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Abstract

The application of thermoelectric devices (TEDs) for personalized thermoregulation is attractive for saving energy while
balancing the quality of life. TEDs that directly attach to human skin remarkably minimized the energy wasted for cooling
the entire environment. However, facing the extreme dynamic geometry change and strain of human skin, conventional
TEDs cannot align with the contour of our bodies for the best thermoregulation effect. Hence, we designed a kirigami-based
wearable TED with excellent water vapor permeability, flexibility, and conformability. Numerical analysis and experimental
results reveal that our product can withstand various types of large mechanical deformation without circuit rupture. The stated
outcome and proposed facile approach not only reinforce the development of wearable TEDs but also offer an innovative
opportunity for different electronics that require high conformability.
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Introduction

Thermoregulation of the body plays important roles in
human health, life quality, productivity, and economics [ 1-3].
Owing to the limited ability of self-thermal regulation of the
human body (core temperature needs to be maintained at
(3740.5) °C to ensure the appropriate function of metabolic
processes [4]), we mostly rely on equipment, i.e., central-
ized climate control systems, to create an appropriate indoor
temperature [5]. The estimated global energy used for air
conditioning will increase from 2020 terawatt hours (TWh)
in 2016 to 6200 TWh in 2050 [6]. The dramatic increase
in energy consumption results in substantial CO, emissions
associated with the fossil fuels used for power genera-
tion [7, 8]. Hence, developing new technologies to improve
energy efficiency or improve the application is significant.
Recently, wearable thermal regulation technologies, which
will only change the localized temperature without chang-
ing the ambient temperature, have garnered attention [9—15].
This localized thermal management strategy not only con-
serves energy but also offers personalized comfort, allowing
individuals to customize their thermal experience.

Among the various types of wearable temperature reg-
ulation devices, the thermoelectric devices (TEDs) which
convert electricity into heat flux from one side to the other
exhibit great advantages [16—18]. The working process of
TEDs does not associate with chemical reactions, moving
components, and working fluids and emits zero carbon [19,
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20]. Conventional high-performance TEDs are usually based
on inorganic rigid materials, which are not capable of con-
forming to the complex geometry of the human body. The
key to realizing good thermoregulation by wearable TEDs
is by forming perfect contact between the device and skin
[21-23]. Therefore, various strategies have been reported for
realizing flexibility and stretchability of TEDs or electronics
[24,25]. For instance, high conductive or heat capacity mate-
rials, such as aluminum nitrate (AIN), graphite, and paraffin,
have been added to soft elastomers as the outermost layer
of various devices [2, 26-30]. Moreover, the concepts of
origami have been utilized to provide flexibility to devices
by enabling self-folding [31, 32]. When considering origami,
kirigami, as a variation of origami, allows the practitioner to
exploit cuts along with folds to achieve large deformations
in a relatively facile manner [33]. Kirigami technique has
been exploited to design various types of highly stretchable
devices [34-36]. However, incorporating kirigami patterns
into TEDs for thermoregulation to obtain conformability to
the human body contours is still not mature.

In this study, we report a strategy to realize flexible
and stretchable TEDs with good air permeability for wear-
able thermoregulation by incorporating the kirigami concept
for wearable conformability improvement. The combina-
tion of kirigami pattern and well-established stretchable
circuit [37-42] ensures a large degree of deformation of the
device without performance loss. The openings created by
the kirigami pattern enable water vapor transmissibility to
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ensure skin comfort. Computational analysis of the proposed
design enables the wearable TED to exhibit good mechan-
ical properties. The device can withstand 0.2 tensile strain
and 60° of twisting, and has a 30-mm bending radius with-
out circuit breakage. The results suggest that the proposed
device is capable of achieving a cooling effect of 3.5 °C on
the human skin. These results suggest that the wearable TED
can not only be limited to thermoregulation applications, but
also be applied to health-related uses, such as thermal ther-
apy and wound care. The endeavor to incorporate kirigami
patterns through facile manufacturing methods to enhance
conformability to the human body is not restricted to TEDs
and could potentially be employed in various soft wearable
electronics.

Materials and methods

Fabrication of AIN/silicone gel and assembly method
of TEDs

AIN power (about 1-wm diameter, purchased from Mack-
lin, China) was first thoroughly mixed with silicone gel
(Ecoflex™ (0-30, Smooth-On, Inc., USA) using a pes-
tle and mortar for 10 min. Then, the mixture was poured
into a mold and vacuum-degassed for curing. On the top
layer AlN/silicone gel (with heatsink pillar), a laser cut
polyimide/copper (PI/Cu) thin film (20 pwm) stretchable ser-
pentine circuit was attached on the uncured gel. After the
AlN/silicone gel was fully cured (10 h at room temperature),
it was removed from the mold and subjected to a laser cutting
process by a desktop fiber laser marking machine (DMF-
B-A, GD Han’s Yueming Laser Group Co., Ltd., China).
The wavelength of the laser emitted from the machine was
approximately 1064 nm. Then, the gel was cleaned with ace-
tone (a regular solvent for silicone gel cleaning [43]), to
remove the dark residual created by the laser cutting process,
and left at room temperature for 24 h before further fabrica-
tion. Finally, a 4x4 thermoelectric Peltier (Model number:
0OT016086, Shenzhen Tecooler Technology Co., Ltd., China;
size: 10.00 mm x 10.00 mm x 1.95 mm) array was affixed with
the same ratio of AIN/silicone mixture as adhesive agent on
both sides and soldered on the serpentine circuit.

Characterizations

The tensile properties of PI/Cu film and different ratios of
AN silicone gel were characterized as per ASTM D638-14
Standard Test Method for Tensile Properties of Plastics (Type
V specimen) at a speed of 100 mm/min using the Instron
5566 universal mechanical test frame. During the tensile test,
images were captured at every 0.05 increase in axial strain.
The changes in the axial (Al) and lateral (Aly) lengths were

examined through image analyses. The axial strain (&) and
lateral strain (e1) are obtained by using the following equa-
tions:

Al

A 1

= (1)
Al

L=, @)
Iy

where [ and /1, denote the axial length and lateral length of
the samples, respectively.

Poisson’s ratio (v) of the samples is calculated using
v=—k, (3)

e

The thermal conductivity (k) of the silicone gel with dif-
ferent AIN particle ratios was evaluated using TCi thermal
conductivity analyzer (C-Therm, Canada), as per ASTM
D5930-17 Standard Test Method for thermal conductivity of
plastics by means of a transient line-source technique. The
adhesion between the silicone gel and thermoelectric Peltier
was tested in accordance with ASTM D5169 [44] at a speed
of 305 mm/min. The rheological behavior of the uncured
silicone gel with different AIN particle ratios was evaluated
by a rheometer (Kinexus Pro+, Netzsch, Germany) with a
cone-plate (radius: 40 mm; cone angle: 1.985°), and the trun-
cation gap was 1 mm. The strain for frequency sweep was
fixed at 1%, and the experiment was controlled at 25 °C. The
standard test methods for water vapor transmission of materi-
als, ASTM E96, were referenced to measure the water vapor
transmission rate. The scanning electron microscope (SEM)
images of the cross-sectional view of AlN/silicone gel were
obtained using FEI Quanta 250. The electric resistance of the
device was measured using the Keithley 2400 SourceMeter.
The cooling or heating performance of the wearable TED
was characterized by the setup shown in Fig. S1 (Supple-
mentary Information). The temperature of the heater was set
to be 32°C . Four thermocouples were used to record the
temperature differences across the entire TED. CHI 660E
electrochemical workstation was used to measure the electric
performance of the TED. The current densities were calcu-
lated by dividing the current by the thermoelectric Peltier
area (16 cm?), whereas power densities were calculated by
multiplying current densities and potentials.

Numerical analysis

The numerical analysis of the mechanical deformation of the
wearable TED was performed using finite element analysis.
The three-dimensional (3D) models of the devices were built
in SolidWorks 2022 and meshed using MSC Apex 2020. The
mesh files were imported into MSC Marc/Mentat software
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for simulation. Friction was neglected in the finite element
analysis. Based on the strain energy function shown below,
the tensile test result was fitted to the third-order deformation
model:

W=Cipl1 =3)+Co1 (1 —3)+C11 (1 —3)(2 —3)
+Cao (1) — 3)* + C30 (I — 3)%, )

where W denotes the deviatoric third-order deformation
strain energy function; Cig, Co1, C11, Ca9, and C3o are
the material constants in the tensile test; and /; and [
are the initial two invariants of the strain tensor. Table S1
(Supplementary Information) contains the description of the
materials and mesh properties.

Wear trial

A 23-year-old male subject was recruited for the trial of the
wearable TED. An infrared camera (FLIR ONE®, Teledyne
FLIR, USA) was used to capture the infrared image. The
subject was requested to first put on the wearable TED on
the forearm for 10 min to stabilize the skin and TED tem-
peratures. Next, electricity (0.50 A for cooling and —0.25 A
for heating) was applied to the TED for 20 min. The infrared
image was captured once the TED was removed after 20 min
of heating or cooling. The subject had a 30-min resting period
after the removal of TED before the next cycle of experiment
for stabilizing the body thermoregulation system, which was
interrupted by the heating or cooling effect of the TED.

Results and discussion
Design and fabrication of wearable TEDs

Figures la—1c show the concept and design of the body-
conforming kirigami wearable TED that can be fabricated
using well-established technologies in an extremely facile
manner. A 4 x4 small-size commercial thermoelectric Peltier
(10.00 mmx10.00 mmx1.95 mm) array was sandwiched
between two layers of high thermal conductivity silicone
gels (AlN/silicone gel) (Fig. 1b). The conformability and
thermoregulation effect of the wearable TED can be affected
by the thickness of the AIN/silicone gel. Although thinner
gel layers can increase the conformability of the device, its
application may not be as durable. A I-mm-thick silicone
gel was implemented to prevent easy gel tearing to achieve
a compromise between performance and practicality. The
thermoelectric Peltier array was connected by a stretchable
serpentine circuit, as illustrated in Fig. S2 (Supplementary
Information). Moreover, further reducing the thickness of
thermoelectric Peltier can cause distinctive reduction in the
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temperature difference effect [2]. On the top of each thermo-
electric Peltier, a 4x4 flexible heatsink pillar (1.75 mm x
2.00 mm) array was designed on the outermost layer of
silicone gel to facilitate heat dissipation (Fig. 1c). Unlike
the conventional rigid metal heatsinks that are applied in
TED design, it prevents the human body from potential
risks. Moreover, the implementation of the heatsink struc-
ture increases the surface area by about 3.3 times, allowing
for easier heat exchange with the surrounding air. An inad-
equate heat exchange rate could compromise the cooling
capabilities of TEDs. Body conformability is the key fac-
tor affecting the thermal regulating effect of TEDs in real
situations. Therefore, the auxetic kirigami structure (rotating
square) was designed between the thermoelectric Peltiers for
the top and bottom layers of silicone gels to further elevate the
wearability of the device (Fig. 1¢). The rotating square shows
relatively small out-of-plane deformation under stretching
unlike other types of kirigami structures, such as folding
wall, and can seriously affect the contact between the device
and human body [45—47]. The unique auxetic property can
improve the shape formability of the device, especially on
a synclastic curvature surface, which is often seen on the
human body [46,48]. The laser cutting technique was utilized
to create the intended kirigami structures [41, 49]. Owing to
the narrow focal spot (radius: 0.00725 mm), a high-definition
pattern can be carved with minimal impact on the surround-
ing area.

The thickness of the device was controlled to be around
5 mm to ensure conformability. The fabrication process and
required materials are relatively facile, thus requiring less
equipment (Fig. S3 in Supplementary Information). The laser
cutting process can be completed by a fiber laser desktop
machine within 30 s.

Mechanical simulation

The structural design of the device was subjected to finite
element analysis to evaluate its mechanical performance.
The experimental tensile test data of PI/Cu film and the
AlN/silicone gel were input into the finite element model
for calculation. Figures 2a—2f show the comparison between
the experimental and simulation results of the device under
stretching (strain: 0.2), twisting (twist angle: 60°), and bend-
ing (bending radius: 30 mm). Based on the simulation results,
the strain of the electrical circuit under the abovementioned
mechanical conditions is within 3%, which is the breaking
strain of the used PI/Cu thin film (Fig. 2g). During the tensile
experiments of AlN/silicone gel for curve fitting in the finite
element model, we observed that Young’s modulus increases
by 8% when the AIN content increases from 0% to 37.5%
(Fig. 2h). We also conducted a bending test based on the
finite element analysis to quantify the conformability of the
designed kirigami structure. The schematic of simulations
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Fig. 1 Design details and (a)
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is illustrated in Fig. S4 (Supplementary Information). The
deflection of silicone gels with the kirigami pattern under
the same load is around 3.5 mm more than that of the sam-
ple without the pattern, thus demonstrating the exceptional
flexibility of the structure (Figs. S5 and S6 in Supplemen-
tary Information). Figures 2i shows the effect of the kirigami
structure on Poisson’s ratio of the device. Owing to the aux-
etic effect of the kirigami structure, Poisson’s ratio of the
device decreased to 0.25. The simulation of the TED mechan-
ical deformation under different strain rates is referenced in
Fig. S7 (Supplementary Information). The auxetic effect of
the kirigami structure can be explained by the rotational phe-
nomenon of the square unit when strain is applied; details
and characterizations are illustrated in Figs. S8 and S9 (Sup-
plementary Information).

Characterizations

To improve the thermal conductivity of the stretchable sili-
cone gel, AIN was added as the filler. AIN is an outstanding
candidate for the filler in a thermal conductive stretchy gel
in flexible electronic applications owing to its high thermal
conductivity (up to 321 W/(m-K) [50]) and electrical insu-
lation. In contrast with common thermal conductive fillers
such as nano-silver wire, carbon nanotubes, or other metal
particles, the usage of AIN does not necessitate an additional
sealing layer to prevent short circuit. Figure 3a illustrates the
thermal conductivity value of various ratios of AlN/silicone
gel. The thermal conductivity increased from approximately
0.18 to 0.62 W/(m-K) by increasing the AIN mass fraction

to 37.5%. The cross-sectional SEM images of AIN/silicone
gel with different ratios are listed in Figs. S10 and S11 (Sup-
plementary Information). The AIN powder can be evenly
distributed in the silicone gel through the proposed fabrica-
tion method to ensure thermal conductivity. Although further
increasing AIN content can improve the thermal conduc-
tivity of the gel, the viscosity of the uncured mixture is
too high for molding, and the gel cannot cure completely
when the AIN mass fraction is increased to 42%. Thus, we
selected 37.5% (mass fraction) of AIN for further devel-
opment. The rheological properties are listed in Fig. S12
(Supplementary Information) for reference. The developed
AlN/silicone gel shows good adhesion (Fig. S13 in Supple-
mentary Information) with the thermoelectric Peltier, which
prevents detachment and ensures long-term performance dur-
ing application. To highlight the robustness and flexibility
of our design, we have conducted various experiments in
terms of electrical resistance (Figs. 3b and 3c) under differ-
ent curvatures and different numbers of bending cycles. The
excellent stability of resistance further confirms the result of
our finite element analysis. We simulated the cooling/heating
effect of the device on human skin with the laboratory setup
shown in Fig. S1 (Supplementary Information). We evalu-
ated the temperature change of the fiber-type thermocouples
inserted between the heater and device when —0.50-0.50 A
of electricity is applied. The negative and positive values of
the current input refer to the heating and cooling effects,
respectively. The result suggests that the device was able to
achieve around 3.8 and 3.5 °C heating and cooling effects
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Fig.2 Mechanical analysis of the thermoelectric device (TED):
a—c photographs of the flexible TED under stretching (strain: 0.2),
twisting (twist angle: 60°), and bending (bending radius: 30 mm);
d—f strain distribution of the outermost silicone gel and inter-stretchable
serpentine circuit based on the finite element analysis; g experiment

when —0.50 and 0.50 A of electricity were applied, respec-
tively (Fig. 3d). Moreover, the temperature change under
different applied current can remain unchanged under dif-
ferent curvatures, strains, and twists (Figs. 3e and 3f) that
simulate the human body motion during the real applica-
tion. As a wearable device, water vapor from our skin should
be able to pass through the device to ensure comfortabil-
ity, which was hardly investigated in previous wearable TED
designs.
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Strain (%)

Axial strain

on the stress—strain behavior of PI/Cu thin film; h experiment on the
stress—strain behavior of AlN/silicone gel with different AIN ratios;
i comparison between the experimental and simulation results of Pois-
son’s ratio change under axial strain. W/: with

The accumulated perspiration that cannot be evaporated
from the skin surface can cause redness, itchiness, and
inflammation. With the developed kirigami pattern, our
device can achieve a water vapor transmission rate of
4.9 kg/(m>.d) (Fig. S14 in Supplementary Information).
Instead of thermoregulation, the device can also be applied
for power generation based on the temperature difference
between both sides. The average Seeback coefficient (S) of
our device was 0.470 mV/K (Fig. 3g). When the temperature
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Fig. 3 Characterization of the developed thermoelectric device (TED):
a thermal conductivity k of AlN/silicone gel with different AIN ratios;
b electrical resistance of the TED under different curvatures; ¢ electri-
cal resistance change of the TED after 300 bending cycles; d effect
of cooling or heating of the TED under different current inputs;

difference is 13 °C, the maximum current and power gener-
ation could reach around 3070 wA/cm? and 12.2 wW/cm?,
respectively.

Wear trial

To demonstrate the ability of the developed TED for ther-
moregualtion of the human body, we conducted a trial.
Figures 4a—4d show the photographs of the experimental
setup, average skin temperature result, and the experiment
protocol. For cooling, 0.50 A of electricity was applied,
resulting in an average skin temperature drops of 3.5 °C. For
heating, —0.25 A of electricity was applied, resulting in an

Voltage (mV)

Voltage (mV)

e performance of the TED under different bending levels; f performance
of the TED under different strains and twist angles simultaneously;
g open-circuit voltages under the temperature difference of both sides;
h current density and i power generation of the TED under different
voltages at various temperature differences

average skin temperature increase by 1.7 °C. Figures 4e—4g
show the infrared images taken after the removal of TED,
demonstrating the cooling and heating effects provided by
the TED. During the experiment, the subject reported that
the cooling and heating effects provided by the TED could be
perceived. Additionally, no discomfort or pain was reported
by the subject. There may be a minor temperature varia-
tion overall owing to the uneven level of Joule heating effect
caused by the variable electric current in the parallel circuit
design and soldering flaws. It should be noted that wearable
TEDs are not only limited to body thermoregulation appli-
cations; they are also applicable for wound care and thermal
therapy for muscles or joints. In the early stages of wound

@ Springer



460

Bio-Design and Manufacturing (2024) 7:453-462

(c) § 39 { Ambient temperature:
=~ 235°C
g
3
© 36 A ¢
@
o8
2 | ¢
933 1
£ {
5 1
? 30

Contt0 0iNg, 1 atind

(d) Remove TED Next
Put on TED Voltage ON & caztyre infra- experiment
y red image
te?nt?)te)lrlgztﬁre Cooling/ Rest for stabilizing body thermal regulation
of TED and skin heating system interrupted by thermal stimuli
0 10 20 50
Time (min)

Control

Body cooling Body warming

Fig.4 Wear trial and demonstration of the developed thermoelectric
device (TED): a, b photographs of the experimental setup and the close
up of the TED; c effect of cooling (0.50 A) or heating (—0.25 A) pro-
vided by the TED (data are expressed as mean=standard deviation,

healing, cold therapy (also known as cryotherapy) can be
provided by the wearable TED to constrict the blood vessels,
reducing the blood circulation and metabolic activity at the
wound area, thus reducing the inflammation and pain level
[51, 52]. Contrarily, it is recommended that raising the tem-
perature at the wound area during the later phases of healing,
or in the case of chronic wounds, to enhance blood flow will
help provide essential nutrients and oxygen, thereby speed-
ing the healing process [53, 54]. Exploiting the flexibility
of the wearable TED that can provide heating and cooling
effects not only saves time for applying abundant equip-
ment, but also improves patients’ compliance and precision
for home wound caring programs. Moreover, the applica-
tion of TEDs via thermal therapy is beneficial to muscles or
joint stiffness. Conventional rigid wearable TEDs have been
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n=3); d protocol of the wear trial; e-g thermal images showing the cool-
ing and heating effects of the TED; h—k potential applications for the
TED

utilized to reduce shoulder stiffness [55]. The rigidity of
TEDs has constrained the placement of the device in the ther-
apeutic area. By introducing a facile technique that enhances
device conformability, we expand the potential application of
TEDs for thermal therapy. Figure S15 (Supplementary Infor-
mation) illustrates the differences between the conventional
rigid TED and soft TED for deltoid muscle and knee thermal
therapy.

Conclusions
We introduced a body conformable, flexible, and stretchable

kirigami-based wearable TED. The flexibility and conforma-
bility of TEDs were enhanced by utilizing a kirigami pattern
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and stretchable circuits. The kirigami pattern created open-
ings, allowing the wearable TED to exhibit good water vapor
transmissibility (4.9 kg/(m?-d)). The device can increase or
decrease the skin temperature by 3.8 or 3.5 °C by apply-
ing —0.50 or 0.50 A of electricity, respectively. The finite
element analysis result reveals the outstanding mechanical
performance of the developed device, which can be operated
normally under stretching (strain: 0.2), twisting (twist angle:
60°), and bending (bending radius: 30 mm). The wear trial
demonstrates the feasibility of the thermal management of
the kirigami-based design. The incorporation of kirigami pat-
terns into wearable TEDs addresses the previous constraint,
as their exceptional flexibility allows them to be applied to
various uneven surfaces. Our demonstration can also provide
new insight for developing flexible electronics that require a
high degree of deformation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-024-00290-6.
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