
to the object. Furthermore, various contact conditions with
the hand should create a distinctive thermal sensation. For
instance, warm sensations from touching a dog should be
different if the user touches it with either a �nger or a palm.
Also, if the distant thermal object is moving, the thermal
sensation should follow this change accordingly.

We believe that because thermal referral can be triggered
by tactile stimuli, thermal referral can also follow the
created tactile sensory illusion, which can render thermal
stimuli to be felt at a speci�c position and can move around
as well. By using the characteristics and active perception of
the phantom sensation, the thermal referral can also create
static, dynamic sensations and can be rendered for active
perception.

In this paper, we present a thermal haptic interface
that achieves interactive rendering via integrated sensory
illusions of thermal referrals and vibrotactile phantom
sensations. To integrate these illusions, we developed
a multimodal heat rendering pipeline to coordinate the
operating parameters of thermal and tactile actuators based
on the relationship between the user's hands and the thermal
objects. We carried out user studies to con�rm the accuracy
of identifying various thermal haptics patterns and the
experience using our method for VR interactions. Our work
showed a step toward realistic thermal sensation with the
whole hand in VR. Our contributions are as follows:

• We enabled dynamic thermal sensation on the
whole hand with wearable multimodal (thermal and
vibrotactile) haptic interface;

• We integrated the concept of thermal referral and
vibrotactile phantom sensation to support dynamic
thermal sensation on the whole hand; and

• We propose a novel thermal haptic rendering pipeline
to re�ect the geometric relationship of the user's hands
to the thermal objects.

2 RELATED WORKS

2.1 Perceptive Thermal Sensation

When rendering thermal sensation, the temperature
deviation from the neutral zone and the rate of
change (ROC) of temperature play crucial roles for
effective thermal perception [22, 47]. The temperature
range considered for the warmth perspective is de�ned
as 32°C� 34°C to be neutral range, and 38°C� 40°C
[22, 47, 50]. Although higher temperature difference
provides effective warmth sensation, previous works
avoided rendering extremely high temperature [40, 28] due
to the heat pain threshold (45� C� 48� C) [3, 23]. In the case
of attaching a heat source to the gloves or vests, however,
adding an extra 10°C would be acceptable with the heat
consumption from the clothing [12, 41].

ROC plays a key role in determining the effectiveness
of thermal stimulation and typically operates in a range of
1°C/s� 3°C/s [46, 47]. In other work, researchers reported
that ROC below 0.5� C/s or over 2°C/s does not provide
meaningful thermal stimulation [30]. Furthermore, a ROC
greater than 3°C/s gives discomfort to the user [47]. In our
work, we set our target temperature in the range of 33� C
to 45� C and selected 3 ROCs modes (Mode 1: 0.5°C/s,
Mode 2 :1.5°C/s, and Mode 3: 2.5°C/s) to render the
proposed thermal sensations. These temperature ranges and
ROCs trigger thermal sensations safely without causing user
discomfort.

2.2 Thermal Haptic Devices

Previously, various works have been proposed to enable
thermal sensation including pneumatic devices with
air compressors [4, 49], mid-air devices with heated

air�ow [40], liquid pumps with tubes [11, 32], and copper
heating grids [25]. However, these approaches require
large external hardware, which limits the application to
wearables.

To this end, TED devices utilizing the Peltier effect have
been widely adopted for wearables and consumer devices
with their capability of providing rapid warm and cold
sensations with small sizes [15, 33]. Still, TEDs require
an additional heat sink, heat pipe, or even small fans to
facilitate heat dissipation due to the high heat generation
during the operation. Furthermore, TEDs can only provide
thermal sensation to the installed footprint, which has
limitations in wide coverage. In this work, we propose a
novel thermal illusion method to mitigate the drawbacks of
TEDs by minimizing the use of TEDs while maximizing
thermal sensation coverage.

2.3 Thermal & Tactile Sensory Illusion

The thermal referral refers to the phenomenon where
a human feels the temperature sensation on the skin
in the locations where thermal and tactile stimuli are
given [10]. This showed a potential of spreading thermal
sensation to the skin area without placing an actual
thermal source. Recent works also showed that multiple
thermal stimulations without tactile stimuli enabled the
thermal referral phenomenon through spatial integration [5,
17]. However, the majority of thermal sensation works
focused on integrating thermal and tactile feedback with
robust and effective thermal sensation performance [14,
26, 36, 39]. Similarly, vibrotactile sensory illusions
such as the phantom sensation (or vibrotactile funneling
illusion) and tactile apparent movement (TAM) have been
proposed [1, 9]. The phantom sensation refers to the illusory
tactile sensation that occurs midway between multiple
distant tactile stimulations. TAM is a haptic illusion that
provides a continuous motion sensation by stimulating
discrete points on the skin asynchronously. Using these
approaches, previous works enabled vibrotactile stimulation
on wide coverage [27, 29, 42] while supporting dynamic
tactile movement sensations [19]. Using vibrotactile
illusions, previous work suggested that cross-modal
processing supports thermal sensation with localization
capability [13]. Aligned in this direction, we integrate
both thermal and vibrotactile illusions to enable whole-hand
thermal-responsive interactions that support localized and
dynamic thermal haptic patterns.

3 THERMICVIB OPERATING PRINCIPLE

We aim to utilize the vibrotactile phantom sensation (tactile
stimulus) along with thermal stimulus to enable both static
and dynamic thermal sensations on the whole hand. To
render an active perception of thermal sensation, we applied
net heat calculation to control the intensity of tactile and
thermal stimuli. Here, we followed the heat transfer model
from Iman et al. [20], where we further modi�ed the
radiation formula and re�ected the heat transfer with the
environment. In this way, the proposed thermal haptic
interface becomes capable of supporting thermal sensation
for contact and noncontact conditions.

For the net heat calculation, we assumed all objects
are black bodies. We considered only the heat transfer
calculation between the thermal object and the interaction
surface and between the interaction surface and the still-air
environment. Here, we focused on heat transfer on the
whole hand. For heat convection, we only considered the
ambient environment. When the user interacts with the
thermal object, the net heat rate change on the different areas
of the hand determines the control parameters for FTEDs
and LRA motors.






