles when a single heater or the three heaters are turned on. (C) Friction and normal forces measured with the tribometer for rendering virtual 
bump(s). (D) The ratio of the peak-to-peak amplitude of friction modulation to the average friction versus the peak-to-peak amplitude of the temperature profile. 
Different marker colors represent different answers for perceiving the virtual bump(s). (E) The ratio of the answered numbers to the number of total trials at each location. 
It represents the relative distribution of the perceived region. (F) A confusion matrix at each region that represents whether the participant can identify the heated region 
with the high friction. (G) The proportion of temperature change detected under different sliding speeds. The data were classified into overall data (black circles; answer 
time was limited to 30 s) and the data that have an answer time of less than 10 s (black stars). The legends presented are also applied to (H). (H) The proportion of friction 
change detected under different ∆T. The experimental data were fitted with a sigmoid function to determine the absolute threshold. The data were classified into overall 
data and the data that have an answer time of less than 10 s.

D
ow

nloaded from
 https://w

w
w

.science.org at T
he H

ong K
ong U

niversity of Science and T
echnology (G

uangzhou) on M
ay 25, 2026



Choi et al., Sci. Robot. 7, eabl4543 (2022)     23 February 2022

S C I E N C E  R O B O T I C S  |  R E S E A R C H  A R T I C L E

5 of 9

Before the trial:
1) Are there region(s) in the 21-point scale that feel differently  
     than the rest of the screen?

After the trial:
2) If so, verbally describe the sensation.
3) Did you detect a change in friction?
4) Did you detect a change in temperature?

The participants used the words “high friction,” “sticky,” “like 
a bump,” etc. to describe the high friction sensation on the heated 
region (see table S5 for details). The participants were quite adept 
at perceiving the friction change and identifying the location when 
one of the regions was heated. The participant answer time was 
28 ± 7 s. We plotted the results in the confusion matrix [a matrix 
that contains information about predicted and actual answers in 
classification problems (41)] shown in Fig. 4E. This matrix shows a 
high success rate, 76 to 96% for each stimulus, for participants to 
correctly identify and locate friction modulation within the active 
heater region. In addition, Fig. 4F summarizes the ratio of the num-
ber of positive answers to the total number of trials at each location, 
highlighting relatively higher proportions on the heated region and 
lower proportions on the unheated regions. Different participants 
had different perceived widths and distributions of the heated re-
gion (see table S4 for the raw data of answered regions). Hence, it 
was not clear whether the participants perceived the entire width of 
the heated region or the edges. Nevertheless, the participants were 
able to perceive the friction modulation within the correct location.

Note that all 12 participants answered “no” to the question about 
perceived temperature change after each trial (table S6). We hy-
pothesized that this may be speed dependent, given that the amount 
of heat transferred between the finger and the heated region is time 
dependent—the longer the finger stays on the heated region, the 
larger the total heat transfer. We varied the sliding speed of partici-
pants (45 to 125 mm/s) using a metronome and asked before the 
test to tell whether they could feel any temperature change. The an-
swer time was limited to 30 s, given that the average answer time in 
the psychophysical experiment for identifying different regions in the 
previous paragraph was 28 s. In this experiment, the heater at the 
center was turned on to achieve ∆T = 18°C—a temperature differ-
ence between the heated and unheated regions that corresponded 
to the heated region temperature of 42°C. Figure 4G shows the pro-
portion of temperature change detected under different sliding 
speeds and ∆T. The stimulus level with a perceived proportion of 
0.5 has been widely used in psychometric tests as an absolute threshold 
(42). Therefore, we determined the threshold of sliding speed under 
which the surface temperature can be perceived. The threshold 
of the sliding speed for detecting temperature change at ∆T = 18°C was 
45 mm/s, which was lower than the average sliding speed (85 mm/s) 
in the psychophysical experiment for identifying virtual bumps, 
indicating that people cannot perceive the temperature change at 
the average sliding speed. The proportion of temperature change 
detected within 10 s is shown on the right in Fig. 4G, which shows 
an even lower proportion, meaning that if the users slide their fin-
ger for 10 s, then it is unlikely that they will perceive any heat under 
the given conditions. These results can explain why users cannot 
perceive the temperature change under the average sliding speed 
(85 mm/s) and temperature (∆T = 18°C or THeated = 42°C) while 
perceiving the friction modulation. Note that, in Fig. 4G, the pro-
portion of participants who detected temperature change at 85 mm/s 
was not zero. This was the identical condition for identifying different 

regions (Fig. 4, E and F) where the participants did not detect the 
temperature change. Three participants perceived temperature change 
by reporting “a little warm” after they were asked to specifically de-
tect whether there was any temperature change. On the contrary, 
without being specifically asked to look for temperature change, 
they did not feel the temperature change in the experiment. This was 
probably due to the difference in the participants’ attention: When 
the attention of the participants is devoted to temperature, they may 
be more sensitive to the change in temperature.

To investigate physically why the participants were not able to 
perceive the temperature change, we implemented a computational 
simulation using ABAQUS (see text S1.3 for details). The thermal 
perception was analyzed on the basis of the temperature of the 
warm receptor under different contact conditions. When the finger 
is sliding on a surface where one 25.6-mm-wide heater is turned on 
to 42°C, the thermoreceptor temperature overall decreased over 
time, because the skin was cooled down outside of the heated region 
after being heated up in the heated region. This condition would 
not activate the warm receptor, which explains why participants did 
not perceive temperature changes in the heated region. This analy-
sis indicates that judicious use of the thermal mass of the haptic 
device, in concert with local heaters, can limit the depth of thermal 
penetration into the skin to limit thermoreceptor activation.

To determine the threshold temperature needed to generate a 
perceivable friction modulation, we performed another psycho-
physical experiment where the participants were asked to answer 
whether they can feel the friction modulation under different tem-
peratures (∆T = 0°, 9°, 12°, 15°, 18°, and 21°C) during the surface 
exploration at a sliding speed of 85 mm/s. The rest of the experi-
mental conditions are identical to the ones used in the first psycho-
physical experiment mentioned above. Their answer times and skin 
moisture levels are shown in fig. S15. Figure 4H shows the propor-
tion of participants who were able to detect friction change under 
different ∆T. The data were first fitted with a sigmoid function (44), 
and a threshold temperature difference ∆T for friction detection 
was determined with a proportion of 0.5, which was 6.42°C. The 
threshold temperature difference for detecting friction modulation 
within 10 s was 14.01°C. The answer time for perceiving the friction 
change was 11 ± 6 s. Note that the answer time recorded here is only 
the time needed to perceive friction modulation, which was shorter 
than the time required to both perceive and spatially locate the fric-
tion change (28 s) in the psychophysical experiment in Fig. 4 (E and F).

Although the current experimental setup was successful in in-
ducing perception of a series of bumps, the frequency demonstrated 
above (4 Hz) is not yet high enough to render virtual texture as 
in other SHDs (11, 21). To examine the theoretical feasibility of 
rendering virtual textures that stimulate finger surfaces at 100 to 
250 Hz (45), we developed a 2D numerical heat transfer model 
during finger sliding (see text S1.4). The skin temperature variation 
during sliding contact of the fingerpad with the glass sample under 
different device configurations was further extracted. The simulated 
skin temperature variation (peak to peak) on the rendered virtual 
bump(s) (1 and 4 Hz) were 1.6° and 0.7°C, respectively (see fig. S4D). 
It has been demonstrated that humans can perceive the vibrations 
of smaller amplitudes at a higher frequency due to the increased 
sensitivity of mechanoreceptors (46, 47). At 4 Hz, the threshold 
amplitude of vibration is around 20 m, whereas at 100 and 250 Hz, 
the threshold amplitude drops to ~60 and  ~20 nm, respectively. 
Hence, the required amplitude of the friction modulation at high 
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frequency can be estimated based on the frequency dependency of 
the threshold. Because we found a linear relationship between the 
peak-to-peak amplitudes of the surface temperature ∆T and the fric
tion force ∆F (Fig. 4D), the required skin temperature modulation 
(∆Tskin,pp,min) can be estimated to be ~2.1 × 10−3°C at 100 Hz and 
~0.7 × 10−3°C at 250 Hz (see text S3). The numerical results showed 
that the calculated ∆Tskin,pp for both 100- and 250-Hz cases were larger 
than the required ∆Tskin,pp,min (see fig. S4, F and G), indicating the 
theoretical possibility of rendering virtual textures at high frequency.

CONCLUSION
In this study, we investigated the effect of surface temperature on 
finger friction and the feasibility of rendering virtual features using 
varied temperature profiles as a type of SHD. We found a large 
effect of surface temperature on finger friction—enough to generate 
surface haptic effects comparable to current devices and explained 
by the temperature dependence of both the viscoelasticity and 
moisture level of human skin. The potential of rendering virtual fea-
tures was demonstrated by changing the temperature profiles of a 
glass sample. The friction force was found to vary accordingly 
with the temperature profile, and psychophysical studies indicated 
that the users are able to perceive and localize the virtual bump 
while they did not detect a surface temperature change. The feasi-
bility of high-frequency friction modulation was investigated 
through modeling, and it was found that it is theoretically possible 
to render virtual textures using our proposed method. This work 
shows that surface heating SHDs have great potential in a wide 
variety of human-machine interfaces.

In its current form, cooling components, such as a water pump 
and fan, help to better define the desired temperature profiles. This 
is a challenge that will need to be addressed to miniaturize the de-
vice. Although the prototype size could be used in applications such 
as car displays, future efforts to optimize the design through proper 
material selection (anisotropic thermal properties), thermal design, 
and cooling technique would be important to broaden its applica-
tion to areas such as VR or gaming.

In this study, we performed all experiments under controlled en-
vironmental conditions. For application to tactile displays, the effects 
of different environmental factors such as ambient temperature and 
humidity, as well as user differences like skin temperature, gender, 
and age, will be investigated. Future investigations will also focus on 
the factors affecting temporal variation and methods to initiate the 
thermo-driven friction modulation more quickly after the user starts 
sliding the finger. For example, we could use a short heat pulse that is 
not thermally detectable but can decrease the modulus of the outer 
layer of skin faster and thus increase friction in a short amount of 
time. A deeper understanding of variability and design influences will 
enable the achievement of the device’s full potential.

Last, although the focus of this work was to render virtual shapes 
and textures through friction modulation without thermal sensation, 
the situation will be more complex in multimodal haptic rendering. 
Although the entire frequency spectrum of temperature and friction 
response cannot be attained and the maximum friction modulation 
amplitude would be decreased at high simulated surface temperature, 
the mismatch in response times between mechano- and thermore-
ceptors could be exploited to mimic the effect of many surfaces. For 
example, a piece of room temperature fabric could be emulated using 
high-frequency temperature modulation to recreate texture and 

lower frequency and/or gentle static heating to simulate the reduced 
thermal transport between skin and fabric relative to the device mate-
rial. In addition, the surface temperature–induced stiffness reduction 
discussed here will affect the threshold and magnitude of friction 
modulation in any multimodal SHD that uses heating, as shown in 
(43), and should be considered in multimodal SHD design.

MATERIALS AND METHODS
The goal of our study was to investigate the feasibility of thermo-
driven friction modulation as a method for surface haptic render-
ing. To perform this study, we built a custom-built tribometer to 
measure the friction under controlled normal force. We also made 
a thermal setup to change the temperature and its profile of a glass 
sample to be able to induce changes in finger friction. In controlled 
conditions, we investigated the effect of temperature on the finger 
friction and how different temperature profiles influence the change 
in friction. We demonstrated a few examples of rendering virtual 
features such as zones and bumps.

Tribometer
The custom-built tribometer that was used in this study was built to 
measure the frictional forces under controlled normal force while 
the stage is reciprocating laterally. It consists of a horizontal linear 
motor stage (DDS300-E, Thorlabs), a precision linear vertical stage 
(VP-5ZA, Newport), two six-axis force transducers (Nano43, ATI), 
and a 3D printed finger holder that restricts the movement of the 
finger in three directions. A PID (proportional-integral-derivative) 
control loop for the vertical stage was integrated into the control 
algorithm in LabVIEW, allowing the vertical stage to compensate 
for slight movements of the finger and keep a constant normal 
load. The environmental chamber is equipped with a relative 
humidity control module that consists of a temperature/humidity 
controller with an accuracy of 0.5% and a resolution of 0.1% of digital 
readout and a temperature/humidity sensor (Model 5200-240-230, 
Model 554, Electro-Tech Systems Inc.), capable of measuring 0 to 
100% relative humidity with an accuracy of 2% relative humidity. 
The normal force was kept 0.2 ± 0.025 N using PID control in all 
the experiments in this study. The thickness and roughness of the 
glass sample were 800 m and 220 nm, respectively.

Thermal setup
An additional experimental setup used to change the surface tem-
perature was mounted on the aluminum plate of the tribometer (see 
fig. S1). It comprises two Peltier elements (TEC1-12730, BQLZR) to 
actively heat and cool the glass surface, a water cooling radiator 
(8541600677, Clyxgs), a water pump (LYSB018E6ZWIQ-ELECTR, 
Mavel Star), and a water cooling heat exchanger (B07FZWM4Z7, 
DIYhz) that transfers the heat from the bottom of the Peltier ele-
ments to the environment to maintain a constant temperature while 
preventing the force sensors from thermal drift. To modify the tem-
perature profile, polyimide heaters for rendering bumps and tex-
tures (PFH-05/5-16 and PFH-1/5-42 in Fig. 4A; Omega) were used. 
Two power supplies (TP-3005D-3, Tekpower) were used to input 
DC power to each part of the setup. During each experiment, ther-
mal infrared images were taken using an infrared thermal imaging 
camera (T530, FLIR Systems). The emissivity of the thermal 
imaging was calibrated by comparing the temperature measured by the 
thermal camera to that by a K-type thermocouple (GG-K-30-500, 
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Omega) on the same location of the glass sample. The calibrated emis-
sivity of the glass sample was 0.95. The temperature profiles shown 
in this study were processed data using the MATLAB Image Process-
ing Toolbox and averaging the row values of grayscale thermal images.

Experimental procedures for friction measurements
All the experiments measuring the friction force, including the 
effect of temperature on finger friction as well as rendering zones, 
bumps, and textures, were performed under a controlled condi-
tion inside an environmental chamber where the temperature was 
23°  ±  1°C and the relative humidity was 50  ±  2%. Two healthy 
(31-year-old male and 25-year-old female) participants participated 
in these experiments. The sliding velocity of the stage was 100 mm/s. 
Before each experiment, the finger and the glass sample were cleaned 
with isopropyl alcohol and acclimatized for 10 min to equilibrate 
the finger with the environment. Before starting the experiment, the 
moisture level of the fingerpad was measured by Corneometer 
(CM-825, CK Electronics), the finger was mounted on the finger 
holder, and then the friction measurement began. After the mea-
surement, the moisture level was measured again. This study was 
approved by the Institutional Review Board of Texas A&M Uni-
versity (IRB ID: IRB2019-0230D).

Psychophysical experiment
In the psychophysical experiment for identifying the different re-
gions, 12 healthy 21- to 34-year-old participants took part in this 
experiment (one left-handed and two females). The glass sample 
and the finger of each participant were cleaned with isopropyl alco-
hol and acclimatized for 3  min to equilibrate the finger with the 
environment. Then, one of the three polyimide heaters (PFH-1/5-
42, Omega) was heated for the glass temperature to reach 42° ± 2°C, 
and the participants were asked to actively slide their finger end to 
end over the glass sample. They were asked to indicate which region 
feels differently by number(s).

The psychophysical threshold experiments (Fig. 4, G and H) were 
performed at a different time with 12 healthy 24- to 33-year-old 
participants (one left-handed and three females). This study was 
approved by the Institutional Review Board of Texas A&M University 
(IRB ID: IRB2019-0230D).

When determining the threshold of the temperature difference 
between heated and unheated region ∆T, the data were fitted with 
the sigmoid function (44)

	​ P  = ​   1 ─ 
1 + ​e​​ −k(T−m)​

 ​​	 (1)

P is the proportion of the friction change detected. k and m are the 
fitting parameters. The absolute threshold was determined by tak-
ing ∆T at which the proportion P = 0.5.
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