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Flex-to-stretch hybrid electronics—bonding-free
robust interface for wearable wireless physiological
monitoring
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Park, Sunkook Kim

Abstract—Hybrid electronics require a robust mechanical
interface between externally fabricated stretchable sensors and
flexible printed circuit boards (FPCBs) to obtain stable
electrophysiological information. The most advanced technique
for the integration of FPCBs with stretchable sensors is
anisotropic conductive film bonding. Fabricating high-
performance sensors requires microfabrication techniques, such
as photolithography and etching, which are cumbersome and
expensive. Therefore, a sensor fabrication process that supports
FPCB manufacturing with lower complexity and cost is required.
Herein, we propose a bonding-free approach for fabricating
FPCBs and stretchable sensors on a single substrate. This
approach utilizes in- and out-of-plane mechanical gradients to
obtain a robust and durable mechanical interface for a smooth
transition of the internal mechanical stress compliance, as
confirmed by experiments and simulations. The gradient mesh
patterns, without ACF bonding, can withstand tensile strains of
over 30% before experiencing electrical breakdown. Additionally,
Kirigami-inspired mesh patterns can extend stretchability by over
100%. The electrical performance of temperature sensors (linear
response to temperature changes) and ECG sensors (clear
visibility of PQRST peaks) remains stable under various physical
activities. User-accessible, facile laser ablation and cutting
techniques compatible with the FPCB manufacturing process
were employed to fabricate stretchable sensors. This approach
enables the development of FPCB-compatible on-skin stretchable
sensors with robust mechanical properties.

Index Terms—stretchable electronics, bonding-free, robust
interface, physiological monitoring, laser ablation.
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[. INTRODUCTION

earable medical devices comprising

flexible/stretchable sensors integrated with flexible

printed circuit boards (FPCBs) that can serve and
facilitate real-time point-of-care diagnosis are of significant
interest owing to their ability to provide myriad services
without human intervention.[1]-[4] With the rapid growth of
the human population, the number of patients suffering from
infections, diseases, or illnesses seeking care from hospitals is
increasing. Therefore, it is difficult for hospital staff to manage
and treat patients in crowded hospitals owing to tight schedules
and limited space. Therefore, innovative, and inexpensive
wearable devices that can ubiquitously and continually monitor
primary vital signs, such as heart rate, blood pressure, and
temperature, are required to transmit information via wireless
communication in real-time to medical practitioners.[5] In
addition, these devices can significantly reduce the physical
involvement of doctors and patients in simple screening and
hospital stays. This ubiquitous diagnostic capability has
become important in the present COVID-19 scenario where
patients have been less exposed to practitioners and other
patients while receiving efficient consultation through
telemedicine.[6] Monitoring the critical physiological
parameters of the human body can also be important at
industrial sites. The real-time monitoring of the physiological
factors of workers at industrial sites, where there are several
risks owing to physical work overload, can help prevent
possible accidents.
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Wearable devices transitioning from rigid to flexible
to stretchable have emerged to mitigate the interfacial
mechanical mismatch between external sensor circuitry and soft
skin.[7]-[9] FPCBs that are integrated with mechanically
stretchable sensor circuitry processed by microfabrication
techniques are referred to as Flexible-to-stretchable hybrid
electronics (FSHE). While this approach offers an immediate
solution, it is overall inefficient due to two main reasons.
Firstly, the fabrication of stretchable sensors requires multiple
patterning and etching procedures (including etching of
polyimide substrates) that are tedious, labor-intensive, and
expensive. Secondly, ACF bonding necessitates manual
alignment, making the process inefficient.[2], [3] FSHE has the
following features: i) hard components—an FPCB integrated
with silicon-based IC components for computation, signal
processing, and data transmission, ii) soft components—
stretchable sensors for mimicking skin deformations and
conformal interfaces, and iii) an interface between the hard
(FPCB) electronics and soft sensors. The fabrication of
serpentine-based stretchable sensors using conventional
photolithography techniques would be challenging and
laborious, especially when attempting to directly fabricate them
on a single FPCB platform. Hence, a bonding-free single
platform for the seamless integration of FPCBs and structural
stretchable sensors stands as a technologically advanced and
promising solution. This development is crucial for the creation
of efficient and robust sensor acquisition devices, ensuring
mechanical endurance. In addition, sensors fabricated on
polyimide (PI) films are highly resilient to flexibility and
possess a high yield strength under tensile stress.

Here, we demonstrate a bonding-free, single-platform,
robust mechanical interface between structurally stretchable
electrophysiological sensors (electrocardiography (ECG) and
temperature) and an FPCB for wireless, real-time, and stable
physiological monitoring. The bonding-free strategy utilizes an
extended thin PI film, which is a middle layer for both the FPCB
and sensors. A facile subtractive laser manufacturing technique
was employed to fabricate the structurally stretchable sensors
without any detrimental effects on the FPCB. The electrical and
mechanical performances of the unbonded (bonding-free) test
samples under externally applied mechanical tensile strains and
cycles were better than those of the bonding sample, as
confirmed via experimental and simulation results. The key
contributions to be sought from this work are as follows: 1) the
primary novelty is the bonding-free single platform approach
for the manufacturing of FPCB and its associated structurally
stretchable sensors: Bonding-free suggests a more streamlined
and efficient manufacturing process, potentially reducing costs
and complexity. The use of a single platform implies integration
and consolidation of multiple steps or components, simplifying
the overall production process; 2) a stretchable in-plane
gradient serpentine widths pattern strategically designed to
reduce interfacial stresses for improved durability and
performance; 3) stable monitoring of electrophysiological
signals during various physical activities: the stable monitoring
serves as a crucial validation of the wearable device's
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performance robustness. Traditional metals, such as platinum
and gold, are generally stable under moist conditions and are
used as sensing materials. The temperature sensor exhibited a
stable sensing performance under static and dynamic
temperature loading conditions. During daily life activities, the
wearable device delivered stable temperature, ECG, and
acceleration signals with low noise.

II. METHODS, RESULTS, AND DISCUSSION

A. Bonding-free single-substrate wearable device and sensor
circuitry system

Figure 1A shows a schematic of the single-platform bonding-
free wearable stretchable sensor system for the wireless
monitoring of temperature and ECG on a personal mobile
phone. The stretchable sensor circuitry is typically integrated
with the FPCB using the ACF bonding technique.[1], [2], [14],
[3], [4], [8]-[13] Moreover, structure-based stretchable sensors
are  predominantly  fabricated using  conventional
microfabrication techniques, encompassing film deposition,
spin-coating, photolithography, developing, and etching
procedures. This process involves the dry etching of the
underlying supporting film, typically PI, through oxygen
plasma to create stretchable filamentary circuitry.[11], [15],
[16] In addition to stretchable sensors/devices, stretchable
Flexible Printed Circuit Boards (FPCBs) have also been
developed to create complete stretchable hybrid devices.[17]—
[19] However, these fabrication processes are cumbersome and
expensive. By contrast, additive and subtractive manufacturing
techniques have attracted considerable interest owing to their
ease of fabrication, programmability, low cost, and rapid
processing. Unlike additive manufacturing, such as 3D printing,
where the material is deposited layer-by-layer to construct an
object, subtractive manufacturing involves the removal of
excess parts after cutting the film (supporting) into desired
structure-based patterns using a mechanical blade or
photo/thermal laser cutter. In the case of blade-cutting
techniques, functional material patterning, similar to the
patterning of Au on a film, is not possible.[20]-[23] By
contrast, both functional material patterning and film cutting are
possible in the case of laser processing technology.[12], [13],
[24] A laser ablation technique with optimal laser parameters
can be used to pattern functional materials using a hatch tool
without damaging the underlying supporting film, whereas the
laser cutting process is executed along the layout of the design
pattern. Moreover, selective laser sintering[25]-[27] and laser-
induced carbonization/graphitization[10], [28], [29] are two
other promising approaches currently being extensively
researched for patterning nano/micro functional materials.
However, stretchable films prepared using these techniques
exhibit notable changes in resistance when subjected to external
mechanical strain stimuli, primarily due to their slightly
increased film thickness at the micro-scale.

The system requires not only a bonding-free platform but also
robust mechanical endurance. Regardless of the bonding
technique used, a significant difference in material moduli on
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either side of the interface can lead to sharp changes in stresses
when subjected to external loads. Thus, it is crucial to carefully
design the interface for robust mechanical tolerance. Gradient
structures observed in nature, such as bone-cartilage gradient
interface tissue, provide mechanical resilience.[30] Inspired by
nature, researchers have used gradient modulus structures to
ensure a highly resilient stretchable system. [31]-[36] To date,
two in- and out-of-plane gradient structures have been reported.
A finite element method (FEM) simulation was used to analyze
the gradient modulus structures to explore the stress-energy
absorption mechanism. Therefore, bonding-free, and
mechanical gradient thicknesses and patterns were adopted in
this study.

A flexible-to-stretchable sensor system designed on a single
substrate with an in-plane structurally stretchable serpentine
width gradient pattern comprising temperature and ECG
sensors and an out-of-plane thickness gradient from the center
of the FPCB (~86 um) to outward sensors (~12 um) is shown
in Figure 1b. The characteristics of the in-plane and out-of-
plane are the serpentine width gradient pattern and gradient
thickness: these features ensure a smooth transition of internal
mechanical stress compliance, thereby establishing a robust and
durable mechanical interface. The gradient thickness from the
FPCB to the sensor is shown in Figure 1c. Real and simulated
images of serpentine mesh patterns of uniform and in-plane
gradient serpentine widths at 30% strain, where a large stress
concentration developed at the flexible stretchable interface, are
presented in Figures 1d and 1e. Further details are discussed in
the following section.

The fabrication process of the single-substrate bonding-free
wearable device is shown in Figure 2a. The overall fabrication
process involves two techniques: i) routine conventional
microfabrication-based techniques for the manufacture of
FPCB (see Supplementary Material), and ii) unconventional
subtractive laser processing techniques for preparing
stretchable sensors (see Video SV1). Initially, multilayers, such
as top PI, top Cu, middle PI with via, and bottom Cu, were heat
pressed for lamination, and then IC chips were soldered onto
the FPCB. The middle PI film was used as a supporting film for
sensor fabrication. The FPCB with bonded rigid components
and an extended large area of thin PI film is shown in Figure
S1. The concept of extended electrodes can be applied to the
work that has been recently reported.[37] The laminated stack
was then placed on an acrylic substrate with a thermal release
tape between them. The metals (platinum for temperature and
gold for ECG electrodes) were deposited successively via e-
beam on the other side of the middle PI film using shadow
masks. The shadow masks were prepared using a UV laser
cutting machine (Inno6, Korea) with processing parameters;
focal distance (225 mm), power (6 W), speed (2000 mm/s), and
current (5 A). Subsequently, an infrared laser INLASER Co.,
Ltd.) with a wavelength of 1064 nm was used for patterning the
Pt and Au metals for temperature and ECG sensors,
respectively using a laser ablation technique. The IR laser
processing parameters are the focal distance (210.5 mm), power
(40%), frequency (20 kHz), speed (1000 mm/s), and pulse
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width (4 ns). Followed by the deposition of Al,O3 via atomic
layer deposition as a passivation layer. For passivation, two
other alternatives such as Parylene-c and PTFE which are
industrially viable can also be used due to their electrical
insulation, moisture barrier, and chemical-resistant properties.
The alternative passivation layers UV laser cutting was
performed using alignment markers to enable the stretchability
of the patterned metal films. Finally, the sensor device was
peeled off from the thermal release tape after being placed on a
hotplate at 100 °C. An expanded view of the sensor device is
shown in Figure 2b. Also, see the sensors fabricated away from
the FPCB part (Figure S2). A real image of the FPCB with
components (labeled) facing the top and an illustration of the
ECG and temperature sensors are shown in Figure 2c. The real
image of the sensor device with a T&L patch is shown in Figure
S3. The detailed layout of the FPCB is shown in Supplementary
Figure S4. Furthermore, the components information and
design of FPCB are shown in Figure S5 and Table S1.

The circuit for recording temperature and ECG consists of a
microcontroller unit (MCU) with BLE communication, a
constant current source (CCS), an analog-to-digital converter
(ADC) to measure the resistance of the temperature sensor, an
analog front-end (AFE) for ECG, and power management
(PM). An MCU supporting BLE, CC2640R2F (Texas
Instruments, USA), was used for data acquisition and wireless
communication with a smartphone. The CCS was implemented
using a Howland current pump to measure the resistance of the
temperature sensors. When the resistance of the sensor changes
according to the temperature, the CCS changes the voltage
applied to the sensor such that a constant current flows. The
change in the resistance of the sensor can be measured by
measuring this voltage, which indicates that the temperature can
be measured (Figure 2d). The voltage applied to the sensor is
digitalized by an ADC IC, MCP3561 (Microchip Technology,
USA), and the MCU communicates with MCP3561 to acquire
data. The voltage difference between the two ECG electrodes
was amplified, filtered, and digitalized using an AFE IC
MAX30003 (Maxim Integrated, USA) (Figure 2e). An
accelerometer (ACC), MC3672 (mCube, USA), was used to
measure the acceleration along three axes to record the user
activity. The MCU collects the ECG, temperature, and three-
axis acceleration data and sends them to the smartphone via
BLES. The board is made of an FPCB for use in patch form.
Every second, the AFE device transmits a total of 184 bytes of
data via BLE, which includes 128 bytes from ECG
measurements, 42 bytes of 10-bit data from the accelerometer's
X, Y, and Z axes, and 14 bytes of 24-bit voltage data from the
temperature sensor.

B. Experimental and computational studies of flex-to-stretch
serpentine mesh patterns

Experimental measurements and FEM simulations
demonstrate the essential mechanics, as summarized in Figure
3. Experimental measurements were conducted by
simultaneously measuring the mechanical load and electrical
resistance under externally applied tensile strains. Mechanical
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measurements of the test samples were conducted using an
ultimate tensile machine from Mark 10 Corp. (model ESM303).
The optical images of the test samples (mesh patterns of the

metal layers) captured at >30% applied tensile strains with

(with and without gradient width patterns) and without (with
gradient width patterns) ACF bonding are shown in the first
column of Figures 3a-c. For greater reliability of the FEM
analysis, the results obtained from the simultaneous
measurement of load/strain and electrical/strain responses were
compared with the FEM simulation results. The Young’s
modulus value of the PI used in the simulation was calculated
from the linear slope of the stress-strain curve (Figure S6). The
test samples used in the simulations and experiments consisted
of a free-standing multilayer stack pattern (PI (12 um)/Ti (5
nm)/Au (100 nm)/Al,O; (50 nm)) similar to that used in the
sensor fabrication. The criteria for the gradient part are
summarized in the Supplementary Materials (figures S7 and
S8). The test samples were designed to have the same bonding
areas, sizes, and thicknesses. Initially, the effect of only the
gradient case on the ACF-bonded samples was examined.
Subsequently, the gradient case without ACF bonding (single-
substrate bonding-free) was also examined to compare the
samples with and without ACF bonding. Both cases with and
without a gradient in the ACF-bonded samples showed
identical resistance and load variations over the entire range of
tensile strains, from 0 % to 40 %; however, the principal strain
in the metal layers developed near the bonding interface was
relatively higher in the case without a gradient, which was also
confirmed by the FEM results (Figure 3a, b). Thus,
stretchability is limited by the mesh pattern itself, in the case
without a gradient, because of the induced intrinsic stress
generated within the metal layers. With increasing applied
strain (from 0% to 10%-—15%), the serpentine arcs tend to
stretch with in- and out-of-plane bending by minimizing the
principal strain in the metal layers. With a further increase in
the strain, the samples experienced a steady increase in load
until the breakdown. In this region, the load/strain response is
linear, where the samples can endure a fatigue test and rupture
of the material under repeated strain cycles. During the linear
increase in load up to ~30% applied strain, the serpentine arcs
experience stresses that cause an increase in the principal strain
in the metal layers, inducing deformation in the thin Au film,
resulting in an increase in resistance with strain. According to
the literature, the stretchability range of human skin lies within
30% strain [9]; therefore, the sensor structure withstanding 30%
uniaxial strains is a criterion for the sensors to function
smoothly when worn on the skin during physical movements.
Once the applied strain surpasses the structural limit of the
sample, the mesh pattern causes the resistance to change
abruptly. Moreover, the breakdown of samples occurs mostly at
the interface owing to sharp load enduring variations in the
materials on either side of the interface; one side of the interface
is a pattern-free PI film that endures high loading, and the other
side is a mesh pattern that endures low loading. Although the
load/strain responses with and without a gradient appear
identical, the simultaneous resistance/strain responses exhibit
magnitude variations, which reveals the importance of the
gradient width pattern. The relative change in resistances in the
case without a gradient at 30% applied strain is approximately
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four times higher than that with a gradient. This is because of
the relatively higher principal strains developed in the metal
layers near the interface in the case without a gradient. It is
apparent from both the experimental and simulation analyses
that the gradient pattern ensures a smooth transition of the
principal strain in the metal layers along the tensile strain
direction. This highlights the utility of gradient patterns.
Despite the better results of the ACF-bonded samples with a
gradient, the ACF-bonded samples can deteriorate in fatigue
tests under repeated mechanical loading. Before that, the ACF-
bonding-free sample was examined, as described above. This
approach can prevent any mechanical failure arising from the
relatively weak bonding in ACF-bonded samples.
Comparatively, bonding-free samples with a gradient pattern
exhibited better results. As mentioned earlier, to gain more
insight into the mechanical durability of ACF-bonded samples
with and without a gradient, fatigue tests were performed by
applying cyclic strain between 0% and 20%. For the ACF-
bonded sample, the relative change in resistance increased
significantly by 11% after 200 cycles and continued to increase
at a rate of 34% up to 5000 cycles (Figure S9). By contrast, the
bonding-free sample initially showed a lower relative change in
resistance, which continued to increase by ~2% from 2000 to
5000 cycles. Although the gradient pattern in the cases with and
without ACF bonding showed similar results, the bonding-free
sample demonstrated better durability, which is an essential
requirement for practical viability. Currently, the reason for the
deterioration of the ACF-bonding samples under repeated
mechanical loading is unclear, but it may be due to the
propagation of small cracks at the metal-to-metal bonding
interface. Notably, the serpentine-based mesh pattern can be
further modified to increase operational stretchability, as shown
in Figure S10.

The FEA simulation results for with and without out-of-plane
gradient thickness are shown in Figure S1la and b. In both
cases, the maximum stress generated at the thickness variation
interface is visible; in the case without gradient, the internal
stress is higher and distributed starting from the interface to the
thin film while in the case with gradient, the stress is
concentrated at the interface without much stress generation
within the thin film. This is also true in the case of in-plane
serpentine patterns without gradient structure, in which the
stress generation is higher extending from the interface to the
thin-film serpentine pattern side (Figure 1d, simulation part).
Thus, the out-of-plane structure with gradient thickness can
endure stresses with less effect on the relatively thin film. In
summary, the bonding-free gradient pattern sample
demonstrated better endurance and durability.

C. Characteristics of temperature, ECG, and acceleration
Sensors

Wearable sensors for the real-time continuous monitoring of
electrophysiological signals, such as temperature and ECG,
from the peripheral body are of significant interest, as they can
provide contextual information that would aid on-site medical
diagnosis. For the reliable monitoring of human body
temperature, the sensitivity of temperature sensors is important
to detect small temperature changes (<0.5 °C). Usually, the
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human body temperature is between 30 and 40 °C. The noble
metal platinum is a preferred choice as a temperature-sensing
material due to its stable, hysteresis-free, and linear electrical
responses to changes in human body temperatures.[2], [38]—
[40] Additionally, advanced nanomaterials and 2D materials
have gamered attention as potential sensing materials because
of their noteworthy electrical properties, as previously
discussed in various reports.[41], [42] However, the feasibility
of these materials as suitable candidates for sensors requires
further investigation. Furthermore, unique metals and
semiconductors have demonstrated promising results in this
field, positioning them as potential candidates for future sensor
applications.[43], [44]

The temperature sensor characteristics are evaluated by
placing the sensor on a variable heat source assembled at the -
V probe station (Keithley 4200-SCS). The electrical responses
(relative change in resistance AR/Ry) to temperature are shown
in Figure 4. The sensor response to a systematic increase in the
temperature is shown in Figure 4a. The sensitivity of the
temperature sensor is defined as the temperature coefficient of
resistance (TCR). The TCR is expressed as the relative change
in resistance to the temperature changed by 1 °C that is
AR/(RoXAT) = R-Ro/(RoxT-Ty), where AR denotes the change
in resistance corresponding to the change in temperature AT
and R and Ry are resistance and initial resistance at temperature
T and To. From Figure 4a and the above formula, the TCR value
of the temperature sensor is about 0.11%/°C. The resistance of
the sensor at 30 °C (Rt@30) depends on its geometry and
dimensions. The serpentine geometry with an 80-um metal (Pt)
width over a length of 1 cm resulted in an Rt@30 of 500 kQ.
The temperature varied in intervals of 0.2 °C. The resistance
versus temperature graph shows that, with a continuous rise in
temperature in intervals of 0.2 °C, an apparent linear increase
in resistance can be observed. The linearity index R? extracted
from the linear fit to the experimental data is approximately
0.9997, which indicates that the sensor response is linear to
temperature changes. This is essential because nonlinear
responses require additional programming to assign calibrated
resistance variations to temperatures. Subsequently, a static
temperature stability test was performed by subjecting the
sensor to a longer duration of constant temperature in steps of 1
°C. The sensor exhibited a stable response to the temperature
(Figure 4b). The sensor response to cyclic changes in
temperature at intervals of 0.2 °C was mostly stable with a
distinguishable separation among the relative data points
(Figure 4c). A dynamic temperature test was performed using
continuous cyclic variations of temperatures ranging from 22
°C to 32 °C. The results showed a steady response to the
temperature changes. Note that the rise and fall responses to
temperature were limited by the measuring instrument. Finally,
the data collected for the continuous real-time monitoring of
body temperatures for ~40 minutes for the wearable device
worn on the lower left rib cage of a healthy male volunteer are
graphically shown in Figure 4e. The temperature data were
recorded at a sampling rate of 1 Hz and a resolution of 24 bits.
During monitoring, the subjects were asked to follow their
usual activities. Temperature sensors with high linearity (R, =
0.9997), a low minimum limit of detection (0.2 °C), and
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stability attributes are promising for reliable temperature sensor
applications.

Another important electrophysiological signal is ECG, which
is used to diagnose the health status of patients in cardiology.
The ECGs provide essential information about heart function,
aiding in the detection of irregular rhythms like atrial
fibrillation, early signs of conditions such as myocardial
ischemia and heart attacks, and the evaluation of cardiac and
psychophysiological fitness through stress tests.[45] ECGs also
diagnose symptoms and identify heart issues proactively. ECGs
play a pivotal role in assessing patients before heart surgeries,
serving as the cornerstone of heart health assessment, diagnosis,
and care, guiding healthcare decisions for improved cardiac
well-being.

Changes in the PQRST peaks of an ECG can be critical
indicators of cardiac health. Alterations in these peaks, such as
irregular P-waves, QRS complex changes, or ST-segment
deviations, may signal conditions like arrhythmias, ischemia, or
myocardial injury, with potentially serious health consequences
if left unaddressed.[46] Timely recognition and intervention are
essential for preserving overall well-being.

Unlike clinical settings where 10-electrode measurements are
used, wearable devices use a bipolar electrode setup (Figure 5a,
b). Although a three-electrode wearable device cannot provide
a complete picture of heart activity, it provides a necessary
picture of heart electrical activity; moreover, because of its
compactness and portability, it increases patient comfort. In the
three-electrode configuration, two electrodes (bipolar) are used
to measure the surface potential difference, and the third
electrode (ground) is used for noise reduction. The measured
raw ECG signal from the wearable device is shown in Figure
5S¢, while Figure 5d shows the magnified view of the signal with
a highlighted green section. The ECG signal was recorded
while sitting in a resting position. During physical movement,
the device remained intact on the skin because of the stickiness
and stretchability of the patch. Bipolar stretchable electrodes
aligned with the center of the FPCB were placed on the left side
of the chest, mimicking the precordial lead V2. At this position,
the device can capture all the details of the human ECG,
including the P wave, QRS complex, T wave, ST-segment, and
J-point; all the peaks are labeled in Figure 5d. The device can
deliver high-temporal-resolution data with low-noise signals
and a pk-pk magnitude of ~0.4 mV. The Pan-Tompkins
algorithm was used to obtain the R peak, which is one of the
characteristic points of the ECG[47]. A flowchart representing
the signal processing for detecting the R peak of the ECG is
shown in Figure 5e. The ECG raw data were band-pass filtered
to remove baseline wander and high-frequency noise, and
cutoff frequencies of 3 and 40 Hz were used. The filtered data
were differentiated to obtain information on the slope of the
QRS. It was squared to remove the error caused by the T wave,
and the duration information of the QRS was obtained by
moving-window integration. The noise level, signal level, and
threshold were adjusted to reduce errors, and finally, the R-peak
was determined. In addition, sample entropy (SampEn), a
method used to evaluate the complexity of time-series signals,
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was used to analyze the heart rate of the measured ECG signal.
The sampling rate and resolution of the ECG data were 128 Hz
and 8 bits, respectively. A comparison of our wearable device
sensors and features with previous studies is presented in Table
S2.[1], [2], [52], [3], [10], [37], [44], [48]-[51]

D. Electrophysiological monitoring during various activities

The validation of the wearable device's performance was
evaluated under various physical activities by human
volunteers, such as cycling, walking up and down stairs, and
before and after drinking alcohol (Figure 6). For this study, a
wearable device with a T&L patch attached to the chest was
used (also see a wearable device attached with Tegaderm and
medical bandage onto the skin, Figure S12). The patch from
T&L Co., Ltd. consists of the following two layers: (1) a
protection layer made of polyurethane film, which can protect
the human skin and sensor modules from the outer environment;
and (2) an absorbing and adhesive layer made of silicone and
polyurethane film—with double-sided adhesion to adhere it to
the integrated sensor and FPCB module—which protects the
skin from allergies and provides conformability while attaching
the sensor device to the human body. The other types of patches
used in the study are 3M Tegaderm and medical textile
bandages (NASARA, Kinesiology tape).

The physical activity study also used an acceleration sensor
integrated into the FPCB. The X, Y, and Z acceleration data
were measured with a sampling rate of 14 Hz and a resolution
of 10 bits. All the data were collected by the MCU for 1 s and
sent to the smartphone application via BLE. All recorded ECG
signals in Figure 6 are presented by selecting an 8-second
segment from the entire measured dataset to facilitate the easy
visualization of waveform variations. The variation in the R-R
interval time series is considered sample entropy (SampEn).
During indoor cycling, the ECG signals recorded before (10
min) and after (10 min) cycling showed a different heart rate,
represented as R-R intervals (Figure 6a). The SampEn values
obtained from three different volunteers, cases 1, 2, and 3, are
shown in the same figure. Similarly, the ECG signals showed
an increase and decrease in heart rate while the volunteers
walked up and down the stairs (Figure 6b). Simultaneously, the
X, Y, and Z acceleration data of the gyro for the volunteers
walking up and down the stairs were distinguishable. The last
activity, alcohol consumption, was evaluated by examining the
ECG signals before and during alcohol consumption (first 15
min followed by second 15 min). According to a World Health
Organization report, severe chronic alcohol intake can result in
alcoholic cardiomyopathy and cause approximately 2.5 million
deaths annually. Therefore, the real-time monitoring of ECG
signals during alcohol consumption is essential to avoid
excessive alcohol intake. Although this study does not consider
an alarm alerting user on a mobile phone, it can provide
sufficient information to practitioners when used in clinical and
hospital environments. The ECG signals recorded before and
during a 30-minute of alcohol consumption (300 mL, 13%) are
shown in Figure 6¢. During the first 15 minutes of consumption
(150 mL), the heart rate decreased relatively compared with that
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before consumption and even decreased further with an
additional 150 mL of consumption. The SampEn values
obtained from three different volunteers (cases 1, 2, and 3) also
showed a decreasing trend (Figure 6¢). Note that, during all the
activities, the temperature remained unchanged; therefore, the
data were not included. A video of a volunteer walking on stairs
up and down for real-time continuous monitoring of
temperature, ECG, and acceleration (X, Y, and Z axes) is shown
in Video SV2. The sensor system delivering stable ECG signals
while performing physical self-body movements is shown in
Video SV3. The stable operation of wearable devices is
technically important for a robust environment. Based on the
results of real-time monitoring of daily life activities, the
wearable device successfully delivered the required
electrophysiological signals without any failure. Therefore, the
ability to maintain stable monitoring of electrophysiological
signals enhances the practical usability and real-world
applicability of the wearable device, making it suitable for a
broader range of users and applications.

III. CONCLUSION

A bonding-free, single-platform, hybrid sensor acquisition
device system for the wireless monitoring of temperature and
ECG on a personalized mobile phone was successfully
demonstrated. Subtractive laser ablation and cutting techniques
performed using an infrared nanosecond laser, which is facile
and safe, were utilized to fabricate stretchable sensors adjacent
to the FPCB directly. The flexible-to-stretchable system utilizes
in- and out-of-plane gradient structures for a robust mechanical
platform, confirmed by the experimental and simulation results.
The temperature sensor performances are stable and exhibit
linear characteristics, however, advanced functional materials
can be employed to further enhance sensitivity. It is important
to note that the deposition of these functional materials should
be compatible with the overall fabrication process. The current
manufacturing approach can be extended to fabricate sensors
covering areas as large as 15 cm, allowing for full-scale body
monitoring. The ACF bonding, involving human intervention,
of stretchable sensors with many circuitries to the FPCB would
be critical, while the current approach resolves this issue
effortlessly. Despite the many advantages of laser fabrication,
one of the key limiting factors is the limited resolution, typically
in the range of 20-50 pm. Achieving resolutions below this
range could be possible to some extent but may come at the
expense of increased time. Through the current approach,
wearable sensor technology benefits considerably from the
rapid processing of sensors, low-cost manufacturing, and
robustness of the device. Overall, the wearable device presented
herein offers unprecedented ease in collecting the
electrophysiological data required to evaluate immunological
irregularities during daily life activities.
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Fig. 1. Overview of the bonding-free robust interface for physiological monitoring. (a) Wearable device for
real-time continuous temperature and ECG monitoring. (b) In- and out-of-plane gradient structure designs;
the in-plane mesh pattern has gradient serpentine widths. (c) Wearable device with a gradient thickness from
the center of the FPCB toward the stretchable sensors (c¢). (d, e) Real sample and the corresponding FEM
simulation of structures without and with gradient designs.
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Fig. 2. Fabrication, components, and signal processing of the wearable device. (a) Step-by-step fabrication
process, starting from the FPCB manufacture to the fabrication of stretchable temperature and ECG sensors.
(b) Schematic layer-by-layer view of the wearable device. (c) FPCB components and bonding-free parts. (d)
Signal processing circuit diagram of the temperature and ECG sensors.
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Fig. 3. Mechanics of serpentine-based mesh pattern structures. (a—c) Real images, FEM simulation results,
and electrical resistance and load variations to applied strain behavior with (with and without a gradient
structure) and without (with a gradient structure) ACF bonding.
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Fig. 4. Electrical characteristics of the temperature sensor. (a) Relative change in resistance to the temperature
changes in intervals of 0.2 °C. (b) Stability of the temperature sensor. Sensor response under (c) static and
(d) dynamic temperature measurements. () Real-time monitoring data of body temperature.
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Figure 5. Real-time acquisition of ECG signals through the wearable device. (a) Wearable device showing
the temperature (left) and ECG (positive, negative, and ground) sensing electrodes for sensing. (b) Positive
and negative signs represent the placement of ECG electrodes for monitoring. (¢) Raw ECG data acquired
from the wearable device attached to the left side of the chest, as shown in (b). (d) Detailed view of PQRST
peak identification and ST-segment. (e) Overview of ECG signal processing.
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Figure 6. Electrophysiological monitoring during various activities: (a) indoor cycling, (b) walking up and
down stairs, and (c) drinking alcohol. Three volunteers (cases 1-3) participated in indoor cycling and drinking

alcohol studies.
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