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Abstract
Thermotherapy is a conventional and effective physiotherapy for arthritis. However, the current thermotherapy devices
are often bulky and lack real-time temperature feedback and self-adjustment functions. Here, we developed a
multifunctional wearable system for real-time thermotherapy of arthritic joints based on a multilayered flexible
electronic device consisting of homomorphic hollow thin-film sensors and heater. The kirigami−serpentine thin-film
sensors provide stretchability and rapid response to changes in environmental temperature and humidity, and the
homomorphic design offers easy de-coupling of dual-modal sensing signals. Based on a closed-loop control, the thin-
film Joule heater exhibits rapid and stable temperature regulation capability, with thermal response time < 1 s and
maximum deviation < 0.4 °C at 45 °C. Based on the multifunctional wearable system, we developed a series of user-
friendly gears and demonstrated programmable on-demand thermotherapy, real-time personal thermal management,
thermal dehumidification, and relief of the pain via increasing blood perfusion. Our innovation offers a promising
solution for arthritis management and has the potential to benefit the well-being of thousands of patients.

Introduction
Arthritis is a chronic disease that affects the well-being of

millions of people all over the world. Featured as the
inflammation, swelling, and stiffness around the joints1–4,
arthritis brings severe pain and inconvenience to patients,
especially the elderly. According to the current consensus
of the medical community, arthritis is incurable, while
fortunately, it can be relieved by some physical thera-
pies5–8. Among them, thermotherapy can promote local
vasodilation, enhance blood perfusion, and thereby alle-
viate pain and reduce joint stiffness with minimal side
effects, thus, it is the most widely used and highly recom-
mended physical therapy to the majority of patients9–11.
However, conventional thermotherapy tools (i.e., hot

towels, hot water bags, and hot patches) lack temperature
regulation, which can cause either burn hazards or
diminishing treatment effectiveness over time. Some
commercial heating wraps and medical devices can control
and maintain the heating temperatures, while they are
often bulky and heavy to wear continuously. Additionally,
joints of arthritis patients are adversely affected by cold and
humid environments before the awareness of patients,
while existing thermotherapy methods are passive and do
not have automatic sensing functions, thus they usually fail
to assess when treatment is needed. As a result, there is an
urgent need for a timely, automated, safe, stable, and
portable thermotherapy solution for arthritis patients.
Recently, due to the innovations in flexible electronics,

significant advancements have been made in wearable
devices for personal thermal management and healthcare.
Flexible Joule heaters that offer on-demand temperature
control by adjusting the applied voltage have been
developed. For example, Gong et al.12 reported a thermo-
responsive polymer nanomesh film that can function as a
flexible Joule heater, triggering the on-demand release of
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antibiotics to combat bacterial infection at wound sites.
Zhao et al.13 developed a multifunctional MXene-based
smart fabric for biomedical applications, incorporating a
safe, all-in-one thermotherapy platform with a humidity-
dependent temperature response mechanism. Materials
used in Joule heaters, including metals, are also suitable
for resistance temperature detection. However, to achieve
safe and intelligent on-body heating, an independent
temperature sensor for real-time feedback is necessary.
To gain the ability of feedback control, Ge et al.14 devel-
oped a smart dressing for exudate managing and on-
demand treatment of chronic wounds, which utilizes a
liquid metal Joule heater and a commercial temperature &
humidity sensor (SHT21, Sensirion, Switzerland). Park
et al.15 presented a skin-integrated system with pro-
grammable thermal interface, featuring a fractal-shaped
Cu electrode as a heating element and an NTC thermistor
(ERT-J0EV104FM, Panasonic, Japan). However, the
device has a rigid encapsulation that can impair sensor
response performance and cause modulus mismatch with
flexible electronics. To solve this issue, researchers inte-
grated self-developed thin-film temperature sensors with
heaters. Kang et al.16 presented a multifunctional, wear-
able thermal patch composed of a graphene-based Joule
heater as well as a capacitive temperature sensor array for
thermotherapy. Liu et al.17 proposed an all-in-one self-
degradable flexible skin patch, which consists of a Zn-Ag
grid-line Joule heater and a Zn temperature sensor. These
devices demonstrate the function of accelerating wound
healing by animal experiments, however, they are not
suitable as a wearable thermal treatment device for
arthritis patients due to three shortcomings. First, the
devices are not stretchable, thus they are hard to adapt to
the movements of joints, which are the typical lesions of
arthritis. Second, the devices do not have the function to
sense humidity, which is another major cause of arthritis.
At last, the heater is installed under the temperature
sensor, which may cause the failure of the temperature
sensor regarding heating temperature feedback before
human skin gets burned.
In this work, we present a stretchable multifunctional

wearable system that can perform real-time monitoring of
the joint’s microenvironment and conduct on-demand
thermotherapy automatically. The system integrates a
thin-film Au temperature sensor, a poly(3,4-ethylene-
dioxythiophene) (PEDOT) humidity sensor, and an Au
heater, stacked layer by layer on a kirigami−serpentine
polyimide (PI) substrate. The kirigami−serpentine struc-
ture enables the stretchability of the device as well as
rapid response of sensing and heating. Also, all the layers
have a homomorphic shape, offering easy de-coupling of
dual-modal sensing signals. The system ultilizes a flexible
printed circuit for real-time signal processing, close-loop
control, and wireless transmission, and a rechargeable soft

pack battery for power supply. The performance of the
sensors and heater is characterized, verifying their fast
response and good stability. Based on the real-time
monitoring and feedback function of our system, we
demonstrate three applications, including programmable
on-demand thermotherapy, real-time personal thermal
management and thermal dehumidification, covering
personal treatment to daily management. Furthermore,
the effect of thermotherapy empowered by our system is
evaluated by photoplethysmography (PPG) technique.
Our work enables a series of user-friendly wearable and
wireless gears that can significantly promote the effec-
tiveness and convenience of arthritis management, and
therefore is able to relieve the pain of numerous patients.

Results and discussion
Design of the system
Figure 1a illustrates the overall design of the multi-

functional wearable arthritis thermotherapy system. The
device mainly consists of two parts: a multilayered
serpentine-shaped unit (MSU) and a flexible printed cir-
cuit board (FPCB). The MSU (4 cm × 1 cm in area)
integrates an Au temperature sensor, an Au heater, and a
PEDOT humidity sensor on a kirigami−serpentine poly-
imide (PI) substrate layer by layer. Au is selected for the
material of the temperature sensor and the Joule heater
due to its excellent stability, ductility, conductivity, and
high temperature coefficient of resistance (TCR)18.
PEDOT is chosen as the material of the humidity sensor
because of its high conductivity and humidity sensitivity19.
Most commercial PEDOT is doped with polystyrene
sulfonate (PSS) to enhance its water solubility; however,
the non-conductive PSS groups can reduce con-
ductivity20. To solve this issue, a secondary doping is
performed to the PEDOT:PSS solution to improve its
stretchability and conductivity21,22. The control of
arthritis thermotherapy and signal processing & trans-
mission functions are done by an FPCB, with schematic
diagram shown in Fig. 1b. The FPCB (4 cm × 5 cm in area
without extended pads) primarily contains two analog-to-
digital converter (ADC) chips, a microcontroller unit
(MCU) chip, a Bluetooth low energy (BLE) chip, and
several RCL components for signal acquisition, proces-
sing, and wireless transmission. The entire system is
powered by a rechargeable soft pack battery. The MSU
and FPCB pads are connected using conductive silver
paste. The alignment of two components is achieved with
the assistance of through-hole solder pads on the FPCB,
which can constrain the uncured conductive silver paste
to only cover the pad area of the MSU (Fig. 1c). The
details of the fabrication process can be found in the
Methods section and Supplemental Material (Fig. S1).
It is well known that PI film is suitable to serve as the

substrate or insulation layer of flexible electronics for its
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excellent thermal stability, chemical durability, electrical
insulation and mechanical property23–26. However, PI has
relative limited stretchability comparing with other com-
monly used flexible substrate materials (such as TPU27–29,
PDMS30–32, Ecoflex33–35 and hydrogel36–38). To accom-
modate deformation induced by wearing or the move-
ment of joints, the PI substrate of the MSU is designed as
a hollowed kirigami-serpentine shape to enhance its
stretchability (Fig. 1d). The designed structure can be
reversibly stretched easily, reducing the maximum stress
by converting the tensile strain to bending deformation.
The detailed design of MSU is shown in Fig. 2. The

temperature sensor, humidity sensor and Joule heater
have homomorphic kirigami-serpentine structure. Two PI
dielectric layers for insulation are sandwiched between the
substrate and the functional layers (Fig. 2a). As shown in
Fig. 2b, the functional components of the sensors and the

heater share the same shape as the serpentine PI sub-
strate, while the line width of the temperature sensor and
heater is slightly narrower than the substrate, ensuring
complete insulation after laser cutting of the PI substrate.
Furthermore, as depicted in Fig. 2c, the area of the upper
layer is smaller than that of the lower layer to locally
expose the pads of the sensors and heater. The kirigami-
serpentine structure ensures a larger deformation range.
Finite element analysis (FEA) was conducted using
COMSOL Multiphysics software to illustrate the stress
distribution of the PI substrate during stretching defor-
mation (Fig. 2d). According to literature, the tensile
strength of PI film is generally below than 200 MPa39. As
shown in Fig. 2e, the FEA results indicate that the max-
imum stress of a PI film without a serpentine structure
exceeds the tensile fracture limit when stretching defor-
mation is 5%. In contrast, the kirigami-serpentine
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wearable device. d Flexibility and stretchability of MSU
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structure can withstand over 25% tensile deformation
with stress smaller than 100MPa, just half of the tensile
fracture limit. Figure 2f shows the results of the stretching
experiments. The hollowed serpentine PI device is
attached to skin and stretched for 15% without fracture.
According to literature, though at certain position the
joint movements can deform the skin by more than 50%,
for most parts the deformation is less than 20%40–43. For
the selected wearing position in this paper, our experi-
ment data shows the strain on the knee in different
directions are less than 20% after bending (Fig. S2). The
results verify the kirigami-serpentine shape sensor can
sustain strain caused by joint movements.

Characteristics of sensors and heater
The performance of Au temperature sensor, PEDOT

humidity sensor and the heater is investigated and pre-
sented in Fig. S3. As shown in Fig. S3a, the resistance of
the Au temperature sensor exhibits a linear response
(linearity= 0.999) to temperature variations from 10 °C to
50 °C, with a TCR of 0.31%/°C, which is comparable to
commercial platinum thermistors (0.39%/°C). Benefiting

from the excellent thermal stability and low thermal
expansion coefficient of PI, the temperature sensor pro-
vides stable responses to constant temperatures at various
levels (Fig. S3b). The thin-film and hollowed feature
allows the Au temperature sensor to reach thermal
equilibrium with the heat source quickly. The response
time and recovery time of the Au temperature sensor,
defined as the time to reach 90% of the steady-state value,
are 0.27 s and 1.58 s, respectively (Fig. S3c). Additionally,
due to the encapsulation of the PI dielectric layer, the Au
temperature sensor shows almost no response to
humidity changes (Fig. S3d).
The PEDOT humidity sensor is sensitive to both tem-

perature and humidity variations. Here, the sensitivity of
the humidity sensor is defined as S ¼ 4R

R0
=4%RH . As

shown in Fig. S3d, the PEDOT layer exhibits a segmented
linear response to humidity changes, with a sensitivity of
−0.086 in the range of 10% RH to 45% RH, and −0.034 in
the range of 45% RH to 90% RH. Meanwhile, the resis-
tance of the PEDOT humidity sensor also shows a linear
response (linearity= 0.997) to temperature, with a TCR of
−0.41%/°C (Fig. S3a), which simplifies the decoupling of
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temperature-induced crosstalk in the PEDOT humidity
sensor. The PEDOT humidity sensor shows stable
responses to constant humidity at different levels (Fig.
S3e), with a response time and recovery time of 0.02 s and
15.76 s, respectively (Fig. S3f).
As illustrated in Fig. S3g, the output temperature of Au

heater is increased with applied voltage, which matches
with Joule’s law. This relationship can be used to realize
the desired temperature by adjusting the applied voltage,
but it also induces a delay of several minutes for heating.
Moreover, it is hard to guarantee the safety of the heating
process without real-time feedback of heating tempera-
ture. Herein, the Au heater and Au temperature sensor
are simultaneously controlled by the MCU. A pulse-width
modulation (PWM) based on proportional integral deri-
vative (PID) control is applied to realize an accurate,
stable and rapid close-loop control of heating process (as
shown in Fig. S3h). According to the results in Fig. S3I, it
takes less than a second for Au heater to heat up from the

room temperature (~25 °C) to 45 °C, which is obviously
faster than the heater without close-up control in Fig. S3g,
and faster than other reported studies (Table S1)12–17,42–55.

Tensile test
The signal accuracy of resistive-type sensors is usually

compromised by repeated use and deformation, particu-
larly by tensile strain. The preferred strategies to suppress
such impacts include de-coupling the signals with the help
of an additional strain sensor26,56, using intrinsically strain-
insensitive materials57,58, or deformation-insensitive geo-
metric designs59–61. Here, we verified that the kirigami-
serpentine structure can mitigate the effects of tensile
strain, resulting in negligible disturbances to the sensor
resistance.
As shown in Fig. 3a–c, when the MSU is repeatedly

stretched from 0 to 20%, the maximum relative changes in
resistance of the Au temperature sensor and PEDOT
humidity sensor are 0.08% and 0.14%, respectively,
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corresponding to measurement errors of 0.26 °C and
−4.11% RH, which meet the B-class accuracy specified by
the international standard IEC 60751-2022. Besides sen-
sing, the stability of heating temperature is crucial not
only for the effectiveness but also for the safety of ther-
motherapy treatment. As shown in Fig. 3d, the output
temperature of the Au heater during repeated tensile
deformation is recorded by an infrared camera. During
the stretching process, fluctuations in the output tem-
perature of the Au heater are primarily caused by two
factors: noticeable while irregular fluctuations caused by
environmental disturbances (Fig. 3e), and relatively small
while regular variations due to stretching deformation
(Fig. 3f). In contrast, due to the high accuracy and instant
feedback provided by the Au temperature sensor, the Au
heater with closed-loop control is able to consistently and
rapidly maintain a stable output at different target tem-
peratures over 1000 cycles (Fig. 3f). For example, for the
preferred thermotherapy temperature of 45 °C, the max-
imum deviation in output temperature of the heater with
and without closed-loop control are −0.39 °C to 0.34 °C
and −2.59 °C to 2.97 °C, respectively. These results
demonstrate that closed-loop control can effectively
suppress output temperature fluctuations of the Au heater
by an order of magnitude compared to the heater without
closed-loop control. Additionally, by using the serpentine
structure to counteract the effects of tensile strain, the
average heating temperature with closed-loop control is
44.96 ± 0.09 °C (Fig. 3f). This indicates that our system can
reduce the deviation in heating temperature to less than
0.1 °C at 45 °C, ensuring the stability and safety of ther-
motherapy treatment.
In addition, the influence of human motion on our

system was investigated. Figure 3g, h demonstrates the
relative resistance change of the temperature sensor and
humidity sensor during walking (the speed is ~3 km/h)
and running (the speed is ~7 km/h), respectively. The
system was fixed on the joint of the participants by
transparent medical tape (Fig. S4), and an accelerometer
(MPU6050, TDK InvenSense, USA) was integrated onto
the FPCB to monitor the movement of knee joints. It is
noted that periodic fluctuations are recorded by the
humidity and temperature sensors. The fluctuations
match the signals recorded by the accelerometer, which
reflects the step frequency of walking or running.
Although the motion of humans can induce notable
fluctuations in the sensors, the accurate humidity and
temperature can be obtained by calculating the average
as indicated by the dashed lines in Fig. 3g, h. The
humidity is almost constant when the participant is
walking, while it shows a slight increase when running.
On the other hand, the temperature increases 0.34 °C
and 0.59 °C when walking and running, respectively.
Considering the temperature rise and sweating caused

by exercise, the on-body test results are reasonable.
Furthermore, to evaluate the long-term stability of our
stretchable device, the electrical resistance of MSU was
recorded after daily testing. As shown in Fig. 3i, the
electrical resistance of both sensors and the heater
remains nearly constant during the test. The consistency
results are comparable to the studies reported in other
literatures44,47,53.

On-body applications
The multifunctional system is compact and light-

weight (Fig. S5) to be easily integrated into clothing for
wearable real-time thermotherapy and thermal man-
agement. For demonstration, the multifunctional system
was attached to a knee (Figure S6). The basic working
principle of a multifunctional system for knee joint
protection is illustrated in Fig. 4a. When a cold source
(ice pack) approaches the knee joint and brings the
temperature down to an unhealthy level, the heater
rapidly responses and warms up until the temperature of
knee joint returns to normal. Based on this fundamental
principle, three extended applications are demonstrated
in Fig. 4b–g. The first one is programmable on-demand
thermotherapy. As shown in Fig. 4b, c, the temperature,
duration, and interval time of each heating cycle can be
customized according to medical advice. The program-
mable multifunctional system enables arthritis patients
to receive personalized thermotherapy regardless of time
and place limitations.
The second application is real-time personal thermal

management. For arthritis patients, it is crucial to focus
not only on regular treatment but also on daily manage-
ment. As shown in Fig. 4d, the multifunctional system was
mounted on the knee joint of the participant and collected
data during the process of wearing, walking and taking off.
Figure 4e displays the process of the system maintaining
the temperature around the knee joint from indoor to
outdoor and then back indoor (Sample-1). For compar-
ison, two other devices were used to record temperature
variations of the knee joint without heating (Sample-2)
and the environment temperature (Sample-3). The preset
threshold temperature to trigger heating is 30 °C, and the
target heating temperature is 45 °C. At the beginning of
the test (0th min to 10th min in Fig. 4e), the multi-
functional system senses the room temperature indoor is
~22 °C, thus the heater raises the temperature to the
target level (45 °C) for preheating before wearing. When
the volunteer stays indoors, the temperature of the knee
joint can be maintained, so the heater stops heating to
conserve power (10th min to 15th min in Fig. 4e). While
when the volunteer is moving to an outdoor environment
(15th min to 45th min in Fig. 4e), the cold environment
(~7 °C) rapidly drops the temperature of the knee joint to
lower than the preset minimum temperature, prompting
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the heater to respond quickly and raise the temperature
again to keep the knee warm. After returning indoors
(45th min to 60th min in Fig. 4e), the heater continues
running to accelerate the temperature of knee recovery.

The third application is thermal dehumidification. In
addition to cold environments, damp air is also detri-
mental to arthritis patients. The degree of humidity in the
air is typically evaluated by relative humidity, which is the
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ratio of the actual water vapor pressure to the saturated
water vapor pressure. As demonstrated in Fig. 4f, when
the participant wears our device and enters a high
humidity environment (over 90% RH), the heater acti-
vates. As the temperature rises, the saturated water vapor
pressure increases sharply, leading to a rapid drop in
relative humidity during the heating period (5th min to
35th min in Fig. 4g). Simultaneously, heating promotes
the evaporation of moisture from the clothing and dis-
perses the water vapor in the microenvironment around
the knee joint. Compared to the initial conditions, this
change results in a significant decrease in the actual water
vapor pressure. Therefore, the control of relative humidity
can still be maintained for a period of time, even after
heating (35th min to 45th min in Fig. 4g).

Evaluation of thermotherapy effect by PPG
Appropriate thermal therapy can facilitate local vasodila-

tion and enhance blood perfusion62 to eliminate inflamma-
tory substances11, thereby alleviating swelling, relieving pain,
and inhibiting the progression of arthritis. Here, in order to
verify the effect of our wearable system, the PPG technique
was employed to measure blood perfusion in local micro-
circulation. A standard PPG module consists of a light-
emitting diode (LED) that emits light and a photodetector
that detects the emitted light63. The basic principle of the
reflective-type PPG module is illustrated in Fig. 5a. When
the light emitted by the LED passes through the human
body, it is partially absorbed. The remaining reflected and
scattered light is detected by the photodetector and con-
verted into an electrical signal, i.e., the PPG signal. As shown
in Fig. 5b, the waveform of PPG signals can be divided into
pulsatile part and steady part. The pulsatile part is related to
the volume change of blood in the arteries, originating from
the cardiac cycle. The steady part, or non-pulsatile part, is
influenced by biological characteristics such as skin color,
tissue composition, and ambient light. Since the blood
absorbs more light than surrounding tissues, an increase in
blood flow will lead to a more pronounced changes in the
pulsatile part of PPG signals.
As shown in Fig. 5c, the MSU and PPG module are

securely attached to the knee joint using a light-proof
medical tape to measure changes in the PPG signal in situ.
The volunteer maintains a fixed sitting position during
signal acquisition to minimize interference from motion
artifacts. Figure 5d illustrates the PPG signal before, dur-
ing, and after the heating process of thermotherapy.
Compared to the signal before heating (insert figure (i) of
Fig. 5d), the increased blood flow results in a noticeable
increase in the amplitude of the pulsatile part of the PPG
signal (insert figure (ii) of Fig. 5d). When the heating stops,
the PPG signal returns to its pre-heating level (insert figure
(iii) of Fig. 5d). In addition, the PPG signals from the other
eight samples are recorded in Fig. 5e and Figure S7. The

selected volunteers are healthy adults with normal blood
circulation function, including four males and four
females, with age ranging from 23 to 30. The heating starts
from the 5th min and ends at the 10th min with the
temperature set at 45 °C. For all eight samples, a significant
increase in the amplitude of the pulsatile part of the PPG
signal can be found after applying thermotherapy, as
shown in Fig. S8. The amplitude of the pulsatile part
(calculated as average relative amplitude change) increases
from 1.0‰ to 2.5‰, with an increase of 149.5 ± 61.5%. The
reproducible and distinguishable trend indicates that PPG
signal can be used to reflect the dilation of local blood
vessels under thermal stimulation. Although the specific
relationship between thermotherapy parameters and
treatment efficacy remains to be explored, it has been
confirmed that such-like devices can improve blood flow
at the joint44,47 and relieve pain during the clinical trial9.
The results demonstrate our system offers a convenient
and effective method for patients with arthritis to perform
thermotherapy on-demand.

Conclusions
In summary, we designed and fabricated a wearable elec-

tronic system for smart and real-time thermotherapy of
arthritic joints. Our device integrates a thin-film Au tem-
perature sensor, Au heater, and PEDOT humidity sensor in a
layer-by-layer arrangement on a PI substrate with a kirigami-
serpentine structure. This multilayer stacked configuration
leverages the advantages of micro/nanoscale thin-film func-
tional layers, offering higher integration compared to con-
ventional multifunctional devices that place functional units
on the same plane. The thin-film feature and closed-loop
control enable the Au temperature sensor and heater to
respond rapidly, providing timely, safe, and stable thermo-
therapy for arthritis patients. Furthermore, we demonstrated
the application of our device for personal thermotherapy
treatment and real-time thermal management. A preliminary
analysis was conducted to evaluate the effect of thermo-
therapy on enhancing blood perfusion using the PPG tech-
nique. Our system is validated to be effective to keep the
joints warm and low humidity in an automated, rapid, and
stable manner. In addition, it provides safe and personalized
schemes for arthritis thermotherapy.

Methods
Consent to participate
Informed consent has been obtained from the volun-

teers who participated in the experiments.

Fabrication process of multilayered serpentine unit
Preparation of PI substrate
First, a 75 μm thick PI film (BL0425, Guangzhou Shibei

Dragon Electronics, China) was cut into pieces of 70 mm
× 23mm. Then the PI film was sequentially ultrasonically
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cleaned in acetone and ethanol for 30min and then rinsed
by deionized water. After blowing by nitrogen gas and
drying on an 85 °C hot plate for 30min, the clean PI film

was flat fixed on a 76 mm × 23mm glass sheet by 3 mm PI
tape (Kapton, DuPont, USA), as the substrate of a mul-
tilayered serpentine unit.
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Fig. 5 Characterization of blood perfusion because of thermotherapy. a Schematic diagram of the relationship between vascular dilation and
PPG signal. b Composition of PPG signal. c Experimental setups for PPG signal acquisition during thermotherapy offered by the multifunctional
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Fabrication of Au temperature sensor
First, a 100 nm thick Au film was deposited on PI sub-

strate by magnetron sputtering (Lab 18, Kurt J. Lesker,
USA). Then, a positive photoresist (AZ MIR 703, AZ
Electronic Materials, USA) film was spin-coated at 600 rpm
for 9 s and 2500 rpm for 30 s, and soft baked on an 85 °C
hot plate for 30min. As follow, the photoresist layer was
exposed for 350mJ/cm2 (MA/BA6, SUSS Micro Tec, Ger-
many) after covering with a film mask (Shenzhen Qingyi
Photomask, China), and patterned by developer (AZ 400 K,
AZ Electronic Materials, USA) to serve as the mask of wet
etch of Au film. Subsequently, the Au film was immersed in
a mixture of KI, I2, and H2O (10 g: 2 g: 100mL) for 20 s to
remove the part without protection of the patterned pho-
toresist mask. Finally, the photoresist layer was flood-
exposed for 350mJ/cm2 and then removed by developer.

Fabrication of PI dielectric layer
First, a wafer protective film with weak adhesion was

covered on the pad area of the Au temperature sensor.
Then, the precursor of PI (PAA-1003, Changzhou Yaan
New Materials, China) was spin-coated on the PI sub-
strate at 600 rpm for 9 s and 4000 rpm for 30 s, to cover
the Au temperature sensor. After that, the wafer protec-
tive film was peeled off to partly expose the pad area.
Finally, the precursor was step-baked and imidized in the
oven at 80 °C, 160 °C, and 220 °C for 10min sequentially
to cure as PI dielectric layer. In addition, another PI
dielectric layer was formed using the same process after
the fabrication of the Au heater.

Fabrication of an Au heater
First, a 400 nm thick Au film was deposited on PI

substrate by magnetron sputtering. Then, the Au was
patterned by the same process in the fabrication of the Au
temperature sensor.

Fabrication of PEDOT humidity sensor
First, a wafer protective film with weak adhesion was

covered on the pad area of the Au temperature sensor and
Au heater. Then, a PEDOT:PSS solution (Meryer
(Shanghai) Biochemical Technology, China) was doped
with dimethyl sulfoxide (Meryer (Shanghai) Biochemical
Technology, China) and triton X-100 (Meryer (Shanghai)
Biochemical Technology, China) at a weight ratio of
50: 2: 1. Finally, the mixture was spin-coated on PI sub-
strate at 600 rpm for 9 s and 3000 rpm for 30 s, and cured
on 85 °C hot plate for 30 min.

Laser cutting of kirigami-serpentine shape
After all function layerswere integrated, the PI substrate

was cut by a femtosecond laser, with a power of 30W and
a pulse width less than 300 fs, to preserve the serpentine
structure.

Characterization of temperature and humidity sensor
The relationship curve of sensors was investigated in a

temperature and humidity controllable chamber (JK-HW-
50L, Pinsheng, China), the humidity was maintained at
50% RH during the temperature test in Fig. S3a, b, and the
temperature was maintained at 20 °C during the humidity
test in Fig. S3d, e. The MSU was placed out of the
chamber during the response test in Fig. S3c, f, the
response and recovery time of sensors were evaluated by
using an air flow exported from the chamber to brush the
MSU. During the temperature response test in Fig. S3c,
the temperature and humidity of air flow were 45 °C and
50% RH (same as the room humidity), respectively. Dur-
ing the humidity response test in Fig. S3f, the temperature
and humidity of the air flow were the same as the room
temperature (20 °C) and 90% RH, respectively. The strain
during the tensile test was applied by a universal testing
machine (E3000, Instron, USA). The resistance of sensors
was collected by an eight-channel digital multimeter
(TRION-2402-MULT-8-L0B, Dewetron, Austria) during
the aforementioned tests.

Characterization of heater
The Joule heating performance of the Au heater was

investigated by a digital thermometer (TX1002, Yoko-
gawa, Japan) and powered by a constant voltage source
(N2600-020-01, Hunan Next Generation Instrumental,
China), the room temperature was maintained at 20 °C
during the tests.

Tensile test
The MSU was stretched by the universal testing

machine (E3000, Instron, USA). The resistance variation
of Au temperature sensor and PEDOT humidity sensor
was recorded by a digital multimeter (PXIe-4081,
National Instruments, USA), and the heating temperature
of Au heater was recorded by an infrared camera
(UTI320E, UNI-Trend technology, China). The frequency
of tensile cycles was 1 Hz. During the tensile test, the
room temperature and humidity were maintained at 20 °C
and 50% RH, respectively.

Characterization of PPG signal
The PPG module (MAX30102, Maximintergrated,

USA) was driven by a minimum system board
(STM32f103c8t6, STMicroelectronics, TNCs). The sam-
pling frequency of the PPG signal was 100 Hz. The room
temperature was maintained at 20 °C during the tests.
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