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ABSTRACT

Tactile perception arises from coordinated activation of mechanoreceptors and thermoreceptors, yet most wearable haptic
technologies primarily stimulate mechanoreceptors. Thermal haptic interfaces remain constrained by rigid heat sinks, unstable
hydrogels, or insufficient thermal management; thus compact integration of active thermal and mechanical actuation in a
skin-conformable platform remains difficult. Here, we present a compliant thermal haptic device that enables bidirectional
heating and cooling without rigid heat dissipation structures. The device uses a polymer matrix filled with hexagonal boron
nitride and phase-change materials to form dynamic, effective thermal pathways. A soft heat sink based on gallium-polymer
composites provides stable thermal regulation while preserving compliance. A gallium-based soft electromagnetic actuator is
further integrated for mechanical haptic feedback. The thermo- and mechano-haptic components are connected through a
kirigami-inspired architecture, enabling simultaneous mechanical and thermal feedback in a stretchable platform. Preliminary
user tests show that multimodal feedback improves material-recognition accuracy to 96.4%, compared with 74.9% for mechanical-
only cues and 87.6% for thermal-only cues. These results offer materials and integration strategies for skin-integrated multimodal
haptics, with potential applications in VR/AR, telepresence, prosthetics, and rehabilitation.

1 | Introduction

Tactile perception, enabled by the co-activation of mechanore-
ceptors and thermoreceptors in the skin, is essential for the
body to sense its surroundings [1-4]. Most current wearable hap-
tic technologies focus on mechanoreceptive stimulation, using
external force [5-7], vibration [8], or electrical impulses [9] to
stimulate touch. Despite the great progress in mechano-haptic
devices, thermo-haptic interfaces and multimodal haptic systems
that can match the skin’s mechanical and tactile perception
capabilities remain largely unexplored [10, 11]. However, thermal
cues play a vital role in environmental interaction. Thermore-

ceptors convert rapid temperature transients into neural signals
with high sensitivity across a broad range, capturing realistic
thermal information that robustly enriches human perception [1,
12]. Importantly, human skin can perceive temperature changes
within approximately 15°C-45°C without pain or tissue damage
[12]. Everyday experiences, for instance, touching cold bottles or
hot mugs, or transitioning from outdoor cold to indoor warmth
in winter, impose distinct heat-flux profiles on the skin due to the
various thermal properties of different objects or environments
[13]. These spatial-thermal heat flows are instantly encoded by
thermoreceptors, enabling reliable perception of objects and envi-
ronmental conditions. Therefore, developing skin-compatible
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thermal haptic devices and integrating thermal and mechanical
interfaces within a single conformal platform are essential for
achieving accurate and realistic haptic feedback.

This need is also supported by prior haptic perception studies,
which show that mechanical and thermal cues provide
complementary information for material recognition (Table
S1). Mechanical haptic interfaces can render stiffness,
texture, and shape, but mechanical feedback alone can
be ambiguous for materials with similar compliance but
different thermal properties [5-10, 14]. Similarly, thermal
haptic interfaces provide heat-flux cues related to material
thermal properties, but thermal-only feedback can also leave
ambiguity between materials with similar thermal responses
[12, 15]. Existing multimodal systems combining thermal and
mechanical cues have improved material or object discrimination
compared with single-modality feedback [11, 16]. These findings
motivate the development of a compliant platform that can
deliver co-located thermal and mechanical cues.

Translating this perceptual motivation into a skin-soft device
remains challenging, especially for bidirectional heating and
cooling. Cooling is intrinsically more difficult than heating, given
that baseline skin temperature typically exceeds room tempera-
ture. Early implementations predominantly focused on achieving
a relatively simple heating function based on Joule heating [15-
22]. While these devices offer mechanical flexibility, they can
only render a limited portion of the perceptual temperature
spectrum and cannot emulate the thermal profiles of objects
cooler than the skin temperature. Consequently, thermoelectric
devices based on the Peltier effect have been explored for
bidirectional thermal actuation, but several challenges remain.
On one hand, the performance of the thermal interface mate-
rials (TIMs) between the skin and thermoelectric elements
remains a primary limitation. TIMs are critical components
designed to improve interfacial thermal transfer and provide
mechanical support [23-25]. To improve mechanical compliance,
some studies have explored stretchable thermal interfaces by
incorporating high thermal conductivity fillers into a skin-
like polymer matrix [12, 16, 20, 26-31]. However, high loading
ratios of rigid fillers (e.g., ceramics, carbon materials) severely
compromise mechanical compliance, leading to a degradation
of stretchability [32]. Fabrication methods designed to create 3D
conductive networks, such as ice templating or chemical vapor
deposition, are often complex and difficult to scale for practical
manufacturing [33-35].

On the other hand, effective bidirectional thermal actuation relies
on heat sinks to continuously dissipate heat from the hot side
and maintain a stable temperature gradient across the module,
thereby preventing thermal saturation during thermoelectric
operation [36, 37]. In most reported systems, this function is
achieved by using rigid, bulky components, such as commercial
copper or aluminum fin structures, which significantly compro-
mise device stretchability and skin conformability [12, 24, 38, 39].
Additionally, microscopic air gaps between rigid heat sinks and
the nonplanar skin surface increase parasitic contact thermal
resistance and reduce the effective temperature delivered to the
skin [40]. Soft heat sink alternatives remain limited. For example,
Wang et al. demonstrated a cooling hydrogel that serves as an
effective heat sink while maintaining softness [15]. However,

evaporation-induced water loss can cause performance drift and
limit long-term operation.

Finally, integrating bidirectional thermo-haptic modules with
mechano-haptic ones into a single skin-integrated haptic system
is necessary to elicit skin responses from both mechanoreceptors
and thermoreceptors. Mechanical compliance is essential for the
fidelity of haptic information transfer at the epidermis, given
the soft, stretchable, curvilinear nature of human skin [12, 41—
43]. Conventional rigid devices fail to establish conformal contact
with the skin’s surface, resulting in a limited effective contact area
that impedes mechanical and thermal transfer between the device
and the skin [44].

Here, we present the design, fabrication, and characterization of
a soft thermal haptic interface and integrated multimodal haptic
interface (Figure 1). As shown in Figure 1a, the multimodal haptic
device (Figure 1b) delivers concurrent mechanical (vibration)
and thermal (warm and cold) stimuli, which are processed by
the user’s somatosensory system. The thermal subsystem (i.e.,
thermo-haptic unit) is engineered for rapid transient opera-
tion and relies on the Peltier effect for bidirectional thermal
modulation [45]. To enhance thermal transfer while preserving
compliance, the subsystem incorporates a polydimethylsiloxane
(PDMS) matrix with hexagonal boron nitride (h-BN) fillers to
improve heat conduction and paraffin as a phase-change material
(PCM) to create dynamic thermal pathways. In addition, a
flexible gallium (Ga)/PDMS heat sink is designed to dissipate
heat from the hot side, suppress thermal backflow, and maintain
the required temperature gradient even under deformation. The
mechanical subsystem (i.e., mechano-haptic unit) employs elec-
tromagnetic actuation using a Ga coil, preserving stretchability
while delivering repeatable vibrational cues.

The two subsystems are integrated through a kirigami element,
which mechanically and electrically bridges the thermal and
mechanical subsystems, maintains reversible stretchability, and
ensures intimate contact with the epidermis. The operating
principle illustrated in Figure 1c shows simultaneous stimulation
of cutaneous thermoreceptors and mechanoreceptors, allowing
users to perceive complex, multimodal sensations and to discrim-
inate representative materials (aluminum, glass, polypropylene
(PP), printing paper, and PDMS). In user studies, the plat-
form improves object-recognition accuracy from 74.9% with
mechanical-only feedback and 87.6% with thermal-only feedback
to 96.4% with multimodal feedback.

Our device addresses current multimodal haptic gaps (Table S2)
through the following core advancements: (1) Previously reported
bidirectional thermo-haptic interfaces typically rely on rigid heat
sinks or environmentally sensitive hydrogels. Our compliant heat
sink ensures the mechanical compliance of the entire thermo-
haptic system while maintaining effective thermal dissipation; (2)
Current fully compliant thermo-haptic devices are mostly based
on Joule heating and limited to heating only, our platform enables
both active heating and cooling in a skin-conformable platform;
(3) While existing research either demonstrates soft mechanical
interfaces alone or multimodal designs limited by rigid heat
sinks, our platform represents a rare (if not unique) solution
capable of providing simultaneous, bidirectional thermal and
mechanical feedback within a fully skin-conformable, stretchable
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FIGURE 1 | Designandoperation ofa skin-integrated multimodal haptic device. (a) Conceptual illustration of the haptic system for both mechanical
and thermal stimulation. (b) Exploded-view schematics of the device’s multilayer architecture. (c) Illustration of the multimodal skin haptic stimulation.

As an example, for virtual material discrimination, the device generates distinct thermal and mechanical haptic stimulation relevant to materials’ thermal

and mechanical properties. The corresponding haptic stimulation activates cutaneous thermoreceptors and mechanoreceptors to render distinct thermal

and mechanical sensations on the skin for material discrimination.

architecture; and (4) the preliminary material-recognition study
shows that combined thermal and mechanical cues reduce
ambiguity that remains under either single-modality condition.

2 | Results and Discussion
2.1 | Overview of the Thermoelectric Module

To realize a skin-compatible heating/cooling haptic interface,
a stretchable thermoelectric module (TEM) capable of rapid,
bidirectional thermal actuation is developed. The module’s
performance is governed by three primary components: (1)
semiconductor thermoelectric pellets (Bi,Te, in this work) that
generate the thermal flux, (2) substrates (thermal interfaces on
the skin side and exposed to the surroundings) that conduct
heat and provide mechanical integrity, and (3) a heat sink that
dissipates heat from the hot side and maintains the temperature
gradient required for stable thermoelectric operation.

Figure 2a presents the schematic of the TEM. Figure 2b,c illus-
trates the working principle of the TEM for heating and cooling.
The bidirectional operation is controlled by the direction of the

applied current [45]. For the heating mode (Figure 2b), an applied
current causes charge carriers (electrons in n-type, holes in p-
type) to move downward. This net carrier transport pumps heat
from the top side (air-exposed) to the bottom side (skin-facing).
Consequently, the bottom surface has a higher temperature T,
delivering warm sensations. Conversely, the reversing current
switches the module to cooling mode (Figure 2c). Heat is pumped
away from the bottom side (skin-facing) toward the top side as the
net carriers move upward, resulting in a lower temperature T4
with cold sensations.

2.2 | Compliant and Efficient Thermal Interface

While thermoelectric pellets enable controllable temperature
inversion, achieving a significant temperature difference (AT)
between their active (skin-facing) and dissipation (air-exposed)
surfaces is crucial. A larger AT establishes a steeper tempera-
ture gradient, which increases the heat flux delivered from the
active surface through the TIM to the epidermis and enhances
thermal perception [46]. Translating this internal temperature
gradient into effective tactile feedback relies heavily on the
module’s substrate (TIMs). TIMs should combine high thermal
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FIGURE 2 | Thermoelectric mechanism and TIM optimization. (a) Schematic of the overall structure of the TIM. (b) Heating-mode mechanism.

(c) Cooling-mode mechanism. Temperature profiles measured (d) at the skin-facing TIM in the skin heating mode and (e) at the air-exposed TIM in the
skin cooling mode: (i) PDMS composites with h-BN loadings of 10, 20, 30, 35 wt.%. The PDMS with 35 wt.% h-BN composite is denoted as the “Baseline”
for subsequent experiments. (ii) Baseline matrix loaded with paraffin of different melting points (28°C, 35°C, 55°C, and a 1:1 (w/w) mixture of 35/55°C),
all at a 20 wt.% loading (relative to PDMS). (iii) Baseline matrix with various loadings (20, 25, 30 wt.%) of the 28°C paraffin.

conductivity and mechanical compliance to minimize interfacial
thermal resistance while maintaining conformal contact with
the curvilinear skin surface. In addition, the skin-facing TIM
acts as a soft heat spreader, ensuring the user perceives a
uniform temperature and mitigating local hot or cold spots.
Commercial modules commonly use a rigid ceramic substrate,
such as alumina, due to its relatively high thermal conductivity
[47]. However, imperfect contact between rigid substrates and
soft skin can introduce substantial contact thermal resistance,
limiting heat transfer to the epidermis.

In this work, the TIMs employ PDMS as a compliant matrix and
incorporate h-BN fillers with a biocompatible organic paraffin to
enhance effective thermal transport while preserving mechanical
compliance. The choice of h-BN is motivated by its chemically
stable, graphite-like lamellar structure and pronounced thermal
anisotropy (in-plane = 250-400 W-m~!-K~!; through-plane ~
2-10 W-m~1-K~1)[48]. In this composite TIM, h-BN primarily pro-

motes lateral heat spreading to improve temperature uniformity
across the contact area. Heat transfer in the thickness direction
is more sensitive to interfacial resistance and microstructural
discontinuities. Paraffin can further improve transient thermal
response through two complementary mechanisms. First, upon
heating, paraffin transitions to a liquid state; this molten-
phase conduction can infiltrate microvoids and bridge interfaces
between h-BN platelet structures and the PDMS matrix, reducing
interfacial thermal resistance and improving heat transport in
the through-thickness direction [49-51]. Second, the melting
and crystallization of paraffin provide latent heat storage that
increases the effective heat capacity of the composite. This
thermal buffering reduces temperature overshoot and stabilizes
temperature evolution during both heating and cooling [52, 53].

The thermal performance of the developed TIMs was evaluated
for heat transfer between TE pellets and the skin-facing interface
(Figure 2d) as well as heat dissipation through the air-exposed
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interface (Figure 2e). In the skin heating mode, the temperature
evolution of the skin-facing TIM was recorded starting from room
temperature (Figure 2d). In the skin cooling mode, heat extracted
from the skin is transported to the TIM on the hot side of the
TEM and must be dissipated to the ambient to sustain cooling.
We therefore monitored the temperature rise of the air-exposed
TIM as an indicator of heat dissipation capability (Figure 2e).
Figure 2d,i; Figure 2e,i compare h-BN/PDMS composites con-
taining different loadings of h-BN fillers as the skin-facing and
air-exposed TIMs, respectively. For both TIMs, increasing the h-
BN loading results in a faster rate of temperature increase and
higher steady temperatures, consistent with enhanced thermal
transport through the composites. Based on these trends, the
35 wt.% h-BN/PDMS composite was selected as the baseline
formulation to incorporate paraffin.

Paraffins with different melting points (28°C, 35°C, and 55°C)
were then introduced into the 35 wt.% h-BN/PDMS matrix at a
fixed loading of 20 wt.% relative to PDMS. A 1:1 (w/w) mixture
of 35°C and 55°C was also evaluated to broaden the transition
window. For the skin-facing TIM (Figure 2d,ii), the composite
containing 28°C paraffin exhibits a faster thermal transient and
a higher steady-state temperature, indicating improved heat
delivery to the skin-facing interface. For the air-exposed TIM
(Figure 2e,ii), the composite containing 28°C paraffin formu-
lation initially shows a temperature trajectory comparable to
the 35 wt.% h-BN/PDMS baseline. This behavior is consistent
with the solid-liquid phase transition of paraffin, during which
latent heat absorption increases the effective heat capacity of the
composite and temporarily buffers the temperature increase [48].
As the transition progresses, the molten-phase paraffin bridges
microgaps within the composite to form conductive pathways and
reduce interfacial thermal resistance. After the phase transition is
complete, conductive transport is dominant and the 28°C paraffin
composite exhibits a higher temperature rise than the 35 wt.%
h-BN/PDMS baseline.

Based on the improved thermal response on both the skin-
facing and air-exposed sides, paraffin with a melting point
of 28°C was selected as a secondary filler for both TIMs. To
balance conductive transport and phase-transition buffering, we
further evaluated 28°C paraffin loadings of 20, 25, and 30 wt.%
(Figure 2d,iii;e,iii). A loading of 20 wt.% provides a practical
optimum that results in fast and effective thermal response
due to the balanced thermal transport and transient buffering
associated with latent heat. The measured steady-state through-
plane thermal conductivities of the PDMS-based composites,
including the h-BN/PDMS loading series and the optimized 28°C
paraffin-containing TIM formulation, are summarized in Table
S3. These values mainly reflect near-room-temperature through-
plane conductive transport under a small temperature gradient
and should be distinguished from the transient thermal response
of the TIM during device operation. Although the optimized
28°C paraffin-containing TIM shows a slightly lower steady-state
thermal conductivity than 35 wt.% h-BN/PDMS, this decrease is
mainly attributed to the compositional change after paraffin addi-
tion, which increases the non-BN fraction and can partially dilute
the h-BN conductive network. During operation, its solid-liquid
phase transition provides latent-heat buffering, which helps
moderate temperature evolution and reduce overshoot. After
melting, paraffin also improves local interfacial contact by filling

microvoids and bridging discontinuities between h-BN platelets
and the PDMS matrix. Thus, the optimized BN/paraffin/PDMS
composite functions as a thermal interface material for improving
interfacial heat transfer and transient thermal regulation at the
module interfaces. However, continuous heat dissipation from
the hot side of the thermoelectric module requires a separate
soft heat-sink structure with high effective thermal conduction
and enlarged convective surface area. If the BN/paraffin/PDMS
composite were used as the heat-sink material, the paraffin phase
would mainly provide transient heat absorption during melting
rather than sustained heat rejection to the ambient environment.
In addition, the TIM layer does not provide the three-dimensional
geometry needed to enlarge the convective heat-transfer area.
Therefore, the BN/paraffin/PDMS TIM and the Ga/PDMS heat
sink are complementary rather than interchangeable.

2.3 | Soft Ga/PDMS Heat Sink

To address the constraints posed by existing rigid heat sinks,
we explored the Ga/polymer composite to develop a flexible
heat sink that combines high effective thermal transport with
mechanical compliance under deformation [54-56]. Owing to
Ga’s low liquid phase transition temperature of 29.8°C and
high thermal conductivity of 40 W-m~!.K™! [57, 58], the liquid
metal phase forms effective, reconfigurable thermal pathways
within an elastomer matrix, enabling deformable heat dissipation
suitable for wearable platforms. Because pure Ga has a phase-
transition temperature close to room temperature, we considered
its phase state during thermal operation. During skin cooling
operation, heat extracted from the skin-facing interface is trans-
ported toward the heat-sink side and dissipated to the ambient
environment. During skin-heating operation, the opposite side
of the thermoelectric module, where the Ga/PDMS heat sink
is located, can remain near room temperature or fall below the
melting point of pure Ga. Therefore, we do not assume that Ga
remains fully liquid under all operating conditions. However, the
macroscopic deformability of the heat sink is mainly governed
by the PDMS matrix and the compliant pin-fin architecture,
with Ga embedded within the elastomer matrix. Experimentally
(Figure S1), the Ga/PDMS heat-sink side remained within 21.9°C-
23.5°C during skin-heating operation, while the skin-heating
side increased to 45°C. This heat-sink-side temperature range
is below the melting point of pure Ga, indicating that possible
local Ga solidification may occur under this condition. Never-
theless, experimental results (Figure S1) show that show that the
Ga/PDMS heat sink remains readily deformable under stretching,
bending, and twisting, without visible cracking, delamination, or
leakage. These results indicate that the macroscopic compliance
of the soft heat sink is maintained even when the heat-sink side
operates below the melting point of pure Ga.

Based on this material and structural design, the soft heat sink
was fabricated via a multi-step molding and demolding process
as shown in Figure 3a and Figure S2, with details given in
the Experimental Section. Ga/PDMS heat sink with a pin-fin
array was optimized by evaluating fin efficiency 7;, and thermal
resistance Ry, as functions of the pin-fin parameters. The analysis
follows the classical one-dimensional constant cross-section pin-
fin model. The array metrics are calculated in three stages: (i)
obtain the single fin efficiency #y; (ii) determine the effective heat
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FIGURE 3 | Design, fabrication, and thermal performance optimization of the TEM. (a) Schematics of the heat sink fabrication processes. (b)
Cooling mode response of the TE module with heat sinks at different Ga/PDMS weight ratios and without a heat sink. Cooling performance of TE
modules with varying heat sink pin lengths at (c) high and (d) low array densities. (e) Cooling mode response of the TEM with Ga/PDMS heat sinks
at different array densities and lengths. The Ga/PDMS weight ratio in (c) to (e) was maintained at 3:1. (f) Time-resolved temperature profiles and
corresponding IR camera images with the stepwise current increase, in both heating and cooling modes. The ambient temperature is indicated by the

dashed horizontal line. The drive current was stepped at 20 s intervals within the skin-comfortable window. (g) In situ IR thermographs of a 20 mm x

20 mm TEM laminated on the palm: (i) heating mode; (ii) cooling mode. (h) Comparisons between the active temperature recovery and passive natural

recovery to room temperature after turning off current: (i) recovery after cooling; (ii) recovery after heating. Cooling and heating modes operate at

currents of 0.8 and 0.6 A, respectively.

-exchange areas from the array geometry; and (iii) combine them
to yield the array fin efficiency 7;, and thermal resistance R;,.
Detailed derivations are provided in Note S1. Finally, the array
fin efficiency 7;, and the convective thermal resistance R;, are
obtained as:

1

WA @

Af
=1-—@0-n), Re, =
Nta A, Nt fa

where A; is the lateral fin area, A, is the total effective heat
exchange area, and h is the convective heat-transfer coefficient.

Table 1 summarizes the geometric parameters and the corre-
sponding computed metrics obtained from Equation (1). To
validate these predictions, a TEM operating in cooling mode from
ambient temperature was tested. Figure 3b shows that increasing
the Ga weight ratio in Ga/PDMS (from 1:1 to 3:1) results in

a faster decrease in surface temperature and a lower terminal
temperature. This trend is consistent with the increased effective
thermal conductivity k; with higher Ga loading ratios, which
enhances internal heat spreading and reduces the overall thermal
resistance for heat removal. According to the classical pin-fin
analysis [46], a higher fin thermal conductivity k increases fin
efficiency 7; (Equation S2 and Equation S3), and a longer pin
length L; reduces the effective convective thermal resistance of
the pin-fin array R;, (Equation 1 and Note S1), thus accelerating
the decrease in surface temperature.

Figure 3c,d examine the pin length at two array densities. At
higher array density (Figure 3c), extending the pin length from
L; = 3 to 4 mm increases the corrected fin length L. and lateral
area A; (Equations S1 and S4). Consistent with Table 1, this
causes a modest drop in 7; from 89.8% to 83.6%, but a large
reduction in R, from 85.4 to 74.4 K W™l The two designs
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TABLE 1 | Pin-fin geometry and predicted fin-array efficiency and thermal resistance.
Diameter Fin length Number of pins Array pin efficiency Convective thermal resistance
D (mm) L; (mm) N Nga (%) R;, (KW™)
1.5 4 8§x8=064 83.6 74.4
1.5 3 8x8=064 89.8 85.4
2.0 4 6 X 6=236 87.0 88.4
2.0 3 6 X 6=236 92.0 100.8

exhibit similar cooling profiles in the initial 15 s. Beyond 15s,
the longer pins cool faster and reach a lower plateau. The same
trend is observed at lower density (Figure 3d). Notably, the
lower density design (L; = 3 mm) exhibits a relatively high R;,,
so its cooling advantage over the bare TE module is limited.
Figure 3e compares the two L; = 4 mm designs. The smaller
diameter, higher-density array (D = 1.5 mm, N = 64) and the
larger diameter, lower-density array (D = 2 mm, N = 36) exhibit
similar thermal profiles. Considering thermal performance with
the overall device footprint and fabrication complexity for the
skin-integrated system, we adopt D = 2 mm, N = 36, L; = 4 mm
as the optimized design. The comparison between the fabricated
soft Ga/PDMS heat sink and a commercial copper heat sink
is shown in Figure S3. During thermoelectric heating, the soft
Ga/PDMS heat sink more effectively suppressed the temperature
rise on the heat-sink side of the module, indicating improved
heat dissipation under the tested configuration. Unlike the rigid
copper heat sink, the soft Ga/PDMS heat sink also preserves
mechanical deformability, supporting its use in skin-conformal
thermo-haptic platforms.

2.4 | Performance of Integrated Thermoelectric
Module

The optimized TIMs and Ga/PDMS heat sink were integrated
with the Bi, Te; thermoelectric pellet (1.4 mm X 1.4 mm X 1.7 mm)
array and flexible silver electrodes to form the TEM (Figure S4
and Experimental Section). Time-resolved temperature profiles
for both cooling and heating modes were recorded at the skin-
facing TIM surface, accompanied by IR thermography sampled at
varied currents (Figure 3f). Temperature curves demonstrate that
the TEM rapidly delivers heating and cooling to the skin, with
the attainable temperature level managed by the applied current.
The integrated TEM, with soft TIMs, a soft heat sink, and flexible
interconnection, is able to be laminated onto soft, curved human
body regions. Figure 3g shows in situ IR thermographs of a TEM
mounted on the palm (as a representative curved surface). Both
modes deliver thermal profiles sufficient to evoke clear warm
and cold sensations, making the developed TEM compatible with
on-skin haptic feedback.

Critically, the bidirectional Peltier operation enables the TEM
to actively return to baseline by reversing the current direction.
Figure 3h compares the temperature recovery to room tempera-
ture after cooling (Figure 3h,i) and heating (Figure3h, ii ) based
on passive recovery (natural convection) and active recovery
(enabled by reversing the current direction). In both cooling
and heating modes, the recovery time is much shorter than

that under passive recovery. The skin temperature management
is additionally assisted by the paraffin. When skin heating is
engaged, the paraffin in the skin-facing TIM melts and establishes
thermal pathways to facilitate heat transfer to the skin. Its solid-
liquid phase-change absorbs excess heat as latent-heat buffering,
thereby preventing temperature overshoot and enhancing safety.
During cooling, the paraffin, which stores latent heat during the
preceding heating process, solidifies and releases latent heat. The
active temperature recovery accelerates the slower, environment-
dependent recovery associated with passive natural convection,
which is essential for real-time haptic feedback.

2.5 | Integration of Thermal and Mechanical
Haptic Modalities

2.5.1 | Gallium-Based Electromagnetic Actuator for
Mechano-Haptic Feedback

The reported thermo-haptic interface is further integrated with
a mechano-haptic interface to provide mechanical tactile repre-
sentation. The core is an electromagnetic actuator that generates
skin deformation based on the Lorentz force. Specifically, the
actuator consists of a Ga liquid-metal coil and a permanent
magnet suspended on top of the coil. Ga is employed as the
stretchable conductor for the coil and interconnection (discussed
later) materials due to its exceptional electrical conductivity and
high mechanical compliance at skin temperature (solid-liquid
transition temperature of 29.8°C) [59]. When a current flows
through the coil, the interaction between the magnetic field
generated by the current-carrying coil and the permanent magnet
produces a force that drives out-of-plane motion of the magnet,
thereby delivering vibrotactile cues with tunable amplitude [60].
To ensure consistent performance and conformal contact with
the skin, the Ga coil is encapsulated in an Ecoflex layer. The
fabricated Ga coil exhibits uniform trace width and turn spacing
(Figure 4a). Figure S5 confirms that the magnetic flux density of
the coil increases approximately linearly with the applied current,
allowing for tunable amplitudes of the electromagnetic actuator.

Because the mechanical actuator is co-located with the thermal
haptic module on the skin, Joule heating in the coil should be
minimized to avoid confounding thermal perception, and the
local temperature should remain below 45°C to prevent triggering
the skin’s pain receptors [14]. The coil temperature increases
with increasing applied current (Figure 4b), with a steeper rise at
higher currents. Based on this current-temperature relationship,
we selected 1.0 A as the operating current, at which the coil
temperature of 34.5°C remains close to typical skin temperature.

Small, 2026

7 of 16

851801 SUOWILLIOD BAIERID 3 |edt|dde au) AQ PouBA0B a2 A1 YO ‘95N JO S| 10§ AXRIqIT 8UIIUO ABIA UO (SO IPLID-PUE-SLLLBIALID" A3 1M ARR.q U IUO//SANY) SUORIPLOD PUE S | 3U) 885 *[9202/60/90] U0 AXeIq18U1lUO AB1IA *AISAILN SIS UOIBUILSEA AQ ZTSSL [IWS/Z00T OT/I0PALI0Y B | 1M AReIq1Bu1[Uo//SaNY WO papeojumod ‘0 ‘6289ETIT



a (i) ii
{__!Initial magnet [_]Actuated magnet

Skin S = @[
: - —

--+ Magnet movement direction

b c

~35 =50 !
o

< Ea ¥
230 ] 48
2 r 5% o E

s ) ¥

g25 + =

£ ¥ £E10 )

T W 5 _

F20 - Z o0

00 02 04 06 08 10 00 02 04 06 08 10

Current (A) Current (A)
d e f 9
3.0 3.0 - -3
E2s A 1,8l & e B = 4 o
E - E25F . £ £ ( “
=20 f = = = ‘
£ £2.0 €20 €2 | |
2156 ¥ e - o o / /
E E1s gl . E £ '
Y40 o LN o 1]
g o 1.0 1 [
2 210 i |2 =
2.0.5 [} .2 o ‘
8 x 2 @ 2 [ L] |
00.0} -~ aos Boo oo I L L1 LI
00 02 04 06 08 1.0 1 3 5710 20 3550 500 501 502 503 504 505 506
Current (A) Frequency (Hz) Time (s)
h (i) (i) is0 J
E z
£28 1 555
» - by -~ N
Ga interconnect £28 1 1 | 18 [ T
o 1 ‘550 | i o |
width:0.3 mm E 1 (& I 1 1
E 24 g
>0t . %2.2 ‘545
L | 1E . =) z
{ _l_ru' 20— 5 10 15 20 0= 5 10 15 20
X 1 ! Strain (%) Strain (%)
ib‘%— L I~ k I 15
/ 54 -
o i o $ S 3 . | 214
Ga/PDMS Serial kirigami 42 ©
heat sink 5 513
. g0 £ -
a 312 - - i
: 5 S 11
Top view F g =
0 5 10 15 20 =3 5 10 15 20
Strain (%) Strain (%)
FIGURE 4 | Performance of the electromagnetic mechano-haptic actuator and integrated multimodal haptic device. (a) Actuator design and

principle: (i) Schematic illustrating the vibrotactile operation, where the Ga coil drives an actuated magnet to indent the skin. (ii) Microscopic image of
the printed coil traces. Scale bar, 200 um. (b) Coil temperature, (c) generated normal force, and (d) generated out-of-plane displacement of the actuator
as a function of applied current. (e) Frequency response of the actuator displacement. (f,g) Cycling stability test over 1,000 actuation cycles. (h) Top view
schematic of the multimodal haptic device. (i) Displacement and (j) normal force generated by the actuator under different strains. (k) Heating (0.6 A)

and (1) cooling (1.0 A) performance of the thermal unit under different strains. All measurements in (e,f,i,j) were performed with a coil current of 1.0 A.

Figures S6 and S7 demonstrate the electromechanical robustness
of the coil. The coil maintains a stable resistance (~ 0.8 Q) across
the phase transition. When attached to the skin surface, the Ga
coil maintains a liquid phase that can sustain tensile strain up
to 120%, without structural failure and a significant increase in
electrical resistance. The good stretchability ensures reproducible
magnetic output and haptic actuation.

For mechanical haptic actuators, perceptual thresholds for nor-
mal indentation are around 100 um displacement and 15 mN
force [61]. The normal force increases approximately linearly
with current (Figure 4c), reaching approximately 22 mN at 0.4
A and 50 mN at 1.0 A, both exceeding the reported perceptual
threshold. The out-of-plane displacement also increases with
current (Figure 4d) and reaches around 2.7 mm at 1.0 A, providing
sufficient indentation amplitude for clearly perceptible tactile
cues. The frequency response (Figure 4e) shows that the displace-
ment amplitude decreases with increasing frequency. Finally,
cyclic testing over 1,000 actuation cycles (Figure 4f,g) verifies sta-

ble actuation with no observable degradation, indicating robust
electromechanical reliability under repeated operation. These
results demonstrate that the electromagnetic actuator is able
to deliver strong, controllable, and durable mechanical stimuli
compatible with skin-integrated haptic systems.

2.5.2 | Gallium-Filled Kirigami Structures for
Multimodal Integration

A deformable, kirigami electrical interconnect is employed to
integrate the mechanical and thermal haptic subsystems while
enabling large stretchability. Building on our previous optimiza-
tion of kirigami structures [28], a serial pattern kirigami structure
is adopted with a thickness of 1.5 mm, cut length of 5 mm, cut
spacing of 2 mm, hinge length of 2.75 mm, and cut width of
70 um (Figure 4h). A 0.3-mm-wide gallium channel is embedded
along the kirigami pattern, serving as the mechanically com-
pliant electrical bridge to connect the thermo-haptic unit with
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surrounding mechano-haptic units. The liquid nature of the gal-
lium at skin temperature provides over 120% stretchability with
stable electrical resistance (Figure S8). Under tensile strain, the
kirigami structure accommodates most strain, relieving the strain
experienced by the mechano- and thermo-haptic units [62]. To
evaluate the mechanical and thermal robustness of the kirigami-
enabled system under deformation, the device performance was
characterized at applied tensile strain (Figure 4i-1). The actuation
displacement exhibits a slight decrease with increasing strain
(Figure 4i), with a similar trend observed for the output force
(Figure 4j). These results indicate that mechanical actuation
performance is only weakly affected by structural elongation. In
addition, the thermal output remains highly stable under strain.
The heating temperature (Figure 4k) shows negligible variation
(~ 42°C-43°C), while the cooling temperature (Figure 41) shows
only a minimal increase across the entire strain range. The
small variation suggests that the thermal functionality is largely
insensitive to system-level mechanical deformation. Overall, the
kirigami architecture effectively decouples mechanical defor-
mation from functional performance, enabling almost strain-
invariant haptic output. This structural design ensures reliable
operation under stretching conditions, a critical requirement for
skin-integrated applications.

2.6 | Multimodal Haptic Interfaces for
Reconstruction of Tactile Sensation in Virtual
Reality

The integrated multimodal haptic interface enables tactile recon-
struction by concurrently activating thermal and mechanical
sensations. In a kitchen-like VR scenario, the user interacted
with virtual objects through a VR headset while coordinated
haptic feedback was delivered by the wearable interface mounted
on the forearm (Figure 5a,b). The virtual scene included five
representative object materials to provide distinct Young’s mod-
ulus E and thermal conductivities k (Figure 5c and Table S4).
To reproduce these differences, the amplitudes of the mechano-
haptic unit were programmed according to the Young’s modulus
of the object materials (Figure 5d), while the thermo-haptic unit
rendered material-dependent thermal cues based on their ther-
mal conductivities (Figure 5e), generating distinct temperature
profiles during contact (Figure 5f).

2.6.1 | Mechano-Haptic Rendering

Each material’s Young’s modulus E was mapped to haptic actu-
ator displacements on a perceptually appropriate scale by first
compressing E with a base-10 logarithm, and then normalizing
over the modulus span of the materials with a dimensionless
normalized stiffness index t:

_ loglo(E) - loglo(Emin)
loglo(Emax) - loglo(Emin) '

t e[0,1] 2)

where E,;, = 0.002 GPa and E,, = 72 GPa. Since stiffer materials
generate smaller skin deformation during physical interaction,
this index is inverted and mapped it to the actuator’s available

displacement range A i,, Amax Using a shaping exponent y.
A(E) = Amin + (1 - t)y [Amax - Amin] (3)

where A,,;, =0.6 mm, A, =2.7mm, and y is set to 0.6 to enhance
the separability among high E materials without saturating the
haptic response at the softer end of the spectrum (Figure S9).

2.6.2 | Thermo-Haptic Rendering

The thermal profiles of the transient cooling of the skin surface
after contacting different materials initially at room temperature
can be analyzed using a semi-infinite, 1-D conduction model with
a finite interfacial heat transfer coefficient h. In this model, the
skin is treated as a semi-infinite medium, and the interface heat
exchange is described by a convective boundary condition [12].
Under these assumptions, the transient skin-facing temperature
can be expressed as

Tsi - Toi ’
skin — Ts,i - —g 1- exp < h ) erfc( h ) V askint
1+ ki kskin kskin

€obj

C))
where T; and T,; are the initial temperature of skin and object,
respectively. ey, and ey, represent the thermal effusivity of
skin and object, respectively, which characterizes the ability
of a material to exchange heat with its surroundings. kg, is
the thermal conductivity of the skin. ay;, is the skin thermal
diffusivity, which is the rate of heat propagation. t is the time after
initial contact. The exponential erfc factor accounts for the decay
of the temperature difference due to diffusion within the skin and
the finite interfacial conductance. This model implies that object
materials with high thermal effusivity and strong interfacial
conductance (e.g., aluminum) draw heat rapidly from the skin,
producing a colder sensation. Conversely, low-effusivity materials
(e.g., PDMS, printing paper) exchange heat more slowly, yielding
a weaker thermal perception.

2.6.3 | Multimodal Haptic Perception for Material
Recognition

Participants were asked to wear a VR headset and the skin-
integrated multimodal haptic device on the forearm (Figure 5a,b).
When the participant contacted each object in the VR environ-
ment (Figure 5c), corresponding haptic stimuli were delivered on
the skin via the haptic interface. Specifically, the displacement
amplitudes generated by the mechano-haptic unit for each
object are summarized in Figure 5d. The highest amplitude
was encoded for PDMS, with the lowest for glass. The average
deviation between designed and experimental amplitudes is
approximately 2.5%, indicating accurate amplitude control and
reliable mechanical rendering. A detailed relationship between
the mapped vibration amplitude and Young’s modulus is pro-
vided in Figure 5d and Figure S9. The skin-contact temperature
profiles predicted by Equation (4) (Figure 5e) for each material are
presented in Figure S10. Aluminum is predicted to produce the
largest temperature drop, reaching approximately 21.1°C at 30 s,
whereas printing paper exhibits the smallest decrease with a final
temperature of approximately 29.5°C. These results highlight that

Small, 2026

9 of 16

851801 SUOWILLIOD BAIERID 3 |edt|dde au) AQ PouBA0B a2 A1 YO ‘95N JO S| 10§ AXRIqIT 8UIIUO ABIA UO (SO IPLID-PUE-SLLLBIALID" A3 1M ARR.q U IUO//SANY) SUORIPLOD PUE S | 3U) 885 *[9202/60/90] U0 AXeIq18U1lUO AB1IA *AISAILN SIS UOIBUILSEA AQ ZTSSL [IWS/Z00T OT/I0PALI0Y B | 1M AReIq1Bu1[Uo//SaNY WO papeojumod ‘0 ‘6289ETIT



Touch Action ‘\_

.:‘

VR Headset
/

Haptic Interface

32
100}
—~30
10 g
N 2”
E w26
z ©
< Bl
01 £
- 22
X - - 0.01 20
S < <
o o € o o
W » E
h i

Mechanical only — Overall 74.9%

Thermal only — Overall 87.6%

Multimodal — Overall 96.4%

% 100% 100%
0.0% 0.0% 0.0% 0.0% 0.0% 0.0% o BUXEA 00% 00% 00% 00%
80% 80% 80%
] 0.0% 0.0% 0.0% 0.0% 0.0% o 0.0% 00% 0.0%
2 o 60% g 0\’99 60% £ o 60%
) i g 33% 0.0% 3 0.0%  0.0% T ol 00% 0.0%
o oV N
EQ° 40% ;«"‘@ a0 o 40%
= [ & 0.0% 0.0% 6.7% = K 00% 0.0% 22% [EKK:A
20% — 20% 20%
X 0.0% £| 00% 0.0% 4.4% 16.7% 0.0% 0.0% 00% 56%
Q’qp Q’QP o Q"Qé o
Al Glass PDMS PP  Paper Al Glass PDMS PP  Paper 07 Al Glass PDMS PP Paper °F
User Recognition User Recognition User Recognition

FIGURE 5 | Reconstruction of artificial tactile sensation with skin-integrated multimodal haptic device in VR space. (a) Experimental setup of

the VR-based multimodal haptic perception system. (b) Detailed view of the device positioned on the user’s forearm. (c) First-person VR view of

different objects. (d) Displacement amplitude (A) of the mechano-haptic unit mapped from the Young’s modulus (E) of each material, with error bars
indicating experimental variability. (¢) Summary of thermal conductivities (k) of different materials. (f) Experimentally generated thermal profiles by the
thermo-haptic unit corresponding to the heat transfer characteristics during skin contact for each material. Confusion matrices of material recognition

performance under three conditions: (g) mechano-haptic stimulation was provided, (h) thermo-haptic stimulation was provided, and (i) both mechano-
and thermo- haptic stimulation was provided. Overall accuracy was calculated as the proportion of correctly identified trials among all trials.

different materials produce distinct skin contact temperature pro-
files, reflecting an important thermal characteristic of material
perception that cannot be captured by mechanical cues. The
corresponding experimental temperature profiles generated by
the thermo-haptic unit are shown in Figure 5f. All curves exhibit
an initial rapid temperature decrease upon contact, followed by
a gradual approach to a steady plateau. The trends in the initial

cooling behavior and final steady temperature are consistent
with the simulation predictions, indicating that the haptic device
was able to accurately reproduce the material-specific thermal
response characteristics.

In the user study, after an initial training and practice session
(see Experimental Section for details), three adult participants
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were asked to identify five virtual object materials based on
mechanical and thermal cues from the haptic interface, with
visual cues blocked during testing. The study was conducted
under three stimulus conditions: mechanical cues only, thermal
cues only, and combined mechanical and thermal cues. For each
participant, the experiment included 150 trials per condition and
450 trials across the three stimulus conditions. Across the three
participants, this resulted in 450 trials per condition and 1350
trials in total. The resulting confusion matrices are shown in
Figure 5g-i. When only mechanical cues were provided, the
overall classification accuracy was 74.9% (Figure 5g). Significant
confusion was observed between aluminum and glass, which
were frequently misclassified as each other because both exhibit
similarly high stiffness (small vibration amplitude). Furthermore,
mutual misclassification occurred: 30.0% of PP samples were
misidentified as paper, and 25.6% of paper samples were misiden-
tified as PP; 2.2% of paper samples were misidentified as PDMS.
These results suggest that the mechano-haptic stimuli alone are
insufficient for reliable discrimination between materials with
comparable stiffness or compliance.

Thermal-cues-only haptic feedback substantially improved clas-
sification accuracy, increasing the overall performance to 87.6%
(Figure 5h). This approach was highly effective for discriminating
materials with high thermal conductivity and apparently dif-
ferent thermal profiles, with classification accuracies of 100.0%
for aluminum and 94.4% for glass, demonstrating that thermal
transient signals provide a robust basis for separating these mate-
rials. However, misclassification between polymeric materials
still exists, with 16.7% of PDMS being misidentified as PP, and
12.2% of PP being misclassified as PDMS.

To address these remaining ambiguities, the integration of both
mechanical and thermal stimuli is necessary. The multimodal
approach resulted in a strongly diagonal confusion matrix and
an overall accuracy of 96.4%, as shown in Figure 5i. For instance,
aluminum and glass, with their similar Young’s modulus, are
easily confused in mechano-haptic-only mode; however, their
greatly different thermal conductivities allow them to be perfectly
distinguished when thermo-haptic cues are introduced. The
confusion between materials was substantially resolved, with
PP and paper being correctly identified with recognition rates
of 93.3% and 94.4%, respectively. Ultimately, the combination
of haptic modalities effectively eliminated the key ambiguities
present in single-cue conditions. Ultimately, the combination
of haptic modalities effectively eliminated the key ambiguities
present in single-cue conditions. Multimodal haptic interfaces
significantly improve material recognition by simultaneously
triggering the skin’s mechanoreceptors and thermoreceptors. To
place these results in context, Table S1 summarizes representative
haptic perception studies related to material or object recognition.
Many prior systems have incorporated wearable, skin-contact,
or glove-integrated formats toward skin-conformal haptic inter-
faces. However, the reported perception tasks and evaluation
metrics vary across studies, and few systems quantitatively com-
pare blinded multi-material recognition under mechanical-only,
thermal-only, and combined multimodal conditions. In contrast,
the skin-integrated device in this work was evaluated under all
three stimulus conditions, directly demonstrating the benefit of
multimodal feedback for material recognition.

After evaluating the thermal, mechanical, and user-perception
performance of the integrated device, we further compared
our device with representative wearable thermal and multi-
modal haptic platforms (Table S2). Reported bidirectional heat-
ing/cooling devices show response times ranging from single-
digit seconds to several minutes; our platform operates within the
faster region of this range, with 18 s heating and 20 s cooling over
a skin-compatible temperature window of 10°C-40°C. Among
the devices compared, only a small subset reports co-located
electromechanical actuation, yet their mechanical output is too
limited to sufficiently trigger haptic feedback on the skin [16,
19, 63]. Among multimodal haptic systems, only two heating-
only systems demonstrate substantial stretchability, but both lack
active cooling capabilities [16, 19]. Specifically, the skin-integrated
wireless thermo-haptic system reported by Kim et al. combines
a thermoelectric cell with an ERM vibrotactile actuator. The
paper reports vibrotactile displacement, but does not provide the
actuation force or cycling stability [63]. By comparison, our device
combines bidirectional thermal actuation, a compliant Ga/PDMS
heat sink, quantified co-located mechanical output, and a strain
tolerance matching the sink’s elastic range in both subsystems.

3 | Conclusion

In this work, we present a skin-integrated soft heating and
cooling device comprising a BN/paraffin/polymer thermal inter-
face and a flexible Ga/PDMS pin-fin heat sink for efficient
thermal management. When integrated with a liquid-metal
electromagnetic actuator via a Ga-filled kirigami interconnect,
the resulting multimodal haptic device enables programmable
thermal and mechanical feedback within a conformal platform.
The integrated system achieves robust thermal and mechanical
performance, including rapid and reversible thermal responses,
large out-of-plane displacement and force, and durable actuation
over more than 1,000 cycles and under tensile strain. User studies
demonstrated that multimodal feedback significantly enhances
material perception: Recognition accuracy improved from 74.9%
(mechanical-only) and 87.6% (thermal-only) to 96.4% with simul-
taneous feedback, proving that coupled cues effectively reduce
perceptual ambiguity. This study establishes versatile materials
and integration strategies for skin-integrated multimodal haptic
interfaces. Such platforms could support highly realistic tactile
interactions in virtual and augmented reality, telepresence, and
future wearable systems designed to augment or restore haptic
perception.

Beyond VR/AR, skin-conformal thermo-mechanical haptic inter-
faces could support telepresence, medical rehabilitation, bionic
prosthetics, surgical robotics, teleoperation, and human-robot
interaction, where coordinated thermal and mechanical feed-
back can provide more task-relevant tactile information. Next-
generation systems require improved sensor-actuator integration,
higher spatial and temporal resolution, advanced wireless and
low-power operation, closed-loop temperature and force control,
and adaptive feedback that accounts for the user, task, and skin-
contact condition. Practical deployment will also require careful
thermal safety control, lower power consumption, long-term
mechanical durability, stable epidermal contact under deforma-
tion, device-to-device uniformity, and scalable fabrication.
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4 | Experimental Section
4.1 | Materials

PDMS (Dow Sylgard 184) was obtained from Ellsworth Adhesives.
Hexagonal boron nitride (h-BN, 35-45 ym) was purchased from
Matexcel. Phase change materials (paraffin) with different melt-
ing points were purchased from Blended Waxes, Inc. and Hainan
Coinno Intelligent Technology Co., Ltd. Silver ink (127-07) was
purchased from Creative Materials. Span 80 was obtained from
Sigma-Aldrich. Sn,,/Bis; ¢/Ag 4 solder paste was purchased from
Chip Quik Inc. Liquid metal (Gallium, Ga) was purchased from
Gallent Metals. Wax was purchased from SAEUYVB. Ecoflex
(0030) and Smooth-On Sil-Poxy glue were obtained from Smooth-
On. Bi,Te; thermoelectric pellets were obtained from Wuhan
XinRong New Materials. All materials were used as received.

4.2 | Fabrication of Skin Thermal Interface

The h-BN/paraffin/PDMS composite used as the skin thermal
interface was prepared as follows. First, 2 g of PDMS base was
mixed with hexagonal boron nitride (h-BN) at loadings of 10, 20,
30, and 35 wt.% (relative to the PDMS base), together with Span 80
(5wt.% of the PDMS/BN mixture) to improve paraffin dispersion.
The mixture was processed in a planetary mixer (Thinky, AR-100)
at 2000 rpm for 2 min. Next, paraffin was introduced at 20, 25, and
30 wt.% relative to the PDMS base and mixed again at 2000 rpm
for 2 min. The PDMS curing agent was then added at a weight
ratio of 1:10 (curing agent: base), followed by the same mixing step
and vacuum degassing to ensure uniform paraffin distribution.
The resulting slurry was cast onto a glass substrate serving as a
release surface, with the wet film thickness set to 0.2 mm. The
coated film was allowed to rest at room temperature for 2 min to
release trapped bubbles and then cured on a hot plate at 80°C for
30 min to obtain a flat, fully cross-linked film.

4.3 | Fabrication of Soft Heat Sink

First, a 3D-printed master (Prusa Research, i3 MK3S+) was
prepared and used to cast an Ecoflex negative replica. Next, a wax
positive was cast from the Ecoflex negative to serve as a sacrificial
mold. A Ga/PDMS composite was then formulated by mixing
PDMS with gallium at a 1:3 weight ratio, followed by stirring and
degassing. The curing agent was then added at 1:40 (w/w, relative
to the mixture). This final composite was poured into the wax
mold and degassed again to minimize voids. After standing for
24 h, the assembly was heated to 80°C to melt the wax and release
the pin-fin heat-sink structure (Figure S2).

4.4 | Integration of TEM

For TEM integration, the PDMS composite substrate incorporat-
ing BN and paraffin was first cured on a hot plate at 80°C for
30 min. To enhance adhesion between the printed conductive
layer and the PDMS substrate, the surface was treated with
oxygen plasma (100 W, 0.3 mbar, 60 s) and then immersed in a
2% (v/v) GPTMS solution in isopropanol/deionized water (95:5,
v/v) for around 2 min. The substrate was subsequently dried

with nitrogen and baked at 80°C for 10 min. A rectangular
interconnect pattern (4.6 x 1.5 mm?) was then defined using a
shadow mask, and stretchable silver ink was stencil printed onto
the treated substrate. This length was chosen to electrically bridge
two adjacent thermoelectric pellets, each with a lateral size of 1.4
x 1.4 mm? and a gap of 1.6 mm between them. Thermoelectric
pellets with dimensions of 1.4 mm X 1.4 mm X 1.7 mm were
assembled into a 6 X 6 interconnection array. A second shadow
mask was then used to define the solder deposition areas. Low-
temperature Sn,,/Bis; ¢/ Ag, 4 solder paste was appliedina 1.5 x 1.5
mm? pattern to bond each thermoelectric pellet to the underlying
silver interconnects. The pellets were placed onto the solder-
coated regions and thermally reflowed to fix one side, after which
the opposite side was connected using the same procedure. The
curing and reflow processes were carried out using a stepped
thermal profile of 80°C, 120°C, and 175°C, with a holding time
of 2 min at each temperature.

4.5 | Fabrication of Soft Electromagnetic Haptic
Actuator

The essential component of the haptic actuator is a Ga coil
encapsulated in Ecoflex, which generates the magnetic field upon
current application. To start the fabrication, Ecoflex precursor
(parts A:B = 1:1 by weight) was poured onto a 3D-printed (Prusa
Research, i3 MK3S+) mold defining the coil microchannel and
thermally cured at 80°C for 1 h. A sealing film was prepared by
spin-coating (Laurell, WS-650Mz-23NPPB) with the same Ecoflex
precursor onto a substrate at 500 rpm for 1 min, followed by curing
at 80°C for 1 h. The cured channel layer and the sealing thin
film were laminated using a small amount of uncured Ecoflex
applied at the interface as an adhesive. The channels were then
filled with molten Ga, and copper leads were embedded at the
coil center and the terminal end to provide electrical connection.
A permanent magnet was placed above the Ga coil and confined
between the coil layer and an Ecoflex soft membrane. The soft
membrane (with a thickness of 150 um) contained a shallow
groove to accommodate the magnet and maintain its position
during actuation. The four corners of the membrane were bonded
to the actuator structure, which prevented magnet flipping and
ensured stable mechanical coupling between the magnet and the
coil.

4.6 | Integration of Multimodal Haptic Interface
by Kirigami Springs

Kirigami spring elements were fabricated from Ecoflex (parts
A:B = 1:1 by weight). Before fabrication, a UV-cured printed
mold (Shenzhen Anycubic Technology Co., Ltd, Anycubic Photon
M3 Plus) was printed to define both the kirigami geometry and
the embedded microchannels for Ga interconnects. The mixed
Ecoflex precursor was cast into the mold and then cured at
80°C for 1 h. An Ecoflex sealing film was produced by spin-
coating the liquid precursor at 500 rpm for 1 min and cured
under the same conditions. The kirigami interconnects with
microchannels and sealing film were bonded using a thin layer of
uncured Ecoflex as adhesive. After bonding, the microchannels
were filled with molten Ga to complete the fabrication of the
interconnection. Then, the Smooth-On Sil-Poxy glue was used
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as the bonding adhesive to integrate the mechanical, thermal,
and kirigami components. The overall device footprint is 62
X 62 mm?.

4.7 | VR Environment Setup

The VR testing environment was created with C# in Unity. Unity’s
XR Interaction Toolkit Demo Scene was modified to create a
kitchen-like virtual environment with assets from the Unity
Asset Store. Communication between Unity and the Arduino was
implemented using the Ardity package, enabling user interac-
tions with the virtual kitchen objects. Informed signed consent
for this demonstration was obtained from the volunteer before
participation in this study.

4.8 | Multimodal Stimuli Experiment Design

Three adult volunteers participated in this preliminary proof-
of-concept user study. Informed consent was obtained from all
participants before the study. During formal testing, participants
were blinded to the target material identity for each trial, visual
cues were blocked, and no correctness feedback was provided.
Because the experimenter was aware of the stimulus condition
and target material, the study was participant-blinded rather
than double-blinded. We evaluated material identification using
a multimodal haptic interface that delivered mechanical and
thermal cues to participants’ forearms. Mechanical stimulation
was generated by the mechano-haptic units using electromag-
netic actuators, with the indentation amplitude controlled by
the driving current. Thermal stimulation was produced by the
thermo-haptic unit based on TEM, with temperature regulated by
current control and monitored by a thermocouple placed on the
surface of the thermo-haptic unit. Three stimulus conditions were
tested: mechano-haptic-only, thermo-haptic-only, and combined
mechano- and thermo-haptic stimulation. Before each trial, the
mechano-haptic actuator was returned to its initial position, and
the thermo-haptic unit was reset to a baseline temperature of
33°C. Each stimulus lasted 3 s, consisting of approximately 1 s
press, 1 s hold, and 1 s release for mechano-haptic units. The
temperature output of the thermo-haptic unit was limited to
20°C-45°C. Consecutive trials were separated by 15-25 s to allow
the thermo-haptic unit to return to baseline, and short breaks
were provided every 10-15 trials to prevent user fatigue.

Before formal testing, participants completed a training phase
followed by a practice phase. In the training phase, labeled
demonstrations were provided for each stimulus condition and
each material to familiarize participants with the correspondence
between the haptic cues and the materials. In the practice phase,
three blocks were conducted for each condition. In each block,
the five materials were each presented once in randomized order,
with the constraint that the same material did not appear in
consecutive trials. After each presentation, participants identified
the material and rated their confidence on a five-point scale.
Correctness feedback was provided during practice. Participants
proceeded to the formal testing once the following criteria were
met: classification accuracy > 60%, median confidence on correct
trials > 3, median confidence on incorrect trials < 3, and high
confidence error ratio < 10%. High confidence error ratio is

calculated by normalizing total high confidence errors (incorrect
trials with confidence > 4) to the total number of practice trials.

In the formal testing phase, the same three stimulus conditions
were evaluated without correctness feedback. For each partic-
ipant and each condition, six blocks were conducted. In each
block, each of the five materials was presented five times, yielding
25 trials per block and 150 trials per condition per participant.
For each participant, the three stimulus conditions resulted in
450 trials in total. Across the three participants, this resulted
in 450 trials per condition and 1350 trials in total. The trial
order within each block was randomized with the constraint
that the same material did not appear in consecutive trials.
After each trial, participants reported the perceived material
and their confidence rating. Performance was summarized using
confusion matrices, where rows correspond to the true material
and columns correspond to the participant-identified material.
Overall accuracy was calculated as the proportion of correctly
identified trials among all trials. Row-normalized heat maps
were used for visualization. The material-recognition experiment
relied on participants’ categorical responses rather than on a
machine-learning classification model. For each trial, the true
material, stimulus condition, participant response, confidence
rating, and trial order were recorded. Performance was analyzed
at the behavioral-response level using the confusion matrices and
overall accuracy described above. The error rate was defined as
one minus the overall accuracy.

4.9 | Characterization

All temperature-time profiles were recorded with a type-K ther-
mocouple (Omega Engineering, HH802U) in contact with the
device surface. IR images were acquired using a thermal camera
(FLIR, FLIR A325sc) with an emissivity setting of 0.95. The
thermal conductivity of the BN/PDMS and BN/paraffin/PDMS
composites was measured using a steady-state through-plane
heat-flow method. The composite sample was placed in series
with a calibrated heat-flux sensor between two temperature-
controlled TEC plates. After the system reached steady state
under a small temperature difference, the heat flux and the tem-
perature difference between the hot and cold sides were recorded.
The composite thermal conductivity was calculated using a one-
dimensional thermal-resistance model, as described in Figure
S11 [64]. Displacement was measured by a laser displacement
sensor (KEYENCE, IL-S025). Thermal and mechanical actuation
tests were driven by a DC power supply (Agilent Technologies,
Triple-output DC power supply). To characterize the actuation
performance of the haptic actuator at different frequencies, a
custom switchboard controller was employed in conjunction with
the DC power source to generate sinusoidal currents ranging from
1to 50 Hz. All measurements were repeated at least 5 times. Data
are presented as mean + standard deviation, and the error bars
represent the standard deviation.
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