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Fig. 1. The adaptive thermal wrist straps and electronics including Peltier cells, H-bridge, voltage regulator, power supply, temperature sensors, and Arduino.

Recent VR advances increasingly rely on multimodal feedback to enhance
user immersion. This paper introduces adaptive thermal wrist straps that
deliver realistic thermal haptics to the user’s wrists, simulating temperature
changes corresponding to virtual objects without impeding hand tracking or
controllers. By combining a Peltier module, temperature sensors, and heat
dissipation elements, each wrist strap dynamically adjusts its output under
Arduino-based control, driven by real-time data from a Unity environment.
Preliminary tests demonstrate an operating temperature range of 45 to
76 °F and real-time feedback. Though wall-powered, reducing mobility, off-
loading power and electronics minimizes on-body weight. Future work could
improve power efficiency, widen temperature ranges, and use advanced
control algorithms to provide more seamless thermal haptics and further
enhance immersion.
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1 INTRODUCTION
Virtual reality (VR) systems have primarily focused on providing
users with realistic visual and auditory stimuli to create immer-
sive, engaging environments through head-mounted displays. How-
ever, with the advancement of modern VR technology allowing
for smaller and lighter devices—and the expanding interest in VR
for different applications—there is a market for additional sensory
modalities to further enhance immersion and improve the user ex-
perience. One of these modalities is temperature. Thermal cues
have emerged as a particularly compelling avenue for exploration,
as temperature feedback can more closely approximate real-world
interactions and heighten the sense of presence within virtual en-
vironments, especially when interacting with objects and other
stimuli.
Thermal cues are pivotal in how humans perceive and interpret

their surroundings, influencing comfort, arousal, and emotional
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engagement. When interacting with objects in VR, the difference
between feeling ambient temperature through a regular controller
and actually perceiving the cold metal or warm fabric can drastically
alter one’s sense of realism as all materials have different thermal
profiles. Realistic temperature feedback can also promote natural
exploration habits and motor actions by increasing immersion.
Despite these benefits, implementing reliable, responsive, and

comfortable thermal feedback systems remains an engineering and
design challenge. Haptic gloves are the most common type of ac-
cessory to increase modalities. However, they are often prohibi-
tively expensive, and thermal feedback requires significant space
and power. To address these limitations, we created adaptive ther-
mal wrist straps that offer accurate thermal cues for both hands
without impeding access to other accessories, such as controllers or
hand-tracking.
By simulating the temperatures a user would experience when

touching or interacting with objects in virtual environments, the
adaptive thermal wrist straps aim to increase immersion as a cheap
addition without compromising other accessories or the perfor-
mance of other hardware. This paper describes the design, imple-
mentation, and performance of these adaptive thermal wrist straps.

1.1 Contributions
• We created adaptive thermal wrist straps using Peltier cells

for VR applications as well as the related electronic hardware
to power, control, and regulate it.

• We created a temperature control program for the Arduino
that maintains a desired temperature using the Peltier cells
and temperature sensors.

• We integrated the temperature control system into Unity to
control the wrist straps over a serial port. We also created a
demo to showcase our project and its capabilities.

2 RELATED WORK
Peltier cells are the leading technology for simulating thermal cues
for VR applications. There have been many different prototypes
over the last decade attempting to solve this problem.

2.1 Commercially Available Devices
There are few commercially available devices that include thermal
cues. One such device is the TouchDIVER haptic gloves which have
haptic, texture, and thermal cues however they retail from $3,000 to
$5,000 [weart 2024]. While these devices provide an excellent expe-
rience, their cost poses a serious barrier for most users. Individuals
new to VR would benefit from a more realistic haptic experience at
a reasonable price. As such, we focused on building a system that
maximized price to performance.

2.2 Research Prototypes
Other non-commercial prototypes have also attempted to solve the
problem of thermal cues in VR. Peiris, et al. integrated thermal hap-
tic feedback to a head-mounted display for directional cues using
5 Peltier cells placed along the top and side of the headset [Peiris
et al. 2017]. In this study, the Peltier cells were primarily for di-
rectional hints and feedback, rather than thermal cues themselves.

Ranasinghe, et al. created a neck-mounted ambient temperature
accessory for head-mounted displays as well as a wind accessory
using fans [Ranasinghe et al. 2017]. Their main focus was on repli-
cating the ambient temperature of the user’s virtual environment,
hence the location of the temperature accessory. Lee, et al. created
a flexible and stretchable thermo-haptic device for use in haptic
gloves [Lee et al. 2020]. Their device aimed to improve immersion
by providing accurate thermal properties for objects in VR. While
these prototypes tackle different challenges related to thermal cues,
their focus is largely on using thermal cues for other purposes or on
the temperature of the environment overall rather than providing
thermal feedback to the user’s hands. The work of Lee, et al. is most
similar, with the primary distinction being that their focus was on
thermal profiles of objects rather than the temperature of items and
environments.

3 METHOD
Our project had many design considerations while building the
hardware and software. We encountered various problems during
the building process that we solved through different means as well
as several safety concerns and safety mechanisms that we imple-
mented to ensure safe operation. We will outline these challenges
and how they were addressed.

3.1 Hardware
A major component of our design was affordability. As such, we
aimed to minimize the components that we needed and to find
easily accessible commercial products. This motivated us to choose
items from vendors such as Adafruit and Amazon which can be
accessed by anyone. Our total cost of parts was approximately $100,
however, this cost includes items that were sold in sets greater than
we needed, so the cost of the actual hardware in our prototype is
closer to $75.

Our original prototype also placed the Peltier module in the palm
of the user’s hand in the form of a glove. However, this restricts the
movement of the user, making it more uncomfortable to interact
with controllers or use hand-tracking. Thus, our final design places
the Peltier modules on a wrist strap placed on the inside of the user’s
wrists. This allows for complete freedom of the user’s hands as well
as an unobstructed view for hand-tracking algorithms to work.
One of the largest safety concerns we had was the Peltier mod-

ule’s max temperature differential of 65 °C. In order to avoid rapid
temperature changes that could harm the user, we avoided running
it at the maximum voltage of 5V. We instead lowered it to a safer 4V
to 4.5V. This lowers how rapidly the Peltier can change temperature
as well as the maximum differential that it reaches, reducing the
chances of the user experiencing an unintended temperature.

3.2 Software
The software side of our project consists of Arduino and C# code
for Unity. We will delve into the different algorithms and safety
considerations that were used in each of these.

3.2.1 Arduino Code. Our Arduino code manages all logic related
to the Peltier module and the safety of the user. For this reason,
we needed to ensure that we could read an accurate temperature
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reading from our sensors. We used the following equation to convert
the 10-bit Arduino reading (A) to temperature in Fahrenheit (°F):

°𝐹 =
9
5
((100𝐴 ∗ 5

1024
) − 50) + 32

The temperature reading is always paired with the desired tempera-
ture for safety.
Our original design used PWM to modulate the strength of the

Peltier module, however, we learned that the Peltier module could
be damaged from rapid on/off cycles. We opted to power the Peltier
at max power to either cool or heat depending on the current tem-
perature and the desired temperature. When the delta of the current
temperature and desired temperature is less than 2 °F, the Peltier
module is turned off. The temperature sensor is continuously moni-
tored to maintain the desired temperature within 2 °F. In the case
of rapid heating or cooling resulting in overshooting of the desired
temperature, the opposite action is activated to reach equilibrium.

3.2.2 Unity Code. Our Unity code communicated to the Arduino
to active the adaptive thermal wrist straps in sync with the VR
environment. Since the Arduino is connected to the laptop over a
USB port, there is no way for the Arduino to know if a Unity scene
is running or not. Therefore, we implemented a pinging system that
sends a message to the Arduino every second with an activation
(or deactivation) signal. The adaptive thermal wrist straps can be
toggled on or off using a keybind on the laptop. If the Arduino
does not receive an activation signal for more than 2.5 seconds, it
deactivates itself. This ensures that the adaptive thermal wrist straps
deactivate in the case of Unity crashing or exiting.

Whenever an object is touched, the Unity code sends information
containing the hand that touched the object and the temperature of
the object that it touched. The Arduino is then able to activate the
adaptive thermal wrist straps to provide thermal haptics. When the
user stops touching the object, the adaptive thermal wrist straps are
returned to ambient temperature.
The Arduino provides diagnostic data to Unity to monitor the

state, temperature, and power of the adaptive thermal wrist straps.

4 IMPLEMENTATION DETAILS
Our project has twomajor components, the hardware of the adaptive
thermal wrist straps and the interface with Unity for the demo.

4.1 Adaptive Thermal Wrist Straps
The adaptive thermal wrist straps are centered around 5V 1A Peltier
modules from Adafruit. We ran them at 4.4V to prevent extreme
temperature changes that could pose a danger to the user. Each
Peltier module was paired with a TMP36 temperature sensor to
continuously monitor the temperature that the user is exposed to
and a 40mm heatsink and fan to dissipate heat. Copper tape is placed
on the user side to prevent direct contact with the Peltier and spread
the thermal cue to a larger area on the wrist. Both Peltier modules
are powered by a single L298 H-Bridge. The H-Bridge is powered
by an LM2596 adjustable voltage regulator set to lower 12V to 8V.
The H-Bridge has a large amount of resistance, so this 8V outputted
by the voltage regulator reaches 4.4V when it reaches the Peltier
modules. The voltage regulator is powered through a barrel jack to
screw terminal adapter and a personal 12V barrel jack power supply.

Control of the H-Bridge and temperature sensors is managed by an
Arduino Uno. The Arduino Uno receives commands from a serial
connection to a laptop.
The adaptive thermal wrist straps have a software temperature

limit of 35 to 76 °F however in real-world scenarios the cold thermal
cue does not go below 45 °F due to the heat radiated from the user, as
well as heat creep—term used for heat from the hot side of the Peltier
overpowering the coldness of the cold side—from the opposite side
of the Peltier. When the software temperature limit is exceeded, only
the opposite action can be activated. This allows overshooting in
excess of the maximum allowed temperature to be quickly corrected
actively rather than passively. During our testing, we found 67 °F to
be an accurate ambient temperature in most environments, however,
this can be easily adjusted based on the temperature of your room.

Fig. 2. The adaptive thermal wrist straps strapped onto a user’s wrists.

4.2 Unity Demo
The interface between Unity and the adaptive thermal wrist straps
was coded in C#. A demonstration was built in Unity using a Win-
dows laptop in order to use SteamVR. Due to the need for a serial
port connection to the Arduino Uno, the application needs to run
on a computer and then streamed to the headset. The Ardity pack-
age was used to manage communication over the serial port to the
Arduino Uno [Wilches 2024]. We used the Meta Quest Pro of one of
the authors to deploy our environment.

5 EVALUATION OF RESULTS
The adaptive thermal wrist straps performed exceptionally well.
Although we initially planned on running the Peltier modules at a
low voltage such as 4V, we were able to raise it to 4.5V to achieve
a faster temperature response time. The Peltier modules have a
temperature range of 35 to 85 °F and achieved [#] °F/s during testing
going from 40 to 80 °F. Feedback from preliminary user testing
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during development yielded positive feedback with comments on
its rapid response and clear temperature differential.

Fig. 3. The Unity demo with adaptive thermal feedback.

6 DISCUSSION OF BENEFITS AND LIMITATIONS
The biggest limitation of the adaptive thermal wrist straps is that
they are wall-powered rather than having onboard batteries. This
limits the user’s movement to the length of the cables that connect to
the wrist straps. However, this reduces the weight of the electronics
worn by the user significantly as all power and control hardware
is located off of the wrist straps. The added weight of batteries and
electronics would pose a challenge for users as well as be limited
by battery life. Being wall-powered allows it to run with more
power, allowing for more effective thermal cues while remaining
lightweight for the user. Another issue is the heat outputted by
the H-Bridge and voltage regulator. Their heatsinks get rather hot
and require good ventilation. Our design does not enclose them,
allowing fresh air to reach them. However, a user-mounted approach
would need to prevent users from touching these components while
providing them with fresh air.

7 FUTURE WORK
Our hardware had a large amount of power wasted due to resistance
in our components. Future iterations of such designs could utilize
more efficient hardware, particularly H-Bridge and voltage regulator,
in order to make battery-powered designs more feasible. This would
also make the design suitable for commercial use as an accessory.
There is also work to be done on increasing the intensity of the hot
thermal cue while maintaining safety. Our design preferred safety, so
the maximum temperature of 76 °F could be increased. Additionally,
heat creep remains an issue, and there is work to be done on finding
more effective cooling solutions for the outward-facing side of the
Peltier.
Another possible improvement could be in temperature control.

Since the Peltier does not perform well with PWM signals, the volt-
age could be modulated instead. This would improve temperature
accuracy, smoothen the temperature curve, and reach a tempera-
ture equilibrium quicker as systems such as PID control could be
implemented.

8 CONCLUSION
This work shows that adaptive thermal haptics can enhance the
immersion of VR for all users affordably and unobtrusively. By inte-
grating Peltier modules, temperature sensors, and a compact heat
dissipation setup into wrist straps controlled via Arduino and Unity,
users experience quick, localized temperature changes accurate to
their VR environment. Though currently reliant on external power,
these adaptive thermal wrist straps can be improved to be more
efficient and portable. They show how multimodal experiences can
be integrated into already existing hardware, offering a promising
avenue for improving immersion in VR.
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