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SUMMARY
Touch is an inherent source of tactile sensation in everyday life, followed by vision and audition. For rich
tactile feedback, multimodal haptic feedback is necessary because a single touch simultaneously excites
multiple types of tactile receptors. In this paper, we present a soft wearable thermotouch haptic interface
(T2HI) that simultaneously and independently provides touch and thermal stimulation using only one end-
effector, the thermotouch haptic actuator (T2HA). A T2HA consists of a pneumatic-based touch haptic actu-
ator and a thermoelectric-based thermal haptic stimulator. A novel design for the harmonious integration of
the two different parts with wearable air pumps was proposed. Finally, the efficacy of the T2HI with virtual
reality (VR) was evaluated by a user test. In VR, users manipulated a virtual object, and the corresponding
touch and thermal feedback were provided. The T2HI demonstrated that multimodal haptic feedback signif-
icantly enhances the VR engagement of users compared to single-modal feedback.
INTRODUCTION

Perception is the process of sensory interpretation to under-

stand the present.1 Touch is the source of tactile sensation

that facilitates perception of the surface properties (e.g., temper-

ature and texture) and motion states (e.g., vibration) of ob-

jects,2,3 in addition to vision and audition. This physiological

feature has provoked vigorous studies in the field of haptics,4–8

which is a common term embracing both tactile and kinesthetic

modalities.9

The tactile modality is addressed in this study. Tactile sensory

information is primarily received by two types of cutaneous re-

ceptors in the dermis: mechanoreceptors and thermoreceptors.9

Among various mechanisms of haptic actuators,6,7,10 pneumatic

actuation and thermoelectric effect were chosen as the base

mechanism. Vibrotactile actuation could have been a strong

candidate thanks to its instantaneous response and simpler sys-

tem, but the lack in force and displacement (approximately 1/10

times compared to normal indentation11) had been unfavorable.

The advantages of pneumatic actuators, including high power

output, lightweight design, cleanliness, and safety,12,13 as well

as the benefits of thermoelectric devices (TEDs), such as their

high coefficient of performance and the ability to be fabricated

in thin and flexible structures,14 make them favorable for soft

wearable devices.

Pneumatic actuators have demonstrated their versatility as

soft wearable haptic devices with many applications.15–23 The

most common type of application is simple indentation on the

skin.16–22 Vibrotactile feedback using pneumatic vibrators has

also been studied.15–17,19,20 Beyond the simple vibrotactile, an
iScience 27, 111303, Decem
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advanced shear-sliding haptic renderer was also presented.23

TEDs also have demonstrated their feasibility as soft wearable

thermal displays.24–30 The bi-functional (heating/cooling) utility

with simple current reversing is one of the competitive features

of TEDs.24–28 Additionally, conformal contact, thanks to the soft-

ness, remarkably enhances thermal sensation by reducing the

thermal resistance between the device and the skin.28

Furthermore, with the recent progress in computer technolo-

gies, the distinction of haptic perception over visual and auditory

perception has highlighted their synergistic effects with virtual

reality (VR) and augmented reality (AR).6,7,11,14–18,24,25,30–34

Particularly, VR/AR with soft or on-skin devices is favored for

wearables, compared to conventional rigid ones.33,34 Many

VR/AR with soft haptic interface have been reported in the as-

pects of thermal,14,24,25,30 indentation,16–18 vibrotactile,15–18,31

and integrated thermovibrotactile32 haptics.

Despite these active studies, few reports that combine

pneumatic actuators and TEDs for simultaneous force and

thermal haptic stimulations could be found, although each of

them has been preferably used. Instead, some studies using

indirect methods could be found. Cai et al.35 and Lee

et al.36 heated or cooled air in a chamber and supplied the

air to the device. This mechanism indirectly relays thermal

feedback along with pneumatic actuation. Furthermore,

most commercial VR/AR experiences (e.g., movies and

games) are still limited to visual and auditory feedback, with

only a few simple applications with vibration feedback.37

The absence of full system-level haptic implementation is pre-

sumably because of insufficient haptic feedback, low porta-

bility (e.g., air compressors), and component-level focused
ber 20, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Schematic of the T2HI
(A) VR interaction. A human grabs a virtual hot coffee cup.

(B) Perception mechanism. Visual and mechanical/thermal tactile sensation reaches the visual and somatosensory cortex, respectively.

(C) Operation mechanism of the T2HA.

(D) Actuation of the T2HA.
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development.11,37,38 Current progress in haptic interfaces

suggests the necessity for high-quality haptic feedback, high

portability, and full-system-scale haptic interface develop-

ment for future commercialization.35,39

In this paper, we propose a novel-design soft wearable ther-

motouch haptic interface (T2HI) that can provide both touch

and thermal stimulation independently and simultaneously, in

addition to the visual feedback of VR (Figure 1). In VR, users

can pinch or grab an object through visual perception, the

respondent thermotouch feedback is provided to the fingers,

and this feedback is sensed by cutaneous receptors and

perceived by the somatosensory cortex (Figures 1A and 1B).

The interaction is encoded into serial data in VR, and the contact

data are wirelessly transmitted to a microcontroller attached to

the user via Bluetooth communication. The data are decoded

in the microcontroller, and the decoded data are translated

into the operational statement of the thermotouch haptic actu-

ator (T2HA).

The T2HA consists of two parts: a pneumatic-based touch

haptic actuator and a thermoelectric-based thermal haptic stim-

ulator (Figure 1C). Functional and structural synergy for effective

feedback and good wearing comfort should be profoundly

considered for multimodal integration.6 We solved this problem

by a novel design: the elastic extension of a thermal haptic stim-

ulator. The T2HA was designed as a two-layer structure with a

touch haptic actuator under an elastically extended thermal

haptic stimulator (Figure 1D). Two wings made of highly elastic
2 iScience 27, 111303, December 20, 2024
silicone rubber were attached to both sides of the TED of the

thermal haptic stimulator to allow free TEDmovement. The addi-

tional elastic margin helps mediate the pneumatic inflation of the

below touch haptic actuator across the thermal haptic stimulator

with alternating elongation of the wings. This design overcomes

the inelasticity of the TED while maintaining the pneumatic actu-

ation. In turn, the thermal haptic stimulator becomes the bimodal

end-effector of the T2HA.

Additionally, a wearable air pump and a pneumatic actuator

were specially designed to reduce the bulkiness. The pump

was designed inspired by the previous study in our research

group, which developed a tendon-driven origami pump to

replace bulky air regulators.40 The Yoshimura origami pattern

was chosen for a Yoshimura origami cylindrical pump (YOCP),

inspired by the natural buckling of cylindrical shells under axial

loading.41 The pump can be self-released thanks to its

inherent elastic deformation for being folded.42 Consequently,

the pump can be controlled by the tension of a tendon; the

elimination of releasing mechanism simplifies the system.

However, isolation from the atmosphere limits its air supply

capacity. We solved this challenge by a special design: a

zero-dead-volume pneumatic actuator. Pneumatic actuators

operate with volumetric change of gas.6 Thus, the zero dead

volume maximizes the volumetric ratio change; in turn, the

pressure is maximized. Furthermore, the zero dead volume

minimizes the thickness of the T2HA, which enhances wear-

ability and comfort.
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Figure 2. Evaluation of the YOCP

(A) Compression motion of the YOCP.

(B) Displacement of the YOCP with the servo rotation.

(C) Gauge pressure of the YOCP with the servo rotation.

(D) Dynamic operation of the YOCP at 1 Hz repetition. The servo rotation amplitudes are 30�, 60�, 90�, and 120�.
(E) Frequency response of the YOCP from 1 to 5 Hz for the same rotation ranges.
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RESULTS

In this section, we evaluate the performances of YOCP and

T2HA. We conducted a user test to demonstrate the efficacy of

the multimodal haptic feedback of the T2HI compared with a sin-

gle touch or thermal haptic feedback. Experiments, results, and

discussion are presented in this section.

YOCP evaluation
Manipulation

The YOCP pressure is determined by the displacement of the

pump (Figure 2A). The displacement is controlled by the length

of a tendon, and the length of the tendon is controlled by a servo.

Therefore, the key manipulating factor for YOCP is the servo

rotation.

The displacement of the YOCP was measured using a laser

sensor (IL-100 CMOSmultifunction analog laser sensor, Keyence

Co., Japan). The initial length of the YOCP is 20 mm, which is

determined by the housing of the YOCP. The laser beam reached

the YOCP plug through a hole at the bottom of the housing. The

results for five samples are shown in Figure 2B. The displacement

of the YOCP was analyzed by dividing it into four ranges approx-

imately 0�–20�, 20�–100�, 100�–140�, and 140�–180�. The first re-
gion (0�–20�) was the tendon fastening stage. During fabrication,

the tendonwas not fully tightened and had some initial looseness.

The tendon tightened during this stage. The second stage (20�–
100�) was the linear compression stage. The length of the tendon

was linearly shortened along by servo rotation. The third stage

(100�–140�) was the elastic deformation stage. Because the

Yoshimura origami cylinder cannot be a rigid-folded structure,

elastic deformation is necessary for the transformation of the cyl-
inder.42 This state occurs when the restoring force against the

elastic deformation becomes critical. The final stage (140�–180�)
was themaximumcompression stage. The restoring force against

elastic deformation was equilibrated with the torque of the servo.

Pressure of the YOCP was measured using a pressure sensor

(33A-015D-2210, Shiba Korea Co., Ltd., Korea). The voltage

output of the sensor was measured using a data acquisition

board (DAQ) (DAQ NI-9229, National Instrument Co., USA).

The results for the five samples are shown in Figure 2C. The rela-

tionship between the pressure and servo rotation was almost the

same as that between the pressure and displacement (Fig-

ure 2B). The only difference was the nonlinearity in the range of

20�–100�. The results also show that the pressure of the YOCP

can be successfully regulated by the servo rotation angle.

Frequency response

The frequency response of YOCP is an important characteristic

for pneumatic suppliers. The response describes how effectively

and quickly the YOCP accomplishes the desired performance

across a range of frequencies.

The dynamic repetition of the displacement wasmeasured us-

ing the laser sensor and DAQ. The servo rotation amplitudes

were set to 30�, 60�, 90�, and 120� in the experiment. The value

of 120� was roughly selected from the previous experiments

(Figures 2B and 2C) with some margin for the maximum

compression. The repetitive motion of the YOCP at frequency

of 1 Hz is shown in Figure 2D. At 1 Hz, YOCP showed stable

repetition for all rotation amplitudes. Subsequently, the fre-

quency response of YOCP was tested from 1 to 5 Hz with a

0.5 Hz increment at each step. The results are presented in

Figure 2E. From this, the minimum response time of the YOCP

was found. The displacement of the YOCP was successfully
iScience 27, 111303, December 20, 2024 3
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Figure 3. Evaluation of the T2HA

(A) Inflation motion of the T2HA.

(B) Inflation of the T2HA and the touch (T) haptic actuator along with the servo rotation.

(C) Dynamic operation of the T2HA at 1 Hz repetition. The servo rotation amplitudes are 30�, 60�, 90�, and 120�.
(D) Frequency response of the T2HA from 1 to 5 Hz for the same rotation amplitudes.

(E) Load force of the T2HA and the touch (T) haptic actuator against suppression at 120� servo rotation.

(F) Load force of the T2HA along with the servo rotation against 1 mm suppression.

(G) Temperature controllability of the T2HA. The initial temperature was set to 32�C.

iScience
Article

ll
OPEN ACCESS
saturated up to 2, 2.5, and 3.5 Hz for the 120�, 90�, and 60� ro-
tations, respectively, whereas the 30� rotation maintained satu-

ration in the full range. Therefore, the YOCP required approxi-

mately 0.5, 0.4, and 0.3 s (the reciprocal of the frequency) for

120�, 90�, and 60� rotations, respectively.

T2HA evaluation
Manipulation

Touch feedback from the T2HA is generated by pneumatic actu-

ation using the air pressure provided by the YOCP (Figure 3A). In

this context, servo rotation is also a key manipulatory factor in

the touch feedback of the T2HA.

The pneumatic inflation of the T2HA was measured using a

laser sensor. The results for five samples are shown in Figure 3B.

The T-denoted dotted lines present the results of the touch

haptic actuators. The inflation of the T2HA was reduced

compared with that of the touch haptic actuator. Specifically,

inflation was reduced by 39% at 120� servo rotation. The rela-
4 iScience 27, 111303, December 20, 2024
tionship between inflation and servo rotation showed the same

trend for the YOCP manipulation (Figures 2B and 2C).

Frequency response

The frequency response to T2HA inflation was investigated.

Because the T2HA is actuated by a YOCP, the experiments

were conducted in the same frequency range as in the previous

tests (Figures 2D and 2E).

The dynamic repetition of the inflation wasmeasured using the

laser sensor and DAQ. The servo rotation amplitudes were set to

30�, 60�, 90�, and 120�. The repetitivemotion of the T2HA at a fre-

quency of 1 Hz is shown in Figure 3C. At 1 Hz, the T2HA still

showed stable repetition for all rotation amplitudes. Subse-

quently, the frequency response of T2HA from 1 to 5 Hz with a

0.5 Hz step showed the same frequency characteristics as

YOCP (Figure 3D). Furthermore, the minimum response time

for touch haptic actuation of the T2HA was found to be the

same as that of the YOCP: approximately 0.5, 0.4, and 0.3 s

for 120�, 90�, and 60� rotations, respectively. The result shows
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that small rotation angles are preferred for fast response. This

can be achieved by increasing the radius of the servo pulley. In

that case, reduction in the rotation amplitude may diminish the

resolution of touch haptic feedback.

Load force

The ability to provide powerful touch haptic feedback is critical

for the optimal performance of the T2HA. To evaluate these prop-

erties, load force generated by the T2HA was measured.

The load force against suppression wasmeasured using a ten-

sile compression testing machine (MCT-2150, A&D Co., Ltd.,

Japan). The results for the five samples are shown in Figure 3E;

the T-denoted dotted lines present the results of the touch haptic

actuators. The reference servo rotation in the experiment was

120�. The suppression was set to 1–3 mm for the touch haptic

actuator and 1–2 mm for the T2HA, with a 0.5 mm step, consid-

ering the inflation measured in Figure 3B. The touch haptic actu-

ators produced 0.26, 0.53, 1.14, 1.74, and 2.60 N load forces

against suppressions of 1, 1.5, 2, 2.5, and 3 mm, respectively.

The T2HA generated 0.70, 1.12, and 2.07 N load forces against

suppressions of 1, 1.5, and 2 mm, respectively. Hence, the

load force generated by the T2HA was approximately 2.66,

2.10, and 1.81 times that generated by the touch haptic actua-

tors against the same suppressions, even though the inflation

was reduced. This is because a smaller inflation of the T2HA

was induced by air compression owing to the additional stiffness

of the elastic extension wings. Subsequently, the load forces for

60�, 90�, and 120� servo rotations against the same 1 mm sup-

pression were measured (Figure 3F). The load force at 120�

was 1.47 times higher than that at 60�.
Temperature regulation

Not only the production but also the control of thermal stimuli is

important for a haptic experience. The temperature of T2HA is

controlled by proportional-integral-derivative (PID) control using

an interface board that was developed by Lee et al.26

The T2HA includes a resistance temperature detector (RTD) to

measure the temperature for feedback from the PID control. The

5.5 V power was supplied by a DC power supply (MK3003P,

MKPOWERCo. Ltd., Korea). To verify the temperature controlla-

bility at various target levels, a regulation experiment was con-

ducted (Figure 3G). The initial temperature was set to 32�C,
and the target temperature was nominally set to 34 (+2)�C, 36
(+4)�C, 38 (+6)�C, and 40 (+8)�C. The 2�C discretion and the

maximum 40�C were referenced by the perceptible threshold

(1.8�C) and the comfortable heating range (39�C), respectively.43

The measurement data were smoothed to remove noise using

the ‘‘smoothdata’’ function in MATLAB software (MATLAB

R2023b, MathWorks Inc., USA). The heating ability of T2HA

was evaluated using three parameters: heating rate, overshoot,

and steady-state error. The heating rate is defined as the temper-

ature rise per second within 10%–90% of the increasing range. It

was found to be 2.19�C, 3.47�C, 4.55�C, and 4.49�C/s for heat-

ing by +2�C, +4�C, +6�C, and +8�C, respectively. Incidentally,
the sync of thermotouch is determined by the thermal stimulation

rather than the touch, because the respective heating times ob-

tained here are 0.49, 0.69, 0.87, and 1.26 s, which are slower

than the minimum pneumatic response times obtained earlier.

The overshoot is defined as the maximum excess of the target

temperature. It was measured to be 0.23�C, 0.25�C, 0.26�C,
and 0.13�C for each target temperature. The steady-state error

is defined as the average difference between the actual and

target temperatures in a stable region. It was 0.17�C, 0.18�C,
0.15�C, and 0.03�C for the same target temperatures. The cool-

ing ability was evaluated using the same parameters (Figure S1).

The initial temperature was set to 32�C, and the target tempera-

ture was nominally set to 30 (�2)�C, 28 (�4)�C, 26 (�6)�C, and 24

(�8)�C. However, the temperature could not be regulated prop-

erly. The temperature initially dropped down for some time, but a

thermal runaway soon occurred.

User test
A user test was conducted to evaluate the efficacy of T2HI. The

test was permitted by the Korea University Institutional Review

Board (approval number: KUIRB-2023-0387-01). Twenty partici-

pants (10 male and 10 female) participated in the test. The age

of the participants was restricted to the 20s based on the progres-

sive reduction in tactile perceptionwith age.44,45 A 1:1 gender ratio

was considered for comparison between sexes based on studies

reporting that females are more sensitive to tactile stimuli than

males.45,46 Three T2HAs were combined and worn by the partici-

pants. The end-effectors of the T2HAs were worn on the thumb,

index, and middle fingers. The YOCPs were worn on the back of

the backhand. Finally, the interface board was worn on the dorsal

forearm. All components were equipped with Velcro bands,

considering the different body sizes of participants.

The operation of the T2HI is shown in Figure 4. Infrared images

showing simultaneous thermotouch haptic actuation were

captured using an infrared camera (FLIR A-700, FLIR Systems

Inc., USA); see Figures 4A–4C. In VR, a dynamically interacting

object was created for VR interaction (Figure 4D). The hand mo-

tion of a user test was tracked by a portable hand tracking device

(Leap Motion Controller, LeapMotion, Inc., USA), and the virtual

hand physically interacted with the object in the VR; for example,

it could pinch or grab an object (Figures 4E–4G). The corre-

sponding touch and thermal feedback were then provided by

the T2HAs (Figures 4H–4J).

Prior experience

The participants completed a survey regarding their prior haptic

(Figure 5A) and VR (Figure 5B) experiences. Four out of the 20

participants (2/10 males and 2/10 females) had experienced a

haptic device, and all the four answered that they had experi-

enced vibration haptic feedback (Figure 5A). All the four had

experienced touch or thermal haptic feedback, and none had

experienced thermotouch. Fourteen of the 20 participants

(6/10 males and 8/10 females) had experienced VR. However,

no participants had experienced VR that uses haptic feedback.

Evaluation

To validate the efficacy of the T2HI, a user test was conducted in

three stages: only-touch, only-thermal, and thermotouch. In VR,

balls with three different colors corresponding to the tempera-

ture were provided for VR interaction, based on a previous study

showing that color stimuli enhance the recognition of thermal

feedback.24 In the only-touch stage, a gray-colored ball was pro-

vided for the VR interaction. Touch feedback was provided at

two levels: light and deep touch. In the only-thermal stage, an or-

ange- and a red-colored ball were provided as warm (37�C) and
hot (40�C) objects, respectively. Only warm and hot thermal
iScience 27, 111303, December 20, 2024 5
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Figure 5. Results of the user test

(A) Prior experiences with haptic feedback devices.

(B) Prior experiences with VR.

(C) User rating for the wearability of the device.

(D–F) User rating for the realism of T2HI by all users, male users, and female users, respectively.
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feedback was provided during this stage. In the thermotouch

stage, balls of the same color as those in the thermal stage

were provided. Touch and thermal feedback were simulta-

neously provided in four possible combinations: light-warm,

light-hot, deep-warm, and deep-hot touches. The effect of con-

tact force on thermal perception was not rigorously considered

in the test; the change in thermal resistance between the device

and the skin might have influenced the realism of feedback.47

Beyond haptic feedback, the maneuverability of the hand is

also an important factor for immersion in VR.48 Therefore, the

wearability of the device, that is, the extent to which the hand

was unconstrained and comfortable, was assessed (Figure 5C).

The grading criteria and results are shown in Table S1. No

distinctive difference between the sexes was found, and the

wearability of the device was roughly estimated to be uncon-

strained but still uncomfortable.

Subsequently, the realism of the haptic feedback was as-

sessed (Figures 5D–5F). The efficacy of touch, thermal, and ther-

motouch feedback was rated from 0 to 7 based on the grading

criteria proposed by Garcı́a-Valle et al. to evaluate the level of re-

alism and artificiality of haptic stimuli in VR.49 The grading criteria

and results are shown in Table S2. The thermotouch haptic feed-

back received higher scores than the only-touch and only-ther-

mal haptic feedbacks, regardless of gender. Thus, the efficacy

of the T2HI in providing a more realistic and immersive haptic

VR experience was demonstrated.

DISCUSSION

In this study, we presented a new soft wearable haptic interface,

T2HI, to produce both touch and thermal stimuli simultaneously
Figure 4. Operation of the T2HI

(A–C) Infrared images of thermotouch haptic actuation for no touch, light thermo

(D) T2HI activity with VR; see Video S2.

(E–G) Interactions with the virtual object. Users can pinch or grab the object in V

(H–J) Thermal feedback corresponding to the above hand motion.
and independently. As base mechanisms for the T2HA, pneu-

matic actuation (touch feedback) and thermoelectric effect

(thermal feedback) were selected owing to their advantages,

versatility, and easy implementation on soft wearable haptic

feedback devices. A novel design of elastic extension to harmo-

niously incorporate the different types of components was pro-

posed, and the T2HA successfully performed its task. Addition-

ally, we proposed a wearable pump (YOCP) with a Yoshimura

origami pattern. The detailed fabrication process is described

in Figure 6. The pump replaced a bulky external pneumatic regu-

lator and compressor without significantly constraining hand

motion. A zero-dead-volume pneumatic actuator was also de-

signed to overcome the limited air supply of the YOCP owing

to its isolation from the atmosphere. Furthermore, the zero

dead volume minimized the thickness of the T2HA, making it

more suitable for wearable devices. Finally, T2HI with VR was

constructed using the YOCPs and T2HAs. The detailed fabrica-

tion of T2HA and the system of T2HI are presented in Figures 7

and 8, respectively. The interface provided six types of haptic

feedback for a dynamically interacting virtual object: light,

light-warm, light-hot, deep, deep-warm, and deep-hot touches.

The efficacy of the T2HI was demonstrated through a user test.

Thermotouch haptic feedback was validated to be more realistic

and immersive than a single touch or thermal feedback. Further-

more, the device was assessed so as not to heavily constrain

hand motion with the equipment, enabling sufficient manual

handling of a virtual object in VR. This study demonstrated that

integrating diverse types of haptic feedback is crucial for

improving the VR experience for humans.

The results of the user test revealed another intriguing implica-

tion. Touch feedback was found to be less effective than thermal
touch, and deep thermotouch, respectively; see Video S1.

R.
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Figure 6. YOCP fabrication
(A) Affixation of a Yoshimura origami cylinder onto a plug.

(B) Affixation of the combined structure onto the lid.

(C) Housing for the YOCP.

(D) Tendon controller with a servo.

(E) The complete assembly of the fabricated YOCP.
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feedback in the user test. This can be explained by the different

physiological properties of mechanoreceptors and thermore-

ceptors. Mechanoreceptors receive sensory information from

mechanical stimuli induced by physical interactions such as

pressure, skin deformation, vibration, etc. Mechanoreceptors

are divided into four types according to the type of sensation

to be perceived, rate of adaptation, receptive field, and

morphology: Merkel discs, Ruffini corpuscles, Meissner corpus-

cles, and Pacinian corpuscles.50 In contrast, thermoreceptors

are non-specialized neuronal fibers that form ion channels.

They have different thresholds and respond to temperature

changes rather than to absolute temperatures.51 Therefore, hu-

mans are stricter to touch stimuli than to thermal stimuli. For

this reason, users felt that thermal feedback was more effective

than touch feedback.

Limitations of the study
The heat accumulation on the opposite surface hampered pro-

longed cooling feedback, and this is still challenging particularly
Figure 7. T2HA fabrication

(A) Fabrication of the thermal haptic stimulator.

(B) Fabrication of the touch haptic actuator.

(C) Elastic extension of the thermal haptic stimulator.

(D) The complete assembly of the T2HA fabrication.

8 iScience 27, 111303, December 20, 2024
in wearable haptic devices.14,33 Due to this limitation, the cool-

down could only depend on natural convection. Investigating

appropriate heat dissipation methods for soft wearable haptic

devices still remains an area for future work.
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Figure 8. Schematic of the T2HI

This figure shows an example case of the pinch of a hot object with the thumb and index fingers in VR. The state is translated into 1-byte datum 11101000.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB (MATLAB R2023b) MathWorks Inc., USA N/A

3D CAD (Fusion 360) Autodesk Inc., USA N/A

Openframeworks https://openframeworks.cc/ N/A

Other

Laser sensor (IL-100 CMOS multifunction

analog laser sensor)

Keyence Co., Japan N/A

Pressure sensor (33A-015D-2210) Shiba Korea Co., Ltd., Korea N/A

Data acquisition board (DAQ NI-9229) National Instrument Co., USA N/A

Tensile compression testing machine

(MCT-2150)

A&D Co., Ltd., Japan N/A

DC power supply (MK3003P) MKPOWER Co. Ltd., Korea N/A

Infrared camera (FLIR A-700) FLIR Systems Inc., USA N/A

Hand tracking device (Leap Motion

Controller)

Leap Motion, Inc., USA N/A

Overhead projector film Copier Land Co., Ltd., Korea N/A

Laser cutter (Epilog Fusion Edge - RF30w) Epilog Laser Co., USA N/A

Kapton tape (3MTM Polyimide Tape 8997) 3M Co., USA N/A

Epoxy glue (3MTMScotch-WeldTM Epoxy

Adhesive DP460)

3M Co., USA N/A

Servo motor (MG90D) Tower Pro Pte. Ltd. N/A

Silpoxy (Sil-PoxyTM) Smooth-On Inc., USA N/A

Thermoelectric device (Flexible

Thermoelectric Device)

Tegway Co., Ltd., Korea N/A

Resistance temperature detector

(PT1000B00-FC1-N00)

Sentrion Co., Korea N/A

Polydimethylsiloxane (SYLGARDTM 184

Silicone Elastomer)

Dow Inc., USA N/A

Ecoflex (Ecoflex 0030) Smooth-On Inc., USA N/A

Cyanoacrylate adhesive (AXIA-2700) Alteco Korea Inc., Korea N/A
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The user test for this study was approved by the Korea University Institutional Review Board (Approval Number: KUIRB-2023-0387-

01). Twenty Korean participants in their 20s (10 male and 10 female) participated voluntarily in the test with informed consent. No

significant difference between genders was found.

METHOD DETAILS

YOCP fabrication
The YOCP was designed using Fusion 360 software (Autodesk Inc., USA). The Yoshimura origami cylinder was initially fabricated

through the process described in Figure S2. First, the Yoshimura pattern was carved on a 100 mm overhead projector (OHP) film

(Copier Land Co., Ltd., Korea) using a laser cutter (Epilog Fusion Edge- RF30w, Epilog Laser Co., USA), with the specific parameters

for full flat transformation42; the pattern is shown in Figure S2A with the parameters of L = 10mm, h = 3mm, and a = 30�. Second, the
carved OHP film was rolled into a cylindrical shell such that the carved side was on the inside, and wrapped by Kapton tapes (3M

Polyimide Tape 8997, 3M Co., USA) three times, considering the axis symmetry of the cylinder (Figure S2B). Multi-overlaid tapping
e1 iScience 27, 111303, December 20, 2024
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was performed to ensure a secure pump sealing. Finally, the tapped cylinder was folded along the carved lines to form a Yoshimura

origami cylinder.

The YOCP was fabricated through the process shown in Figure 6. In the fabrication, all affixations are done using epoxy glue

(3MScotch-Weld Epoxy Adhesive DP460, 3M Co., USA), and the material used for all the components was acrylonitrile butadiene

styrene (ABS) plastic. First, one side of the Yoshimura origami cylinder was affixed to a 3-mm-deep triangular blind hole with a

14 mm diameter 3 4 mm height plug (Figure 6A). Second, the other side of the cylinder was affixed to a 3-mm-deep triangular blind

hole with a 17 mm width 3 42 mm length 3 4 mm height lid (Figure 6B). Third, the affixed (both top and bottom) cylinders were in-

serted into a 15 mm diameter 3 16 mm depth circular blind hole with a 17 mm width3 42 mm length3 17 mm height housing (Fig-

ure 6C). Fourth, a tendon controller with a servo (MG90D, Tower Pro Pte. Ltd.) was made (Figure 6D). A 17 mm width 3 24 mm

length 3 6.5 mm height block with a smooth slide was affixed to the servo. Then, a 4-mm-groove-diameter pulley was affixed to

the gear of the servo. Finally, all the parts were assembled (Figure 6E). A tendon was anchored to the pulley and looped through three

1-mm-diameter holes of the plug and lid to encircle the cylinder. The tendon controller was inserted into a 12.2 mm width 3 23 mm

length 3 14 mm depth rectangular blind hole of the housing through a 4-mm-depth rectangular hole in the lid. The lid and housing

were fastened toM2-size bolts and nuts. A 2mmdiameter3 25 cm length silicone tube was affixed into a 2-mm-diameter hole on the

lid using silpoxy (Sil-Poxy, Smooth-On Inc., USA).

T2HA fabrication
The T2HA and molds for silicone casting were designed using Fusion 360 software. T2HA was fabricated through the process

described in Figure 7. First, a thermal haptic stimulator was fabricated (Figure 7A). The TED (Flexible Thermoelectric Device, Teg-

way Co., Ltd., Korea) was presented by Kim et al., and they confirmed the cooling capacity reaches amaximum�10�C24. A 10mm

width 3 10 mm length 3 2.3 mm thickness TED was coated by a 10 mm width 3 10 mm length 3 20 mm thickness polyethylene

terephthalate (PET) tape for electric insulation. A 2.0 mm width3 2.3 mm length3 1.1 mm thickness RTD (PT1000B00-FC1-N00,

Sentrion Co., Korea) was mounted on the PET-coated TED. A thermal pad was used to cover the TED and RTD for even heat diffu-

sion on the surface. PET tape was used to wrap the sandwiched components to fix them firmly. Next, a touch haptic actuator was

fabricated (Figure 7B). A 14 mm width 3 9 mm length 3 2 mm thickness inelastic base of the pneumatic actuator was made from

polydimethylsiloxane (PDMS) (SYLGARD 184 Silicone Elastomer, Dow Inc., USA). An elastic film was obtained from Ecoflex (Eco-

flex 0030, Smooth-On Inc., USA). The film was shaped into a cuboid cap with a uniform 0.5 mm thickness across all surfaces,

which fully covered the base without any gaps. The base and film were glued together by applying silpoxy to the four facets of

the base. The opposite end of the silicone tube of the YOCP was connected to the 2-mm-diameter hole in the base using silpoxy.

Third, the thermal haptic stimulator was extended elastically (Figure 7C). Two 0.5-mm-thickness shims made from Ecoflex were

attached to both sides of the TED of the thermal haptic stimulator using cyanoacrylate adhesive with primer (AXIA-2700, Alteco

Korea Inc., Korea). Two elastic wings made from Ecoflex were affixed to the shims using silpoxy. The shims provide new surfaces

on which the silploxy can be applied, which has a longer working time than the cyanoacrylate adhesive; the instant working time

of the cyanoacrylate adhesive makes it difficult to successfully attach the highly flexible wings onto the narrow facets of the

TED at once. Finally, the elastically extended thermal haptic stimulator and the touch haptic actuator were combined into the

T2HA (Figure 7). They were affixed by applying silpoxy to the sides of the touch haptic actuator. The weight of a single T2HA

unit with the YOCP was 35 g.

T2HI construction
The T2HI was constructed using YOCPs and T2HAs. The VR environment for the T2HI was created based on the openFrameworks,

a C++ open-source software development toolkit. A Schematic of the T2HI is shown in Figure 8. A hand tracking device (Leap Mo-

tion Controller, LeapMotion Inc., USA) was used tomeasure the position and orientation of the bones of the real hand, and the data

were transmitted via universal serial bus (USB) communication to the VR. The data were manipulated to update the real-time skel-

eton animation of the virtual hand. Along with the skeletons of the virtual hand, physical bodies were created and updated. The

physical bodies of the virtual hand tangibly interacted with a virtual object. Because T2HAs were worn on the fingertips of the

thumb, index, andmiddle fingers, only the collision data on these parts were considered. In turn, the collisions between each phys-

ical body and the object were encoded into 1-byte data with four 2-bit segments. The first 2-bit segment represented the temper-

ature level of the object. The cool, mild, warm, and hot temperature levels were assigned values of 00, 01, 10, and 11, respectively.

The other three segments were related to the intensity of touch, which was determined by the collision depth between the physical

skeleton of the virtual hand and object. The no touch, light touch, deep touch, and only-thermal stimulation states were assigned

as 00, 01, 10, and 11, respectively. The 1-byte contact data were transmitted to the microcontroller via the Bluetooth communi-

cation. The microcontroller decoded the data, which were then translated into the manipulation states of the YOCPs and motor

drivers. The no touch and only thermal states were translated into no servo rotation, the light touch state was translated into a

60� servo rotation, and the deep touch state was translated into a 120� servo rotation. Target temperatures corresponding to

the temperature levels were set in the microcontroller; for example, warm and hot temperature levels were set to 37�C and

40�C in the user test. According to the target temperature, the duty of the motor driver was continuously calculated based on

the current temperature measured by the RTD of the T2HA. The mild temperature level was translated into zero duty such that

no thermal feedback was provided.
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QUANTIFICATION AND STATISTICAL ANALYSIS

The MATLAB software was used for the statistical analysis of this study. The averages and standard deviations for male (n = 10),

female (n = 10), and the total (n = 20) were calculated. The results were shown in Figure 5, Tables S1 and S2.
e3 iScience 27, 111303, December 20, 2024
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