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ABSTRACT

When users interact with different objects using their hands in a virtual environ-

ment, providing thermal haptic feedback offers significant improvements to the over-

all user experience. However, there are situations that existing thermal haptic devices

struggle to accurately represent. One such situation is when touching two or more ob-

jects with significantly different initial temperatures. Reducing the latency in reaching

the target temperature enhances the user’s interaction experience in the virtual envi-

ronment. To address this, we designed a thermal haptic device to reduce the latency

time in initial temperature changes and provide thermal feedback in an encounter-type

manner. Our haptic device utilizes multiple Peltier components and a pre-heating sys-

tem. Our research presents an average faster thermal rendering algorithm compared

to conventional using a single thermal display. Through experimentation, we have

.



demonstrated that this approach enhances the overall user experience when applied in

a virtual environment.

) g



Contents

[I.__Introduction] 1
II.__Related Work] 3
[2.1 = Thermal Sensory System| . . . . . ... ... ... ... ....... 3
[2.2  Thermal Model for Hand-Object Contact{. . . . . . . ... ... ... 4
[2.3 Thermal Haptic Devices in VR/AR|. . . . .. ... ... .. .. ... 6
[IT. Peltier Actuator and Thermal Rendering | 8
3.1 Peltier Actuator . . . . . . . . . ..o 8
3.2 Thermal Rendering| . . . . . ... ... ... ... .......... 13
3.3 Simulationl. . . . . .. ... 19
(3.3.1 Implementation|. . . . ... ... ... ............ 19

[3.3.2  Comparison with Ho’s Model| . . . ... ... ........ 21

[3.3.3  Comparison with Measured Datal. . . . . .. ... ... ... 24

3.3.4 Uulization of the Simulationf . . . . .. .. .......... 27

[IV. Multiple Rotafing Pre-heated Peltier Actuators | 28
4.1 Hardware Implementation| . . .. .. ... .. ... ......... 28
4.2 Software Implementation| . . . . . .. .. ... ... ... ..... 31
[4.2.1  Lumped System| . ... ... ... .............. 31

[4.2.2  Thermal Analysis of Objects Composed of Composite Materials| 32

M43 UseScenario] ... .... ... ... ... ... 32
4.3.1  Preparing for Collision| . . . . . ... ... ... ... .... 32

{4.3.2  Controlling Haptic Effects During Contact| . . . . . ... .. 35

{4.3.3  Grasping and Releasing Object|. . . . . . . . ... ... ... 36

—1II -



V. User Experiments |

5.1 Methods| . . . . ... o

[5.1.1  Participants| . . . . . ... ... ...

[5.1.2 Experimental Conditions|

[Summary (in Korean)|

IV -

51
51
52
53

54
54
54
55

57



List of Figures

|1.1 The Appearance of Haptic Device Developed for Our Research| . . . . 1
[2.1 ~ Layers During Contact between Skin and Object. . . . . . . . .. .. 3
[2.2  Example Temperature Graph Over Time During Contact between Skin |
and Object]. . . . . . . . . .. 4

BI PeltierActuator] . . . . . ... ... ... ... .. 8
3.2 Structure of the Peltier Actuatod . . . . . .. ... .......... 10
[3.3  Temperature Measurement Results During Cooling and Heat Dissipa- |
[ wonofthe Peluer Actuator] . . . . . ... ... ... . ........ 12
[3.4  An Overview of Thermal Rendering Using the Peltier Actuator] . . . . 13

[3.5 Temperature rendering results for aluminum with different target tem- |

| peratures|. . . . . . .. e e e e e e 16

[3.6  Temperature rendering results for granite with different target temper- |

[3.7  Temperature rendering results for glass with different target temperatures| 17

[3.8  Temperature rendering results for acrylic with different target temper- |

13.9  Temperature rendering results for glass with different target temperatures| 19

[3.10 Finite element analysis results for aluminum with different temperatures| 22

|3.11 Finite element analysis results for granite with different temperatures|. 22

[3.12 Finite element analysis results for glass with different temperatures|. . 23
[3.13 Finite element analysis results for acrylic with different temperatures| . 23
[3.14 Simulation results for aluminum with different temperatures| . . . . . 25
[3.15 Simulation results for granite with different temperatures| . . . . . . . 25

V-



[3.16 Simulation results for glass with different temperatures| . . . . . . . .

—VI-

[3.17 Simulation results for acrylic with different temperatures| . . . . . . . 26
[3.18 Temperature Simulation Results for Aluminum with Varying Temper- |
atures Using a Peltier Actuator with a Cooling Rate Twice as Fast] 27

4.1 System diagram of multiple rotating pre-heated Peltier actuators| . . . 28
4.2 Dimension of the device components|. . . . . . . . .. ... .. ... 29
4.3 Appearance of the wearable Hardware| . . . . . . .. ... ... ... 30
|4.4  Temperature Parameter Setting Screen in Unity Program| . . . . . . . 31
4.5 Appearance of the Multiple Rotating Pre-heated Peltier Actuators De- |
pending on the Position of the Virtual Hand and Object in the Virtual |

[ Environmentl. . . . . . ... ... 33
4.6 Temperature range and reference temperature of each Peltier in the |
multiple rotating pre-heated Peltier actuators|. . . . . . . ... .. .. 33

|4.7  Appearance When the Closest Material Changes|. . . . . . ... ... 34
4.8 Appearance When the Virtual Hand Touches the Virtual Object| . . . . 35
|4.9  Example of Grasp and Ungrasp Operation Depending on the Contact |
[ oftheTouchSenson. . . ... ... ... ... ......... 36
[5.1 Comparison of Latency Time Based on Temperature for Two Algorithms| 38
5.2 Scenario 1 : Granite Stones| . . . . . .. . ... ... ... ... . 39
5.3 Scenel thermal stimulisf. . . . . .. .. ... ... ... ... 39
[5.4  Thermal rendering results of granite stones|. . . . . . . ... ... .. 40
5.5 Scenario2: Dining Table|. . . . . ... ... ... .. ... ... 41
5.6 Scene?2 Stimulil . . . . .. ... Lo 42
[5.7  Thermal rendering results of kimchi soup, mug cup and steak| . . . . . 43
[5.8  Thermal rendering results of wine glass, beer can and coke can| . . . . 44
[5.9  Thermal rendering results of water bottle, wine bottle, spoon and chop- |
7 45
[5.10 Thermal rendering results of riceball and dumpling| . . . . ... ... 46



- VII -

[5.11 User experiment result(*mean p(0.05,*mean p(0.01)[. . . . . . . .. 49
|6.1  We designed a game that allows users to engage in snow fighting, and |
experience social skinship| . . . ... ... 0oL 51

6.2 In this demonstration, we simulated a scenario where a fire occurs |

[ indoorsl . ... 52
[6.3  Our space simulation which enables users to interact with objects syn- |
chronized with the gravitational forces and atmospheric temperatures |

of external planets|. . . . . . . ... ... L Lo 53

[7.1 ~Thermal Rendering Results at 10 Degrees of Aluminum with Reduced |

[ Contact Areal . . . . . . . . ... 56



I. Introduction

Figure 1.1: The Appearance of Haptic Device Developed for Our Research

Using haptic thermal devices to provide users experiencing virtual environments
with realistic thermal feedback as anticipated enhances their immersion [?, ?]. Various
research has been conducted to provide appropriate feedback when picking up virtual
objects. Devices have been introduced to simulate a range of experiences, such as
force, texture, shape, and texture [?, 2, ?, ?, 2, ?]. Research regarding thermal hap-
tic devices to represent heat exchange in virtual environments have also been carried

[2,2,2,2,?]. One of the challenging issues in providing realistic temperature feed-



back during interactions between objects and the hand in virtual spaces is to appro-
priately offer the experience of touching materials with vastly different temperatures
with skin [?]. To provide a realistic heat exchange experience, the thermal display pro-
viding thermal feedback should be set differently depending on the initial temperature
of the touching scenario. Each of these thermal displays has a limit to temperature
changes. As aresult, the greater the initial temperature difference, the longer the delay
for the thermal display to execute the command. The aim of this research is to propose
wearable devices and algorithms that can reduce this delay time compared to existing
methods. A haptic device was developed by attaching four peltier components to a
cylindrical support and rotating the support to quickly change the peltier component

that comes into contact with the user’s palm.; see Figure 1.1.

Compared to using a single thermal display, this approach maintains different
initial temperatures for each component, allowing for faster temperature increase or
decrease in the user’s palm to reach the desired initial contact temperature. Addi-
tionally, the contact device was designed as an ’encountered type” so that it does not
provide any stimulation to the palm when not in contact with virtual objects [?]. It
quickly moves into contact with the palm to deliver thermal feedback when contact

occurs.

The academic contributions of this paper are as follows:

* We presented a method achieving the changes in initial temperature conditions

faster than then conventional methods.

* Through user testing, we have proven that reducing the latency time enhances

the overall user experience in VR environments.

* This research proposes a multimodal system capable of providing thermal feed-

back and force feedback in an encounter-type simultaneously.



II. Related Work

2.1 Thermal Sensory System
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Figure 2.1: Layers During Contact between Skin and Object

The skin is composed of multiple layers, with the outermost layer (epidermis)
having a depth of about 1.3 mm at palms and feet [?]. The second layer (dermis) has a
thickness of about 1 to 4 mm and includes receptors for touch, pressure, temperature
changes, and painful stimuli. Skin sensitivity to temperature varies depending on the
body region and the current skin temperature. Humans can perceive temperature due
to the presence of two different types of nerve endings in the epidermis [?]. . When
the temperature rises, thermoreceptors for warmth are activated, while thermorecep-
tors for cold are activated when the temperature drops. Both receptors adapt quickly
within the range of 30-36 °C'. If the rate of skin temperature change is slower than
0.5 °C'/minute, temperatures within this range are not perceived as cold or hot [?]. If
the skin temperature remains above 36 degrees or below 30 °C, the sensation of heat

or cold persists. When the skin temperature exceeds 45 °C' or falls below 15 °C, no-



cioceptors respond to the extreme thermal stimuli. This stimuli causes users to feel
pain [?, ?]. Cold afferent fibers are most actively discharged at a skin temperature of
25 °C in cold environments, while warm afferent fibers discharge most actively at 45
°C [?]. Generally, the body is more sensitive to cold stimuli than warm stimuli, and
it is more sensitive to changes in skin temperature than absolute temperature itself [?].
Warm and cold fibers are not particularly sensitive to detecting absolute temperatures,
but they excel in detecting changes in the temperature of objects. Rapid changes in
skin temperature elicit dynamic responses from thermoreceptors. The skin is sensitive
to temperature changes, with the most temperature-sensitive part of the hand being the
thenar eminence. The thenar eminence can distinguish between two cold temperature
stimuli in the range of 0.02-0.07 degrees and between two hot temperature stimuli in
the range of 0.03-0.09 degrees [?, ?, ?]. Skin temperature exhibits interindividual vari-
ability, meaning it can vary depending on the individual and the measurement method

used [?, ?].

2.2 Thermal Model for Hand-Object Contact

Aluminum
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3
Material A~

Heat Transfer Thermal Cues

Temperature (K)
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Figure 2.2: Example Temperature Graph Over Time During Contact between Skin and
Object

When humans grasp an object, they can infer its material from the temperature
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changes sensed on their skin. Regarding the interaction between the hand and an ob-
ject, most objects show similar patterns. with a sharp temperature change perceived
initially when grasped and a gradual decrease in temperature change over time [?].
When the hand makes contact with different objects, distinct temperature curves are
presented based on the physical properties of the objects and the hand. Various studies
have been conducted to predict the extent of heat exchange between the hand and ob-
jects during this phenomenon, considering the physical properties. The study that gen-
eralizes the phenomenon of contact between objects and the hand is known as thermal
modeling. This method analyzes the heat transfer process between objects and skin
temperature, taking into account the physical factors. For short contact times, the most
common interpretation of thermal models is based on the assumption of semi-infinite
bodies’ contact. A semi-infinite body refers to an idealized body with a single plane
surface extending to infinity. When contact times are brief with shallow penetration
depth, both the skin and the target object can be approximated as semi-infinite bod-
ies. Generally, the semi-infinite body assumption is considered valid when the Fourier

number (F,) is less than 0.05.
at
= f%

The Fourier number is obtained by dividing the thermal diffusivity («)) and the contact

Fo

period (t) by the characteristic length (L), which represents the length over which
conduction occurs. Considering that sensors for perceiving the skin are distributed
within 1-4 mm from the skin’s surface, assuming an average of 2.5 mm, the semi-
infinite body assumption is appropriate for contact durations up to 3 seconds [?]. A
semi-infinite body assumes no thermal contact resistance between the two media. This
model predicts that the skin and the object will maintain a constant temperature upon
contact. This temperature is referred to as the Contact temperature 7. , and the formula
for its calculation is as follows[?].
1/2

1/2
Tobject,i(kpc)ol{ject + TSkinyi(kpc)skin

1/2 1/2
(kpc)oléject + (kpc)sléin
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Thbject,iis the initial temperature of the object, , Ty ;is the initial temperature of the
skin, and (k:pc)l/ ? is called the contact coefficient. According to the equation, the 7
is maintained closer to materials with larger contact coefficient. However, when the
actual skin of the hand contacts an object, there are typically tiny gaps that act as ther-
mal resistances. Ho and Johns conducted research on a haptic display method using
a model that accounts for thermal contact resistance in the semi-infinite model [?].
They proved that their approach created a more realistic model than previous methods.
While this model can predict initial temperatures, it starts to differ from the actual
data as the contact time increases. To better predict the skin temperature during the
later phase of contact with the object, models considering metabolic heat generation
and blood perfusion have been proposed [?, ?, ?, ?], There are also examples where
the skin was divided and analyzed into multiple layers based on anatomical analysis

[2,?].

2.3 Thermal Haptic Devices in VR/AR

With the advancement of virtual reality technology, research is actively being con-
ducted on methods to perceive the physical properties of objects beyond audio-visual
sensations using wearable devices [?]. In the virtual environment, thermal haptic de-
vices primarily takes the form of a glove. [?, 2, ?, ?]. Researchers have combined new
thermal displays, thermal models, and form factors to improve previously challeng-
ing phenomena [?, ?, ?, 2, 2, 2, ?]. As touching an object during thermal rendering
provides sudden haptic feedback, research has proposed devices utilizing preheated
heat sources to represent this. Yatharth Singhal et al. use ultrasound sensors to apply
pressure and combine them with preheated steam [?]. Shaoyu Cai et al. presented
an air-based solution that employs preheated air chambers to represent temperature
changes [?]. Sebastian Giinther et al. suggested a method of preparing cold and hot
water, mixing them, and using a water pump to provide thermal feedback [?]. How-

ever, these studies have the limitation of using materials with low thermal conductivity,

—6—



resulting in slow rates of raising or lowering the skin’s surface temperature.



III. Peltier Actuator and Thermal Rendering

3.1 Peltier Actuator

Figure 3.1: Peltier Actuator

A thermal display typically consists of a thermal simulator, thermal sensor, and
temperature control system [?, ?, ?]. The most commonly used device for the thermal
simulators is the Peltier device [?, ?, 2, 2, ?].

The Peltier device is a device that utilizes the Peltier effect, which occurs when
two different metals are connected at two junctions. When a direct current voltage is
applied to the two metal ends, electrons require a considerable amount of energy to
move from one metal to the other with a potential difference. The Peltier effect ex-
ploits this phenomenon of extracting energy from the metal. Applying a direct current
voltage to the two opposite sides of these different materials results in a phenomenon

where one side absorbs heat, while the other side produces heat. Peltier devices have
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advantages such as fast response time, low noise, and being smaller than other tem-
perature simulators. The Peltier element has the advantage of a faster response time
compared to other simulators, emits less noise, and can be manufactured in a relatively
compact size. Efficient heat dissipation is crucial to maintaining the device’s effective-
ness. Common methods of heat dissipation involve attaching a heat sink to the back of
the Peltier device and utilizing liquid cooling or air cooling methods. The maximum
cooling rate of a commercial single Peltier device at room temperature is around 5

per second, and its heating rate is 13 . One proposed method to increase the maximum
cooling and heating rates of the limited single Peltier device is to use a multi-stage
Peltier module. This involves arranging the Peltier elements in a pyramid shape to
enhance the operational efficiency of the top Peltier element. However, this method
requires multiple Peltier elements, leading to higher energy consumption and a need
for a more efficient cooling system. Other devices suitable for cooling simulators in-
clude vapor compression refrigerators or absorption refrigerators. Both methods have
a higher COP (cooling capacity per unit power consumed) than the Peltier element.
The downside is that they require a compressor and cooler and have a slower response

time than the Peltier element.
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Copper Plate
Copper Capacitive Touch Sensor
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Figure 3.2: Structure of the Peltier Actuator

The simulator of the thermal display used in this paper is a Peltier module (Tec1-
04903; 20x20mm). The embedded board (ESP32, Mbed) transmits target temperaturs
through serial communication. The temperature of the Peltier module is sensed in real-
time at 1000 Hz using a thermistor (Ultra Thin 10K Thermistor - B3950, Adafruit;
3.8x25x0.4 mm). The embedded board employs PID control at 1000 Hz. The ESP32
compares the received target temperature from the PC with the current temperature
difference and then sends a control signal to the DC motor driver (DRV8833, Pololu)
by transmitting a PWM signal to adjust the voltage. The control loop operates at a
frequency of 1000 Hz. To sense the surface temperature of the Peltier component, a
thermistor is attached, along with thermal grease and a copper plate with a thickness of
0.2 mm. For sustained usability, the Peltier module is affixed to an aluminum heatsink,
and cooling for the heatsink is facilitated by a Ball Bearing Cyclone cooling Fan (XR10
PRO G2S, Hobbywing; 30x30mm). The Cyclone Fan is supplied with approximately
3.7V of voltage.
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A graph for the Peltier device’s cooling measurement data (from 60°C to 5°C)
and heating measurement data (from 0°C to 55°C) is as shown in figure 3.3. Initially,
there’s a gentle start, which is due to low-pass filter. The heating rate increases as the
temperature decreases, while the cooling rate increases as the temperature rises. The
efficiency of the heating rate and cooling rate is determined based on the temperature
on the opposite side of the Peltier device. This device uses an air-cooling method,
so the temperature on the other side is similar to the room temperature. Overall, the

heating rate is faster than the cooling rate.

11 -
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3.2 Thermal Rendering

PC

Detired Peltier Surface Temperature Touch Sensor Value

Hsin-ni Ho Thermal Model M Bed
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- Thermistor =
DC
Motor Driver

Peltierl

Figure 3.4: An Overview of Thermal Rendering Using the Peltier Actuator

The system adjusts the temperature of the thermal display following Ho and
Johns’ thermal model [?]. Here, kopjcct Tepresents the thermal conductivity of the
object in contact with the skin. Simulation results, which incorporate the thermal
resistance between the objects, demonstrate improved initial predictive accuracy com-
pared to a semi-infinite body model. The temperature representation predicted by the
modified differential equation, considering these resistances, can be analyzed as fol-

lows:

A >
Tskin,s (t) = E{l - eaSkmB terfC[B(askint)l/2]} + Tskimi

1/2
A - - (Tskm,i - Tobject,i) B— 1 14 (kpc)slf;in 1
Kskin It ’ Fskin It (k:pc)(l)é?ectj

¢ Qobject D2t 1/2
Tobject,s (t) = 5{1 — et erfC[D(af)bjGCtt) ]} + Tobject,i

1/2

(Tskin,i - Tobject,i) 1 + (kpc)object]
Kskin 7 Kobject I? (kpc)i,fn J

13-



The thermal interaction model includes skin surface temperature, object surface
temperature, and heat flux during contact. where T is the temperature, « is the ther-
mal diffusivity, & is the thermal conductivity, R is the thermal contact resistances, is
the density, ¢ is time, c is the specific heat. erfc() is the complimentary error func-
tion. Subscripts ¢ and s mean the initial and surface temperature, respectively. The
Rkin—display T€Presents the resistance between each haptic display and the skin.

According to Ho and Johns’ model, based on the thermal display’s surface tem-
perature, the thermal resistance between the thermal display and the skin, and the
initial skin temperature conditions, one can determine the temperature conditions that
the thermal display should meet over time.

A haptic display that makes contact with the hand and can control surface temper-
ature over time. The skin temperature on hands and feet, being farther from the heart,
is lower than the overall average, with a typical hand skin temperature known to be 34
. The thermal resistance between a solid material made using a milling machine and
the skin is reported to satisfy the following conditions. The thermal contact resistance
when in contact with objects that have undergone similar surface treatments produced
by a milling machine and applying a force of 2 N is known to follow the following
equation:

0.37 + Kopject
1870 - Kobject

Based on the Ho and Johns model, the initial temperature of the thermal display is

Rskinfobject = (mQK/W)

adjusted by applying it as a parameter of thermal rendering when contacting the skin in
a virtual environment. Here, the initial temperature of the hand is assumed to be 34 for
calculations. When an object and the hand touch, the skin temperature of the hand and
the surface temperature of the object are calculated and the target temperature value
for the display is transmitted via serial communication. The thermal display strives
to match this value as closely as possible. The calculation frequency is 1000 Hz, and
when contact is lost, the surface temperature of the skin on the hand is assumed to be

34 . Peltier devices are made of Alumina Oxide material. In this study, the thermal

14—



conductivity of peltier actuator is 18K/w*m. The surface temperature of the previously
mentioned thermal display is specified by above resitance equation. For instance, if
the nearest object is made of Granite material with a temperature set to 13 (Thermal
Conductivity: 3.1 (W/(meK)), Density: 2700 (kg - /m3), Specific Heat: 790 (J/kg)),
the target temperature is 9.3831 . A characteristic of the HoJohns model is that over
time, the temperature of the thermal display and the skin converges to the contact
temperature. When using this model, it is important to note that it does not reflect
factors such as heat propagation due to blood flow and the heat effect caused by cell
metabolism. Such issues cause discrepancies between the model and actual results
as the contact time progresses. Below are the target profiles and actual rendering
results when touching objects at temperatures of 8 , 22 , 40, and 55 , respectively, for

Aluminum, Granite, Glass, and Acrylic.

—15-



Figure 3.5: Temperature rendering results for aluminum with different target tempera-

tures
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Figure 3.6: Temperature rendering results for granite with different target temperatures
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Figure 3.7: Temperature rendering results for glass with different target temperatures
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Figure 3.8: Temperature rendering results for acrylic with different target temperatures
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The rendering results show several common characteristics:

1. The greater the difference between the skin’s temperature and the target temper-

ature, the greater the difference from the target rendering curve.

2. Peltier devices have a lower efficiency for temperature decrease compared to
temperature increase. Thus, for the same temperature difference, rendering for

a lower temperature differs more than rendering for a higher temperature.

3. At the initial contact, there is a significant difference from the target curve, but

over time, they tend to match.

Depending on the performance of the display and the material in contact, there’s a
range in which the rendering curve can be presented similarly. Therefore, users aiming
for realistic temperature rendering should check whether the combination of display

performance, material, and temperature can provide the appropriate rendering.
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3.3 Simulation

Creating environments for individual experiments to estimate the limits of what
the thermal display can express can lead to uncertainties and high costs. Simulation
programs can reduce these costs and time. Additionally, the simulation program can
help analyze the surface temperature inside the skin, compare with other temperature

displays, or predict effects during improvements.
3.3.1 Implementation
dx dx adx adx dx dx dx dx dx dx
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o~ 0 0 6 e
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Figure 3.9: Temperature rendering results for glass with different target temperatures

We implemented a simulation program following the Finite Difference Method
(FDM) for the non-steady-state heat conduction equation of a one-dimensional struc-
ture, based on Ho and Johns” model. The simulation assumed a one-dimensional non-
steady state heat conduction scenario. The time updated at every frame was assumed

to be dt, and the length of one unit segmenting the object was assumed to be dzx.

dx
Rskin(m)—skin(m+1) = m

dx
Robject(n)—skin(n+1) = Kobject * A

0.37 + Kobject
1870 - Kobject - A

Robject—skin =
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dz/2  dx/2

Robject(l)—skin(l) = Foop + Fooh + Robject—skin
object skin

- (Tskln(m) - Tskin(erl))

Vi _
Dskin(m)—skin(m+1) — Rskin(m)—skin(m+1)

- (Tobject(n) - Tobject(n—i—l))

!
Qobject(n)—object n+l) —
ject(n)—object( ) Robject(n)—object(n+1)

- (Tobject(l) - Tskm(l))

" _
qObjBCt(l)iskin(l) B Robject(l)fobject(l)

(@ (t) + Qrizgne (1)) - dt
C(Axdx)p

dl' =
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3.3.2 Comparison with Ho’s Model

The following graphs compare the results of the Semi-infinite model considering
thermal resistance by Hsin-ni Ho with those of the Finite Element Analysis developed
by incorporating Ho’s thermal resistance properties. The initial conditions are such

that one iteration time is 0.00002s, and the distance between each element is 0.0001m.
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Figure 3.10: Finite element analysis results for aluminum with different temperatures
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Figure 3.11: Finite element analysis results for granite with different temperatures
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Figure 3.12: Finite element analysis results for glass with different temperatures
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Figure 3.13: Finite element analysis results for acrylic with different temperatures
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3.3.3 Comparison with Measured Data

The results of the simulation model and the measured rendering method are as
follows. In each graph, the green line represents the predicted graph for the Peltier
display, the orange line represents the actual measured temperature of the display, and

the blue line represents the target temperature curve.
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Figure 3.14: Simulation results for aluminum with different temperatures
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Figure 3.15: Simulation results for granite with different temperatures

—25—



Glass(k :0.688,p: 2.5, ¢ 0.84, Typject = 8)

Glass(k : 0.688,p: 2.5, ¢: 0.84, Topject = 22)

—— Rendered Temperature
Target Temperature
—— Rendered Temperature(Simulation)

—— Rendered Temperature
Target Temperature
~—— Rendered Temperature(Simulation)

—_—

10.0
75 175
0 2 4 G 8 10 0 2 4 6 8 10
Time(s) Time(s)
Glass(k : 0.688,p: 2.5, ¢ : 0.84, Topjeet = 40) Glass(k : 0.688,p: 2.5, ¢: 0.84, Typject = 55)
475 57.5
—— Rendered Temperature —— Rendered Temperature
15.0 ——— Target Temperature 55.0 —— Target Temperature

—— Rendered Temperature(Simulation)

—— Rendered Temperature(Simulation)

4 6
Time(s)

10

Figure 3.16: Simulation results for glass with different temperatures
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Figure 3.17: Simulation results for acrylic with different temperatures
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As can be seen in the figure, the predicted graph and the actual results are similar.
Through the simulation program, users can quantify the medium and display perfor-
mance to predict the results. The predicted graph when the Peltier device’s heating and
cooling rate are doubled is Figure 3.15. We can confirm from the simulation results

that the error relative to the target curve has been reduced.

3.3.4 Utilization of the Simulation

yyyyyyy

,,,,,,,,,

Figure 3.18: Temperature Simulation Results for Aluminum with Varying Tempera-

tures Using a Peltier Actuator with a Cooling Rate Twice as Fast

The rendering method presented to be more similar to the target curve might be
perceived differently by the user. Through this simulation program, we utilized it to
compare a single material that can provide thermal changes similar to the feeling of
touching an object where two or more materials, such as a wine bottle made of glass
and an aluminum can filled with cola, are arranged in combination, and to predict

temperature rendering results according to the performance of a new display.
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IV. Multiple Rotating Pre-heated Peltier

Actuators

4.1 Hardware Implementation

Heat Transfer Force
Calculation Model Calculation Model Desired Force / Desired Actuator Position
Desired Force Actuator Rotation
Desired T| eratures Temperature of Peltier3
[ Temperature of Peltier]
Temperature
of Peltierd Rotation of Motor
M Bed 1 Temperaturg Thermistpr Thermis M Bed 2
of Peltier2
L -
PWM Peltier1 Peltier3
- - Signal
\ *_I I—v ¥
DC DC
Motor Driver 1 Motor Driver 3
Thermist
¥ v
DC DC Peltier2 Peltier4 |7 Motor
Motor Driver 2 Motor Driver 4 .
(Dynamixel |
- XL430)

Figure 4.1: System diagram of multiple rotating pre-heated Peltier actuators

The system overview is summarized as Fig. 4.1. Our system use a game engine
(Unity) to detect interactions with virtual objects through the computer and provide
users with force and thermal feedback. The haptic feedback provided to the user is

focused on the palm of the hand. On the PC side, collision result values and target
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temperature values are calculated to determine the haptic effects to be provided to the
user. For the force feedback, device operates at a frequency of 1000 Hz. Users wear
the Meta Quest HMD and utilize the hand tracking feature provided by Meta to deter-
mine the position of their hands. In Unity, objects within 30 cm of the palm surface
are detected, and preheating commands for the temperature of the closest object are
given to the Peltier actuators. When a collision is detected, a command for contact
between the device and the palm is provided, and the user receives thermal feedback
when the device touches their hand. When the user grasps the touch sensor, a grab
command is activated, assuming that the user is holding the object, and they receive
force feedback related to the object. Two servo motors were employed to provide ther-
mal feedback (one camera is positioned beside the wrist and the other is attached next
to the pedestal). The motor beside the wrist operates at a voltage of 12 V, while the

other motor operates on a 3.7V single-cell battery.

(57.00)

(36.50)
(38.479)

(130.50)

(74.412)

(R39314)

Figure 4.2: Dimension of the device components
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Figure 4.3: Appearance of the wearable Hardware
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4.2 Software Implementation

4.2.1 Lumped System

Figure 4.4: Temperature Parameter Setting Screen in Unity Program

Thermal rendering in VR environments differs from FEM (Finite element method)
in that it requires real-time computation and immediate reflection of the results. Ob-
jects during contact are represented as concentrated capacitors and computed accord-
ingly. In this system, objects in the virtual space are analyzed using lumped system
analysis. If the temperature gradient within a solid is negligible, the entire solid can be
represented by a single representative temperature. In thermal analysis, there are cases
where the internal temperature of an object remains constant at a certain time. Con-
centration field analysis assumes that the overall temperature of the object is constant
and the conductive thermal resistance within the object is assumed to be zero[[?]].

The lumped system analysis is a simple and convenient approach that can be used
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to solve transient heat conduction problems. The reasonable accuracy of this method
is typically verified through dimensionless parameters, known as the Biot Number,
which represents the scale of temperature gradients within the solid compared to the
temperature difference between the surface and the fluid. When the Biot Number is
much smaller than the convective resistance at the fluid boundary, it is reasonable to
assume that the temperature distribution is uniform. The Biot Number is known to be
used when its value is less than 0.1. In the case of heat convection phenomena in a
virtual space, as the thermal resistance approaches infinity, the Biot Number becomes
zero, making this assumption reasonable. In Unity, user can set the specific heat,

thermal conductivity, and density of each object.

4.2.2 Thermal Analysis of Objects Composed of Composite Materials

Wine glasses and water bottles typically have a form where they contain liquid
inside and are encased in another material on the outside. The two substances have
distinct properties. For instance, the simulation results for a wine glass filled with
wine of 1 mm thickness, contact with a solid having the same thermal conductivity
as water, a composite object differs from the combination of the two substances and
varies by thickness. we substituted it with a new material that provides a graph similar

to the given simulation.

4.3 Use Scenario

4.3.1 Preparing for Collision

Each Peltier element is assigned a reference temperature and a designated range.
When the PC detects an anticipated contact object, it operates by changing from the
reference temperature to the target temperature. If the PC does not detect an anticipated
contact object, the four Peltier elements maintain their respective default temperatures

as the target temperature.
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Figure 4.5: Appearance of the Multiple Rotating Pre-heated Peltier Actuators Depend-
ing on the Position of the Virtual Hand and Object in the Virtual Environment

The Peltier elements are arranged in a manner to minimize the maximum delay

time taken to reach the target temperature within the given temperature range. Before

Figure 4.6: Temperature range and reference temperature of each Peltier in the multi-

ple rotating pre-heated Peltier actuators
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an object makes contact, to synchronize the initial temperature at the time of contact,
this system assumes the object closest to the user within 30cm is the most likely object
the user will come into contact with and synchronizes with its temperature. If there’s
no object within 30cm, all four Peltier elements maintain their initial temperatures.
Depending on which range the target temperature falls into, the contacting Peltier
element is determined. Then, the PC, through the Mbed (Openrb-150, Robotis), con-
trols the rotation via the Coreless DC Motor (XC330-M181, Robotis) so that the Peltier
element responsible for the targeted range can touch the user’s palm. The motor’s rota-
tion speed can turn at a rate of 2 rotations per second. Considering the situation where
the four Peltier elements are equally distributed over 360 degrees, it takes approxi-
mately 0.25 seconds to rotate to an adjacent Peltier element and 0.5 seconds to rotate

to the opposite Peltier element.

Virtual Hand In VR

Coreless DC Motor

/
Nearest Object / Rotation Occurs L
Changed ’ //vz ),

Virtual Object (Cool) Virtual Object (Hot)

Figure 4.7: Appearance When the Closest Material Changes

—34—



4.3.2 Controlling Haptic Effects During Contact

When a collision with an object occurs in the virtual space, the rotating part
moves through the Dynamixel XM430 motor to make contact with the hand. Since
the Dynamixel XM430 can track current , the torque strength can be adjusted, allow-

ing control over the pressure applied to the Palm area. Each of the four Peltier devices

Virtual Hand In VR

Virtual Hand In VR .~ ;
Collision Dete Provide Encounter Type ~
‘ Haptic Feedback A 3 Coreless DC Motor

Figure 4.8: Appearance When the Virtual Hand Touches the Virtual Object

is connected to a copper plate with wiring to allow for capacitive Peltier sensing. The
temperature rendering uses the time when the contact with the object started as a vari-
able, and the contact time is recorded the moment the user and the Peltier device touch.
The contact time is used as an input parameter to calculate the target temperature of

the thermal display, which in turn renders the temperature of the virtual object.
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4.3.3 Grasping and Releasing Object

Device Uinity

With Contact of Touch sensor

Grab

Without Contact of Touch sensor
y -

Ungrab(Release)

Figure 4.9: Example of Grasp and Ungrasp Operation Depending on the Contact of

the Touch Sensor

A copper-based patch is placed at the bottom of the guard to prevent fingers from
touching the target Peltier device. The touch sensor’s contact status in the guard section
changes the Grip/Ungrip settings. When the hand wraps around the touch sensor, the
avatar in the virtual space grabs an object with the pose registered through the pose
registration feature in Unity Meta SDK. When holding an object, weight rendering is
applied in real-time, with the vertical resistance changing based on the palm’s angle
and the direction of gravity. When the touch sensor is released, the pose is deactivated,

and the weight rendering application is canceled.
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V. User Experiments

In this evaluation experiment, we conducted a study to determine whether there
is a perceptual difference in the condition that allows users to rapidly adjust the initial
temperature conditions when they come into contact with virtual objects in a simulated
environment, using multiple pedestal devices compared to using a single pedestal de-
vice, and whether this could have an overall positive impact on the user experience.
The experiment was conducted under the protocols approved by the Institutional Re-

view Board at the Postech(PIRB-2023-E007).

5.1 Methods

5.1.1 Participants

A total of 12 participants took part in this experiment(7 female and 5 male, ages
20 to 29, average 23.83). None of the participants reported any issues with perceiving
thermal sensations. The experiment took an average of 45 minutes, and the participants

were compensated with 15,000 KRW after completing the study.

5.1.2 Experimental Conditions

Two demo VR scenarios were presented, each containing examples of thermal
haptic feedback. The Meta Quest Pro was used as the VR HMD, and the hand tracking
method utilized the Meta Quest’s own hand tracking system. The setup is designed to
provide an abrupt thermal conduction effect, with experiment scene 1 featuring objects
of the same properties but different temperatures, while experiment scene 2 allows for
the arrangement of objects with various properties and different temperatures. Users

compare the experience for the above two scenarios using two different algorithms
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(’With rotation” / ”Without rotation™). Users can experience different thermal varia-
tions, providing insights into their unique user experiences regarding heat perception.
Users can freely move their hand to touch the object. When a touch command occurs
in the virtual environment, the device transmits the temperature curve to be provided

based on the time the user’s hand made contact.
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Figure 5.1: Comparison of Latency Time Based on Temperature for Two Algorithms

the *With Rotation’ algorithm takes an average of 1.27 seconds to match the ini-
tial temperature of objects ranging from 5 to 58 degrees Celsius, while the *Without

Rotation’ algorithm takes 5.5 seconds.

Scenario 1 : Granite Stones

In this scenario, users freely experience touching Granite Stones that look the
same but have different temperatures. Detailed settings for each initial temperature
are presented as shown in the Fig 5.3. Users were allowed to freely touch objects

and experience the temperature of the object. For Force Feedback, it is limited upon
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Figure 5.2: Scenario 1 : Granite Stones

contact with the hand and only provides the sensation of the hand pressing with a

constant torque; other force rendering methods were excluded.
Parameter Setting

Object Thermal Conductivity

Density
W/(m-K)

Specific Heat Capctiy
kg/m*

Initial Object Temperature

Initial Display Temperature

J/kg-°C °C °c
Granite Stone 31 2700 720.7 8 10.29
Granite Stone 31 2700 7207 22 23.06
Granite Stone 31 2700 720.7 55 5315

Figure 5.3: Scenel thermal stimulis

Thermal Stimuli The graph of the target temperature curve starting from the initial

temperature for each parameter and the result rendered on the haptic display is as
follows.
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Figure 5.4: Thermal rendering results of granite stones
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Scenario 2 : Dining Table

Figure 5.5: Scenario 2 : Dining Table

Measurement of thermal conduction experience within a virtual environment in-
volving everyday actions. Users can interact with a variety of objects at different

temperatures, picking them up, releasing them, and moving them around

Thermal Stimuli The graph of the target temperature curve starting from the initial
temperature for each parameter and the result rendered on the haptic display is as

follows.
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Object Thermal Conductivity Density Specific Heat Capctiy Initial Object Temperature Initial Display Temperature
W/(m-K) kg/m?® J/kg-°C °C °C

Figure 5.6: Scene2 Stimuli
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Figure 5.7: Thermal rendering results of kimchi soup, mug cup and steak
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Figure 5.8: Thermal rendering results of wine glass, beer can and coke can

_44 —



—
in

temperature of petbier surfacelch
- = —
= Lo »
= i =Y

-
in

Water Bottle

wm
o

tirmeds)

3504
3254

3000 4

as| L

25.0 4

temperature of peltier surface(c)

20,0 4
Wine Bottle

17.54

time(s)

e w
=1 =1
in =

ra
=
=

bk
[~
in

b
=
=

=
in

temperature of peltier surface(c)

-
=
=

Spoon And Chopsticks

n

[} 2 q -1 a 10
timeds)

Figure 5.9: Thermal rendering results of water bottle, wine bottle, spoon and chop-

sticks

_ 45—



8
[=]

"
bt
in

temperature of peltier surface(c)
I
i

el
o
=]

[
=
=

-
-
in

o
=]

Riceball

|l
in

time(s)

20,0 4
275
25.0 1

as| L=

20,0 4

temperature of peltier surface(c)

Dumpling

time(s)

Figure 5.10: Thermal rendering results of riceball and dumpling

— 46—



5.1.3 Evaluation

To assess the user’s experience with the device, the following criteria were used
for evaluation: Realism: The haptic feedback felt realistic compared to my actual ex-
perience. Unnaturalness: The haptic feedback felt unnatural. Liking: I prefer this
haptic feedback. Immersion: I was fully immersed in the virtual environment. Partici-
pants provided evaluations on a 0-100 scale (0: strongly disagree, 100: strongly agree)
after each session. Additionally, they were given the opportunity to provide subjective

comments on their experiences for each session.

5.1.4 Task and Preocedure

Before conducting the experiment, participants read an experimental manual, and
the experimenter explained the nature of the experiment verbally. Prior to participating
in the experiment, the participants conducted a calibration to determine the position at
which the pedestal device could make the best contact. This was necessary due to
variations in hand size among different users. The stimulation point of the pedestal
actuator was situated on the palm, and once a stimulation was received at a specific
location, the stimulation would remain fixed at that same position. The room tem-
perature was maintained at 25 . To control noise or other information produced by the
haptic device, the participants wore noise-cancelling headphones emitting white noise.

The two virtual environments were provided in two separate sessions. The exper-
iment consists of two main sessions: training sessions and the main session. First, in
the training session, participants become familiar with the process of picking up ob-
jects in the virtual environment using the Granite Stones session. Participants went the
virtual experience with a wearable haptic device on their right hand. During this ex-
perimental session, thermal feedback was not provided to the user. In the first session,
users familiarized themselves with the haptic device by touching and grasping objects
in both virtual environments using hand tracking. Thermal feedback was disabled dur-

ing the practice session, and only encounter-type force feedback was provided. In the
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second session, users experienced the four different environments in the virtual setting.
To eliminate the influence of noise, participants wore noise-canceling headsets. They
were asked to freely touch or interact with objects in each environment for a minimum
of 3 minutes. In the second session, to avoid the influence of the order of thermal
rendering presentations, two virtual environments were provided randomly for each
participant. After every trial, participants evaluated their subjective experience after
sufficiently using the haptic device. Participants were given a rest period of at least 3
minutes between each session. The experiment was conducted over an average dura-

tion of 45 minutes.

5.2 Result

For the statistical analysis, we utilized a one-way repeated measures ANOVA
for each of the variables: Realism, Unnaturalness, Liking, and Immersion. Detailed

results are provided below.
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Figure 5.11: User experiment result(*mean p(0.05,**mean p(0.01)
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Question t df | p

Realism* 5.08 | 11 | <0.001
Unnaturalness® | 5.27 | 11 | <0.001
Liking* 2.86 | 11 | 0.016

Immersion* 4.01 | 11 | 0.002

Table 5.1: Results of *Granite Stones’ (statistically significant terms are marked by *)

Question t df | p

Realism* 277 | 11 | 0.018
Unnaturalness | 1.78 | 11 | 0.103
Liking* 299 | 11 | 0.012
Immersion* 324 | 11 | 0.008

Table 5.2: Results of *Dinning Table’ (statistically significant terms are marked by *)

5.3 Discussion

This study was conducted to evaluate the user experience with and without the
Rotation System to achieve rapid satisfaction for initial speed.In Scenario 1, there
were significant differences observed in Realism, Unnaturalness, Liking, and Immer-
sion. In Scenario 2, With Rotation received higher ratings than Without Rotation for
all evaluation criteria, and significant differences were noted in Realism, Immersion,
and Liking. The results confirmed that reducing the time it takes to reach the ini-
tial temperature within a shorter period leads to a more positively perceived cognitive

experience.
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VI. Example Applications

There are countless applications in which our multi-modal haptic device can be
utilized. We have created three demo experiences that can be categorized into three

popular categories of VR applications : social app, education, and simulator.

6.1 Social Apps

One of the significant challenges in applications that involve interacting with oth-
ers is the difficulty in providing feedback beyond the auditory sense in social inter-
actions. To demonstrate the usability of our device as a social app, we developed
a social game within a virtual environment where users can engage in playful snow
fighting. Our device enables feedback during interactions such as throwing snowball

or handshakes with the other participant.

=

Figure 6.1: We designed a game that allows users to engage in snow fighting, and

experience social skinship
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6.2 Education

To enhance user engagement with realistic scenarios in a virtual environment, we
created a fire simulation that users can experience alongside our custom-made haptic
thermal feedback device. Traditional evacuation training often lacks immersive en-
gagement due to the absence of direct experience in risky situations. For example, if
a doorknob feels hot, it signifies fire on the other side and prompts the need to avoid
opening it, using an alternative exit. However, without a haptic device, reproducing
such situations in a virtual environment is challenging. We offer this practical feedback
in our designed application. Using customizable templates that simulate varying lev-
els of heat based on fire size, users can experience different levels of thermal sensation

and conduct more realistic evacuation training.

a2

Figure 6.2: In this demonstration, we simulated a scenario where a fire occurs indoors
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6.3 Simulator

While most people cannot physically travel to planets beyond Earth, we can repli-
cate tactile sensations using collected data through simulations. By utilizing physics
engines, haptic modeling, rendering, and hardware, we can provide users with sensory
experiences involving sight, heat, and tactile feedback, allowing them to reproduce and
train for phenomena in space exploration, like differing gravities or surface textures of
other planets. Our application allows users to experience the sensation of objects with
varying weights due to different planetary gravities, or the feeling of touching the lunar

soil or Martian surface.

Figure 6.3: Our space simulation which enables users to interact with objects synchro-

nized with the gravitational forces and atmospheric temperatures of external planets

—53—



VII. Conclusion and Future Work

7.1 Conclusion

To our knowledge, there has been no attempt to use multiple pedestal devices to
rapidly adjust the initial temperature as described. Conventional devices for perceiv-
ing object temperature in virtual environments have significant delays in responding to
sudden changes in heat flux, which limits the overall user experience improvement. In
this study, we propose a wearable thermal rendering system that alleviates these issues
by preheating multiple Peltier elements and providing dynamic thermal feedback. The
system determines the heat flux for the contacted object in real-time and controls the
preheated haptic interface to provide thermal sensations. In a user experiment evaluat-
ing the subjective quality of the developed system compared to conventional thermal
rendering methods, our system demonstrated more positive user experiences in sce-

narios involving contact with objects and receiving thermal feedback.

7.2 Limitations

* The proposed hardware adopts a synchronization method that synchronizes the
initial temperature with the heat amount at the moment of contact with the hand.
This method, when applied to materials with high thermal conductivity like cop-
per or aluminum which need to be maintained at a lower temperature, encounters
issues. The proposed device has a relatively lower thermal conductivity and is
not an infinite medium, causing it to heat up more than intended, leading to

discrepancies with the desired rendering curve.

* The stimulation is limited to the palm, posing restrictions on the actions possible

when gripping, a limitation in itself.
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* In situations where the temperature must change continuously on the thermal
display, the rotation mechanism cannot be used. This aspect makes it equivalent
in effect to using a single thermal display when expressing changes in ambi-
ent temperature, radiant heat energy, or when an object has to undergo rapid

temperature chan ges.

» Using four Peltier devices has made the hardware physically heavier, negatively
affecting usability. The heaviness of the objects may be burdensome for general
users to use continuously. Therefore, a lightweight design is an essential factor

in enhancing the user experience.

Future Work

* System implementation for more accurate rendering
When the hand and the Peltier device collide in an encounter-type scenario, the
bigger the initial temperature difference between the skin and the Peltier device,
the more significant the temperature difference in the Peltier device. Below is
a temperature result graph when the amount of surface area was adjusted and
made to contact the palm. We can observe that the graph, which previously did
not converge within 5 seconds, now aligns. Thus, if there’s a display that can
adjust the contact surface area based on the material one aims to represent, it

would be possible to render the heat more accurately.

* Improvement to increase the rate of temperature decrease and increase
If the speed of temperature decrease or increase can be enhanced, the graph can
be estimated more accurately. For example, a multi-layer designed Peltier device
can maintain the opposite side of the Peltier display at a colder temperature than
the ambient temperature[?]. Consequently, in this case, compared to a single

Peltier device, the cooling rate is faster and the heating rate is slower.

* Proposal of a complex thermal source representation method viable in real-
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Figure 7.1: Thermal Rendering Results at 10 Degrees of Aluminum with Reduced

Contact Area

time environments

Currently, objects with complex structures are transformed into similar objects,
and users individually specify and check parameters to determine the represen-
tation. If a model is developed that can predict the temperature outcome in real-
time when holding a single object, it would aid in providing a more realistic

experience for users in virtual environments.
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