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Modern silicone-based epidermal electronics engineered for body temperature sensing represent a
pivotal development in the quest for advancing preventive medicine and enhancing post-surgical moni-
toring. While these compact and highly flexible electronics empower real-time monitoring in dynamic
environments, a noteworthy limitation is the challenge in regulating the infiltration or obstruction of heat
from the external environment into the surface layers of these electronics. The study presents a cost-
effective temperature sensing solution by embedding wireless electronics in a multi-layered elastomeric
composite to meet the dual needs of enhanced thermal insulation for encapsulation in contact with air
and improved thermal conductivity for the substrate in contact with the skin. The encapsulating compo-
site benefits from the inclusion of hollow silica microspheres, which reduce the thermal conductivity by
40%, while non-spherical aluminum nitride enhances the thermal conductivity of the substrate by 370%.
The addition of particles to the respective composites inevitably leads to an increase in modulus. Two
composite elements are engineered to coexist while maintaining a matching low modulus of 3.4 MPa and
a stretchability exceeding 30%, all without compromising the optimized thermal properties. Consecutive
thermal, electrical, and mechanical characterization confirms the sensor's capacity for precise body
temperature monitoring during a single day’'s lifespan, while also assessing the influence of behavioral
factors on body temperature.

Introduction

Skin temperature monitoring is a versatile tool with diverse
applications, offering insights into skin health," metabolic
state,” and thermoregulation during voluntary exercise.>* For

“Department of Electrical and Computer Engineering, Sungkyunkwan University,
Suwon, 16419, Korea. E-mail: sangminwon@skku.edu

bDepartment of Electrical and Systems Engineering, University of Pennsylvania,
Philadelphia, PA 19104, USA

‘Department of Materials Science and Engineering, University of Pennsylvania,
Philadelphia, PA 19104, USA

“Department of Chemical and Biomolecular Engineering, University of Pennsylvania,
Philadelphia, PA 19104, USA

Functional Bio-integrated Electronics and Energy Management Lab, School of
Electrical and Electronic Engineering, Yonsei University, 50 Yonsei-ro, Seodaemun-
gu, Seoul 03722, Republic of Korea

JKERI (Korea Electrotechnology Research Institute), 111, Hanggaul-ro, Sangrok-gu,
Ansan, 15588, Republic of Korea

$School of Pharmacy, Sungkyunkwan University, Suwon, 16419, Korea

"Muitiscale Bioinspired Technology Lab, Department of Mechanical Engineering,
Ajou University, 206, World cup-ro, Yeongtong-gu, Suwon-si, Gyeonggi-do, 16499
Republic of Korea

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3nr05784d

{These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2024

example, a comprehensive understanding of the physiological
changes linked to the examined pathologies (e.g. osteomyel-
itis,” febrile neutropenia® and hyperthyroidism’) requires the
accurate and uninterrupted collection of temperature data,
along with other essential physiological parameters, such as
biopotentials and oximetry.®® Previous studies further high-
lighted the importance of mapping skin temperature across
the body, given that temperature variation between the core
and peripheral regions is influenced by metabolic activity and
body positioning.’® Here, employing an infrared camera to
visually depict body temperature through color-mapped
images, although frequently used, may not be the most suit-
able option for continuous daily monitoring.’"'* One alterna-
tive is attaching multiple miniaturized temperature measure-
ment systems across the entire body.’®"* A polymer composite
sensor, owing to its intrinsic flexibility, is suitable as a skin-
attachable temperature sensor. However, the innate non-linear-

Nanoscale, 2024, 16, 5613-5623 | 5613


http://rsc.li/nanoscale
http://orcid.org/0000-0002-2811-9359
http://orcid.org/0009-0003-9103-2381
http://orcid.org/0009-0001-3419-470X
http://orcid.org/0009-0004-0906-0728
http://orcid.org/0009-0008-1269-4878
http://orcid.org/0009-0000-6780-3201
http://orcid.org/0000-0001-8625-8085
http://orcid.org/0000-0002-5750-8628
https://doi.org/10.1039/d3nr05784d
https://doi.org/10.1039/d3nr05784d
https://doi.org/10.1039/d3nr05784d
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr05784d&domain=pdf&date_stamp=2024-03-12
https://doi.org/10.1039/d3nr05784d
https://rsc.66557.net/en/journals/journal/NR
https://rsc.66557.net/en/journals/journal/NR?issueid=NR016011

Published on 27 February 2024. Downloaded on 7/27/2025 7:14:45 PM.

Paper

ity of the composite sensor poses reliability issues in its role as
a precise measurement system."? Structural modification can
enhance the linearity of a polymer-based sensor by reducing
interference from strain, but the tethered platform for long-
term recording restricts the subject’s mobility and causes arti-
facts."* Consequently, a continuous, wireless, and automatic
digital recording method with adequate spatial resolution is
necessary to effectively monitor both patients and potential
patients.

The investigation of wearable temperature-specific sensing
technologies involves an interdisciplinary approach, encom-
passing soft mechanical and material engineering, customized
electronic design, and hardware-specific software development
to maximize the potential of wireless technologies. Numerous
sensor systems utilize poly(dimethylsiloxane) (PDMS) as an
encapsulating or supporting layer, primarily due to its exten-
sively confirmed biocompatibility and a modulus (i.e., 780
kPa) closely mirroring that of human skin."” This choice,
coupled with the state-of-the-art system-on-a-chip technology,
offers the advantages of a small form factor and mechanical
flexibility, enabling conformal contact with different skin
regions while wirelessly facilitating data acquisition and mini-
mizing discomfort'®"” for subjects during their daily activities.

Nonetheless, temperature sensing is inherently challenging
due to environmental fluctuations, with the collected data
being susceptible to external heat transfer mechanisms such
as conduction, convection, and radiation.'® Epidermal
sensors, when conformally attached for temperature tracking,
gauge temperature changes resulting from the heat flux enter-
ing the system through conduction from the skin. Heat dissi-
pates from the top encapsulant and the sides through convec-
tion. It is imperative that the sensed data accurately reflect the
thermal escape from human skin, indicative of thermal
homeostasis, rather than thermal escape from the sensor
itself. This becomes particularly crucial given a clinical cohort
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study suggesting potentially lower body temperatures in
elderly populations. Consequently, accurate retrieval of data
enables the interpretation of the sensed data with consider-
ation of age.'® When materials with a higher thermal conduc-
tivity are used for encapsulation, the data collected from the
sensor can experience significant degradation, making it
unsuitable for clinical application. Conversely, ensuring
efficient heat transfer from the body to the core temperature
sensing element necessitates the use of materials that exhibit
high thermal conductivity while maintaining electrical insula-
tion for stable circuitry operation and biocompatibility. The
artifact cancellation method using differential sensing is inap-
propriate for long-term multipoint measurements in terms of
complex device structures, battery consumption, and the
reliance on cloud systems.'® A practical method, as demon-
strated in recent research findings, to create the former
material with low thermal conductivity involves introducing an
air cavity by utilizing a porous PDMS structure or incorporat-
ing air-capped hollow glass microspheres.”>*" In contrast, to
produce the latter material with high thermal conductivity, the
approach involves adding thermally conductive particles (e.g.,
aluminum nitride,” boron nitride,”® and carbon fiber*?)
within the PDMS.

Due to its inherently low thermal conductivity, incorporat-
ing an air layer is a widely used method for further reducing
the thermal conductivity of PDMS. However, direct insertion of
an air layer into the PDMS necessitates relatively complex fab-
rication processes and raises concerns about mechanical rigid-
ity.?° In contrast, as mentioned earlier, there are diverse fillers
to increase the thermal conductivity of PDMS. While carbon
fiber possesses excellent thermal characteristics, its high elec-
trical conductivity makes it unsuitable for use as a particle of
composite encapsulation in electrically operated devices.**
Compounds such as boron nitride and aluminum nitride,
unlike carbon fiber, have a low electrical conductivity (less
than 107" S m™"), making them suitable alternatives for the
PDMS composite.>>>?

The extensive evaluation of these materials has predomi-
nantly focused on their thermal performance, but a conspicu-
ous gap exists in their assessment regarding their suitability
for integration into wearable electronics. This omission
becomes especially relevant when contemplating their poten-
tial role as epidermal electronics’ supporting layer responsible
for precise transmission of body temperature to the sensing
element, while simultaneously shielding against the influence
of environmental factors. Such an evaluation necessitates an
additional examination of their mechanical flexibility, struc-
tural compatibility with epidermal temperature sensors, long-
term durability, and consistent thermal properties to support
accurate body temperature measurement.

This study introduces and comprehensively evaluates a cat-
egory of flexible and stretchable heat insulators and conduc-
tors, achieved by incorporating foreign substances into a bio-
compatible elastomer (e.g., PDMS). The objective is to combine
these two composites with altered thermal properties for
encapsulating and acting as substrates for epidermal wireless

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Thermally transient-resistant epidermal wireless electronics. (A) Photograph (top left), detailed material and geometry of the bilayer compo-
site temperature sensor. In the adhesive layer, a pinhole exists to enable direct contact between the substrate and the skin. (B) Schematic of the
temperature sensor attached to the forearm, armpit, calf and abdomen. (C) Examination of the scanning electron microscopy image for thermally
conductive encapsulation and (D) thermally insulating substrate. Al: aluminum, N: nitrogen, Si: silicon, and O: oxygen.

electronics engineered to monitor body temperature in a cost-
effective way (Fig. 1A). Their relatively slender profile (thick-
ness of 3.7 mm) and light weight design (4.5 g), in conjunction
with a medical-grade adhesive layer (thickness of 0.18 mm),
facilitate flexibility and ensure conformal contact, even in
dynamic areas like the armpit and calf, without the risk of
detachment during daily use. Both top and bottom composites
further safeguard the electronics within the sensor system
from moisture, thus providing water-resistance properties
alongside their functional thermal and wireless characteristics.
The study demonstrates the measurement of temperature at
the armpit as an accurate indicator of core body temperature.

This journal is © The Royal Society of Chemistry 2024

In contrast, temperatures measured in other skin areas, typi-
cally lower than the core body temperature, can serve as valu-
able biomarkers for evaluating the metabolic rate and/or aller-
gic conditions,>>*° thereby making temperature measurement
at the calf, forearm, and abdomen a relevant topic for the
study (Fig. 1B).

Results and discussion

For effective body temperature monitoring, a sensor attached
to the skin should have the capability to measure the body

Nanoscale, 2024, 16, 5613-5623 | 5615
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temperature in isolation from the ambient environmental
temperature. Meeting such criteria necessitates the utilization
of a layered structure, wherein the lower section that interfaces
with the skin is crafted from a thermally conductive compo-
site, while the upper section is dedicated to thermal insula-
tion. A feasible solution involves introducing thermally insulat-
ing particles, like hollow silica microspheres, into the upper
section and incorporating conductive particles, such as alumi-
num nitride, in the lower section within the elastomer.
Examination of the scanning electron microscopy image indi-
cates that the distinct network of aluminum nitride exhibits a
non-spherical morphology, serving as the thermally conductive
pathway within the elastomeric substrate (Fig. 1C). In contrast,
the silica particles chosen for thermal insulation consist of the
confirmed atoms, silicon, oxygen, and sodium (Fig. 1D and
ESI Fig. S1}). The particles have a hollow spherical structure in
which the air within the cavities, with a specific thermal con-
ductivity value of 0.03 W m™ K*,*” serves as the primary insu-
lating element. Here, the absence of prominent peaks in the
X-ray diffraction (XRD) graph associated with silica particles is
visible, signifying their amorphous chemical structure (ESI
Fig. $21).*®?° This amorphous structure can synergistically
contribute to a reduction in thermal conductivity, comple-
menting the inherently low thermal conductivity of the air
enclosed within the hollow silica particles.

Heat transfer between the external environment and the
encapsulant composites occurs in two major methods in our
application context, namely conduction and convection.*® As
illustrated in ESI Fig. S3,1 once the heat flux enters the top
surface doped with hollow silica microspheres, less heat enters
through the matrix compared to pristine PDMS. Coupled with
the hollow structure of silica, the transport of vibrational
energy is impeded due to the disordered arrangement in the
amorphous structure and hence the reduced heat flux.*! This
minimizes the effects of convective heat transfer from reaching
the thermistor housed by the microcontroller. Conversely, con-
duction between the epidermis and the sensor is encouraged
in our proposed system. The addition of aluminum nitride
induces the creation of ‘heat transfer paths’ within the PDMS
matrix, which means that the phonons arising from the intrin-
sic crystalline structure of aluminum nitride create a conduc-
tion pathway for more heat flux to pass compared to pristine
PDMS. This phenomenon has been named the thermal perco-
lation effect.’> Ultimately, the interface between the two
heterogeneous layers where the sensing component is situated
plays a crucial role. Therefore, it is imperative to ensure that
the temperature at this interface closely aligns with the temp-
erature measured from the beneath, i.e. the skin temperature.
To assess the temperature maintenance in this region, thermal
simulations were conducted. Under varied ambient tempera-
ture conditions (—10 °C, 0 °C, 25 °C, and 45 °C), the bilayer
composite layout exhibited superior performance in maintain-
ing the temperature at the interface close to 37 °C when com-
pared to pristine PDMS. For instance, the simulation indicated
that at an ambient temperature of 0 °C, the temperature devi-
ation at the interface, in comparison to the conduction temp-
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erature, could be as large as 0.2 °C for the bilayer composite
and 2 °C for pristine PDMS, as illustrated in ESI Fig. S4.}

An alteration in the thermal conductivity of intrinsic sili-
cone is evident, with a decrease when mixed with hollow silica
microspheres and an increase when combined with aluminum
nitride (Fig. 2A and B). The observed change is directly related
to the particle ratio, as expected, but it involves a trade-off
between improved thermal properties and decreased elasticity
(Fig. 2C). In our study, we utilized a composite material to con-
struct the sensor’s encapsulant and substrate, with each compris-
ing 30 wt% hollow silica microspheres and 60 wt% aluminum
nitrides. This thoughtfully selected composition was intended to
achieve an equivalent Young’s modulus of 3.4 MPa for both
layers while significantly enhancing the thermal conductivity.
Specifically, the measurements, with thermal conductivity values
of 0.09 W m™ K" for the hollow silica composite and 0.71 W
m™* K for the aluminum nitride composite, highlight enhance-
ments of 40% and 370%, respectively, compared to 0.15 W m™*
K™ of intrinsic silicone, demonstrating improved thermal regu-
lation capabilities. Additionally, these composite materials offer
stretchability of more than 30% without incurring any damage,
making them exceptionally suitable for integration into wearable
sensors (ESI Fig. S57).

To evaluate the thermal properties, including the capability
to conduct or insulate heat, of the substrate and encapsulation
composites produced by blending particles in the mentioned
ratios, we conducted infrared experiments to compare these
composites with intrinsic silicone. Samples of uniform thick-
ness were subjected to uniform heating via a resistive heater,
yielding distinct temperature profiles: the aluminum nitride
composite demonstrated the quickest temperature response,
reaching the saturation temperature earlier, while the hollow
silica microsphere composite exhibited a slower temperature
change (Fig. 2D). The variance in these temperature response
rates aligns closely with the thermal conductivity measure-
ments obtained in previous assessments, where the thermal
insulating and conducting composites showed differences of
40% and 370%, respectively, when compared to intrinsic sili-
cone. We also tested the composites’ stability of physical
characteristics amid temperature changes. Both the PDMS-
hollow silica microsphere composite and PDMS-aluminum
nitride composite are tested with a thermogravimetric analyzer
(TGA) to test weight reduction and subsequent thermal
decomposition (ESI Fig. S6f). The conducted experiment
yielded significant weight loss when the encapsulating
material was heated to around 350 °C. Subsequently, differen-
tial scanning calorimetry (DSC) was conducted to see if a sig-
nificant phase change occurred in our predefined temperature
range between —90 °C and 350 °C. The results exhibited no
signs of latent heat exchange in this range; hence, there is a
stable temperature measuring range from —50 °C to 200 °C for
this composite, which is the suitable range for measuring the
skin temperature (ESI Fig. S7t). Collectively, these findings
suggest that these materials have the capability to effectively
and stably conduct or insulate heat when utilized in tempera-
ture sensor applications.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Characterization of intrinsic silicone, the hollow silica composite, and the aluminum nitride composite. (A) Thermal conductivity testing with
varying concentrations of the hollow silica composite and (B) the aluminum nitride composite. (C) Modulus comparison of the hollow silica compo-
site and the aluminum nitride composite based on varying concentrations of the particle. (D) Graph showing temperature changes and the corres-
ponding infrared images of intrinsic silicone, the aluminum nitride composite and the hollow silica composite under the same heat exposure. (E)
Variations in the thermal conductivity of the two composites at different degrees of strain. (F) Finite-element analysis of the inductive antenna under
a bending force with a radius of 25 mm. (G) The maximum strain applied to the circuitry based on various bending radii. (H) Scattering parameter

data of inductive antenna based on different bending radii.

Components of wearable temperature sensors must reliably
function even when subjected to strain induced by skin
stretching or subject movement. Therefore, assessing the
thermal conductivity of each composite under strain is vital to
ensuring their effectiveness under such conditions. Fig. 2E
illustrates the alteration in the thermal conductivity for both
the hollow silica composite and the aluminum nitride compo-
site under strains of up to 30%. The aluminum nitride compo-
site displays minimal change in its thermal conductivity, while
the hollow silica composite exhibits a slight decrease when
subjected to strain. This reduction in thermal conductivity,
which is a favorable characteristic of an encapsulating layer of
a temperature sensor, may be attributed to the elongation of

This journal is © The Royal Society of Chemistry 2024

the horizontal axis during stretching, leading to an increased
density of thermally insulating particles along the vertical heat
transfer pathway (ESI Fig. S87).

Mechanical finite-element analysis further confirms the
mechanical flexibility of our sensor with the composite bilayer
when subjected to external bending and stretching (Fig. 2F
and ESI Fig. S9t). The analysis indicated that strains remained
below 1% until a 30 mm radius, with approximately 1.2%
strain observed in the copper electrode embedded in the com-
posites at a 25 mm radius (Fig. 2G). Also, when a horizontal
stretching force is applied, the circuitry does not break or
experience excess strain even when the device is stretched up
to 10%. The results confirm that our device can operate

Nanoscale, 2024, 16, 5613-5623 | 5617
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without being damaged even under external stretching or
bending. The inductive antenna utilized for data transmission
between the smartphone and the temperature sensor, as elabo-
rated later, exhibits minimal impact under similar bending
conditions, maintaining a resonant frequency of 13.56 MHz
with negligible scattering parameter losses (e.g., S11) (Fig. 2H).
These findings demonstrate that the circuitry can maintain
effective operation without suffering significant damage, even
when subjected to bending induced by body movements when
worn, indicating its durability and suitability for wearable
Sensors.

The Bilayer Composite Temperature Sensor (BCTS) com-
prises composite layers with contrasting thermal character-
istics, a near-field communication chip, an inductive antenna,
and a power source (Fig. 3A). As detailed in the Method
section, the inductive antenna has a self-inductance of

Data Transfer
Inductive Antenna

Power
source

Near-field
communication chip
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1.38 pH and a self-resonance frequency of 84.35 MHz. The res-
onant frequency (f,) of the inductor-capacitor parallel circuit
can be expressed as follows:

1
2nvIC’

where L and C denote the inductance and capacitance, respect-
ively. By calculating the parasitic capacitance of the inductive
antenna from eqn (1), we can determine the value of the paral-
lel capacitor needed for frequency matching to be around
13.56 MHz.

All the electrical components are interconnected and
enclosed within the bilayer composite, ensuring both mechan-
ical stability and portability for a compact wireless device. The
temperature sensor with a total thickness of 3.7 mm integrated
into the near-field communication chip enables precise
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Fig. 3 The characteristics of the bilayer composite temperature sensor (BCTS). (A) The top-view schematic illustration of BCTS. (B) Block diagram of
the BCTS circuitry. When a data transmission request is received from a smart device, the stored data in BCTS are transmitted from the frequency-
matched transmitting (TX) antenna to the receiving (RX) antenna wirelessly. (C) Photograph of the wireless data transmission between a smart device
and the BCTS. (D) Experiment with differently encapsulated temperature sensors interposed between thermoelectric plates. The graph on the left is
a partially enlarged graph with an inserted photograph of the actual experimental setup. (E) Performance comparison of the BCTS with an infrared
camera and (F) with a commercial temperature probe. (G) Voltage variation of a power source during the BCTS operation. The red-dashed line at
144 hours indicates the cessation point of BCTS due to filled flash memory.

5618 | Nanoscale, 2024, 16, 5613-5623

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3nr05784d

Published on 27 February 2024. Downloaded on 7/27/2025 7:14:45 PM.

Nanoscale

thermal measurements with an absolute temperature accuracy
of 0.3 °C through physical contact with a thermal pad
(Fig. 3B). Here, the sensor measures body temperature with a
moderate response time of 19 seconds (from 19 °C to 42 °C,
ESI Fig. S107), and the data are then stored in flash memory.
Then, data are transmitted wirelessly when the user wishes to
extract the information (Fig. 3C). A comparative experiment
further confirms the effectiveness of the thermally managed
composite layers within the BCTS. In this experiment, we posi-
tioned two different types of sensors, one with an intrinsic
elastomer and the other with thermally managed composites,
between two thermoelectric heaters (Fig. 3D). When we acti-
vated the lower heater, the thermally managed encapsulated
device demonstrated a faster response to the applied heat, pri-
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marily due to the higher thermal conductivity of the alumi-
num nitride composite at its base. Conversely, the hollow
silica composite acted as a thermal insulator, resulting in
lower temperature measurements when compared to the
intrinsic elastomer encapsulated device after activating the
upper heater. This outcome emphasizes the BCTS’s ability to
sensitively detect localized heat and protect against external
interference.

Comparing BCTS with conventional thermometers can
demonstrate its suitability as epidermal sensing electronics.
Contactless thermal measurements using infrared radiation
yield results nearly identical to those obtained with BCTS
(Fig. 3E). In an aquatic environment that experiences tempera-
ture changes involving heating and cooling, the similarity in
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Fig. 4 Temperature sensing in real-life application contexts. (A) BCTS reading of skin temperatures at 4 anatomical regions (armpit, abdomen,
forearm and calf) during an exercise routine at 18 °C ambient temperature (top right). BCTS reading at the same body regions during the same exer-
cise under 28 °C ambient conditions (bottom right). (B) 24-hour monitoring of skin temperature at four anatomical regions (armpit, abdomen,
forearm and calf) using the BCTS. Food intake (yellow and pink) and sleep (green) periods are highlighted in different colors.

This journal is © The Royal Society of Chemistry 2024

Nanoscale, 2024, 16, 5613-5623 | 5619


https://doi.org/10.1039/d3nr05784d

Published on 27 February 2024. Downloaded on 7/27/2025 7:14:45 PM.

Paper

results with a commercial temperature probe confirms the sat-
isfactory performance of BCTS (Fig. 3F). Another notable
aspect in the test is the underwater (phosphate buffered solu-
tion, pH 7.4) operation of BCTS, which was confirmed for a
continuous 70-minute duration under dynamic temperature
conditions. This capability is achieved due to its seamless
bilayer encapsulation, which is inherently hydrophobic.*® With
current consumption of 0.94 mA during the temperature
reading, BCTS exhibits an operational lifetime of over 6 days
with a 140 mA h power source (Fig. 3G). Long-term durability
and skin affinity tests ensure prolonged usability of the inte-
grated device, along with the electrical lifespan (ESI Fig. S11
and S127). Consequently, BCTS demonstrates long-term and
robust performance across varying environmental conditions,
suggesting its potential as an epidermal temperature sensor,
in addition to the functional validation.

The study extends its focus to the monitoring of body temp-
erature within the context of intense exercise routines under
both relatively warm and cold ambient conditions (Fig. 4A). In
the scenario of exercising under relatively cold ambient con-
ditions (18 °C), the armpit temperature, closely linked to the
core body temperature, consistently decreases. This initial
decline in skin temperature aligns with the findings from a
similar study conducted elsewhere, which proposed that the
reduction in skin temperature during the initial phase of exer-
cise is attributed to non-thermal factors inducing vasoconstric-
tion.** Additionally, the calf muscle temperature exhibits a
steady increase, while the abdominal temperature remains
relatively constant, collectively indicating an increased blood
flow to certain body areas, such as calf muscle during repeti-
tive squatting exercises.*>*® A similar temperature change
observed during exercise in a moderately warm environment
(1 °C) confirms that the composite encapsulant effectively
shields the temperature sensing element from its atmospheric
surroundings. This protection remains effective even in the
presence of rapid movements that could otherwise impact the
sensor’s thermal environment.

Other advantages include its light weight, flexible structure,
and energy-efficient operation, all of which are well-suited for
the investigation of circadian rhythms spanning more than
24 hours. For example, body temperature serves as an indi-
cator of essential daily processes, such as the digestive
events. Our 24-hour temperature monitoring in this study
demonstrates that the temperatures obtained from the
armpit consistently show higher values when compared to
the axillary temperature, with a tendency to decrease during
sleep periods relative to periods of physical activity (Fig. 4B),
aligning with similar findings reported elsewhere.’” Here,
the occasional temperature fluctuations in the forearm and
calf muscles during the sleep period can be attributed to
movements and shifts in axillary body regions, as well as
the use of blankets to cover the body. On the other hand,
temperature exhibited a noticeable increase, rising to
36.2 °C, during meal consumption, also agrees well with the
results reported in other studies.”® With its ability to accu-
rately track disturbed sleep and various physical activities,
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our sensing system’s data can potentially provide insights
into the fundamental factors influencing well-being.

Conclusion

The objective of this study is the development of a temperature
sensing system that not only reduces errors stemming from
thermal interactions with the surrounding environment, but
also utilizes electronic components for wireless data trans-
mission. The evaluation of the modified thermal and mechani-
cal properties of the encapsulant and substrate in the wireless
temperature sensor validates its suitability to be used as an
epidermal temperature sensor, where characteristics like flexi-
bility, thermal insulation from the environment, and efficient
thermal conduction from the body are essential. The epider-
mal temperature sensing system in this study has the capacity
for data acquisition outside of the intensive care unit, making
it effective in tracking temperature in daily life scenarios. The
circuit design using the near-field communication protocol
can extend its functionality not only to wireless communi-
cation, but also to wireless power transmission (ESI Fig. S137).
Such an additional functionality can overcome the limitation
of the battery, which imposes the most significant restriction
on the size of the device. In addition, enhancing the device
with a more optimized geometry, such as a porous structure,
has the potential to improve the breathability of the wearable
temperature sensor. Consequently, the reduction in dimension
and weight allows for scalability, expanding the application to
infants or small animals.>*™*' A reliable chip-based tempera-
ture sensing system and methods to mitigate external errors
can offer a suitable solution for elderly human subjects experi-
encing a decline in internal heat generation due to aging.'®
This interdisciplinary effort may provide the foundational
framework for the encapsulation strategy in the advancement
of next-generation wireless epidermal electronics.

Method

Fabrication of the bilayer composite temperature sensor

The sensor fabrication process starts with the spin coating of a
PDMS (Sylgard 184, Dow Corning) and aluminum nitride
(241903, Sigma-Aldrich) composite at 800 rpm for 60 seconds,
followed by baking at 90 °C for 10 minutes. The PDMS-alumi-
num nitride mixture is prepared with a 60 wt% ratio of alumi-
num nitride in silicone, which would be the substrate
(0.2 mm) of the sensor. Simultaneously, a copper circuit with a
thickness of 10 um is precisely cut using laser technology onto
a water-soluble tape (Aquasol Corporation). Subsequently, the
circuit, affixed to the tape, is meticulously transferred onto the
aluminum nitride substrate. The tape is removed through
water washing, leaving the copper circuit securely on the sub-
strate. After the successful transfer of the circuit onto the
aluminum nitride substrate, a capacitor for impedance match-
ing and a sensor chip (NHS 3100, NXP Semiconductors) are
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integrated into the circuit. Additionally, a coin cell battery
(CR1632, Panasonic) is soldered onto the system. Finally, the
entire setup is encapsulated using a hollow silica microsphere
(HEATBLOK-R20, ESAI) and PDMS mixture with a 30 wt% ratio
of the composite and silicone (3.5 mm) to ensure protection
and stability. The completed system has a width of 24 mm and
a height of 40 mm.

Comparison experiment of each layer through an infrared
camera

In the infrared experiment, three sheets of equal thickness
(0.3 mm) made of the aluminum nitride composite, hollow
silica composite, and intrinsic silicone were placed on the
same resistor heater. Upon applying voltage to the heater, it
began emitting heat. The IR camera (FLIR A600, FLIR)
measured the temperature on the side opposite to the heat
source of each sheet for 300 seconds.

Cross-sectional image of a hollow silica composite

The cross-sectional images of a hollow silica composite before
and after deformation were captured using an optical micro-
scope (HNM800, HiMaxTech Co., Ltd).

Temperature measurements

Thermoelectric plate modules, which cool themselves with a
forward bias and heat themselves with a reverse bias, were uti-
lized to test the thermal performance of the composite-aided
near-field communication temperature sensor. The bottom
and top of the sensor system were sandwiched by the two
plates (Thermoelectric module, TES1-4903) that were regulated
to be at different temperatures (ESI Fig. S14f). The plate
attached to the bottom was heated to 38.8 °C as soon as the
experiment started and heating was continued for 230
seconds. Then, the plate attached to the upper part of the
sensor was also heated to 88.2 °C and heating was continued
for 170 seconds. The comparison experiment between the
commercial temperature probe sensor used underwater and
the sensor presented in this study was carried out in a beaker
(ESI Fig. S15%). The beaker filled with phosphate buffered solu-
tion (LB001-02, WELGENE) was placed on a hot plate set to
90 °C for 30 minutes and then cooled to room temperature
(ESI Fig. S167). During this time, both the probe temperature
sensor inside the water in the beaker and the sensor from this
study measured the temperature.

Mechanical simulation

The deformed shape of the device and the strain distribution
induced when the device is bent are modeled using a commer-
cial 3D finite-element analysis simulation program, ABAQUS.
The hollow silica composite layer and the aluminum nitride
composite layer consisted of twenty-node quadratic hexahe-
dron elements (C3D20 in ABAQUS). The copper circuit con-
sisted of four-node shell elements (S4 in ABAQUS). We verified
the mechanical stability of the device, which was deformed
according to the predefined bending radius or the predefined
axial strain of the composites, by comparing the maximum
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strain induced in the copper circuit of the device with its
failure strain, 1%. The elements were finely divided until the
accuracy of the result was no longer improved and it was con-
verged (i.e., mesh convergence). The Young’s modulus (E) and
Poisson’s ratio (v) were Egjjica = 3.42 MPa and vgjicq = 0.44 for
the hollow silica composite; Eajuminum nitride = 3-39 MPa and
Valuminum nitride = 0.42 for the aluminum nitride composite;
Ecopper = 119 GPa and veopper = 0.34 for copper.

Experiment comparing hot and cold environments after
attaching temperature sensors

The sensors were affixed to the abdomen, forearm, calf and
armpit, and the test subjects engaged in physical activities in
environments set at controlled temperatures of 18 °C and
28 °C, respectively. The participants performed 20 push-ups,
50 squats and 15 burpee tests for 2 minutes and 30 seconds.
After the exercises, there was a similar rest period of 2 minutes
and 30 seconds.

Protocols for human subject studies

The studies were approved by the Sungkyunkwan University
Institutional Review Board, Suwon, Korea (IRB File No. SKKU
2023-10-036). The male subject (age 27, 174 cm, 70 kg) partici-
pated in the 24-hour long-term study and exercise in different
temperature environments. A double-sided medical silicone
adhesive (2477P, 3M) secured the device to the skin at the
region of interest. For the 24-hour and exercise study, the
custom-designed temperature sensors under study are body-
mapped and placed on the forearm, armpit, abdomen, and
calf. After each measurement session, sterilization of the
device was executed using 70% isopropyl alcohol.

Thermal characterization of the composites

The thermal conductivity measurements were conducted on
each film sample with a thickness of 1 mm and dimensions of
50 mm by 50 mm. The measurements were performed using a
thermal conductivity instrument (Trident MTPS, C-THERM)
that employs the modified transient plane source method. In
this method, heat is generated through the application of
current to the coil attached to the lower surface, and the
changes in voltage are calculated to determine the thermal
conductivity. Each sample was measured five times. TGA (TGA
8000, PerkinElmer) was used to investigate the range of appli-
cation temperatures and degradation temperatures of the
PDMS/aluminum nitride and PDMS/hollow silica microsphere
composites by heating from 0 °C to 900 °C. The temperature
rise was scheduled at 10 °C min~". Using this information, the
testing temperature range of DSC (DSC 250, TA Instruments)
was chosen, then the samples were heated to 250 °C, cooled to
—80 °C, and then heated again to 250 °C at 10 °C min™" at all
stages while heat flow was being measured. Latent heat was
measured from final heating to exclude the effects from
thermal history.
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Thermal simulation

The temperature profile of the composite layer compared to
pristine PDMS at different ambient temperatures, while being
attached to the skin, is modeled using commercial 3D finite
element analysis simulation software ANSYS 2023 R1. The
simulation was conducted with the assumption of free convec-
tion from the ambient environment, device not generating
heat, and no deformation within the device. The PDMS-hollow
silica microsphere composite had a thermal conductivity of
0.09 W m™' K™ and the PDMS-aluminum nitride composite
layer had a thermal conductivity of 0.71 W m™" K", each
corresponding to the experimentally verified values. The top
surface as well as the sides of the device are subject to free
convection at 0 °C, 10 °C, 25 °C, and 45 °C, while the bottom
of the surface was influenced by conduction at a fixed tempera-
ture of 37 °C, which is the approximate body temperature. The
convective heat transfer coefficient was set at 10 °C.

X-ray related characterization of aluminum nitride and hollow
silica microspheres

Each powder sample of aluminum nitride and hollow silica
microspheres is magnified under a scanning electron micro-
scope (SEM). The equipment used is a focused ion beam SEM
(Helios 5 UC, FEI). Addition of 3 nm of platinum was required
for providing conductivity. After the SEM image was obtained,
dispersive X-ray spectroscopy (EDS) for elemental mapping was
performed for each powder sample used to create the compo-
site (ESI Fig. S17f). To ensure the results from EDS, X-ray
photoelectron spectroscopy (XPS) (AXIS Supra+, Kratos) was
also conducted on the same powder samples. XPS requires
that carbon is added to the powder samples for equipment
calibration. Finally, the degrees of crystallinity of the samples
were tested using XRD (D8 Discover, Bruker). The results of
the silica samples were confirmed by examining the sample
using a long scan.

Skin affinity and biocompatibility test

The device was attached to the forearm of a male subject (age
28, 177 cm, 72 kg) for 24 hours to observe changes in the skin.
The device was attached to the skin and then detached and
reattached every 6 hours, and photographs were taken of each
state.

Long-term durability test

The fabricated sensor was immersed in water in a beaker for
24 hours and stirred with a stir bar. The beaker was heated on
a hot plate, the water temperature was maintained at 28 °C,
and the stirring was performed at 60 RPM. Similarly, the
device was taken out from the water every 6 hours, and the
device was exposed to the same heat source to measure the
temperature.

Self-inductance and self-resonance frequency measurement

The self-inductance of the inductive antenna was measured in
the low-frequency range of 50 to 150 kHz to mitigate the influ-
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ence of parasitic capacitance. The self-resonance frequency,
accounting for the parasitic capacitance, was measured at
13.56 MHz. Both values were obtained through S11 Smith
chart analysis using a vector network analyzer (E5072A,
Keysight).

Wireless power transmission measurement

A power distribution controller (A6102-0198, NEUROLUX) was
utilized as the wireless power source. The controller was con-
nected with wires wound at a vertical interval of 4 cm, encir-
cling a 25 x 25 cm-sized acrylic cage. After impedance match-
ing with an antenna tuner (AUT-0150, NEUROLUX), the output
power was set to 4 W with a 100% duty cycle for operation. The
wireless recharging device was positioned at the center of the
cage, and the output current power was measured using a
digital multimeter (NI USB-4065, National Instruments).

Data availability

The data that support the findings of this study are available
from the corresponding author upon request.
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