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A Wearable All-Gel Multimodal Cutaneous Sensor Enabling
Simultaneous Single-Site Monitoring of Cardiac-Related

Biophysical Signals

Kyoung-Yong Chun, Seunghwan Seo, and Chang-Soo Han*

The human cutaneous sensory organ is a highly evolved biosensor that is
efficient, sensitive, selective, and adaptable. Recently, with the development
of various materials and structures inspired by sensory organs, artificial
cutaneous sensors have been widely studied. In this study, the acquisition of
biophysical signals is demonstrated at one point on the body using a wear-
able all-gel-integrated multimodal sensor composed of four element sensors,
inspired by the slow/rapid adapting functions of the skin sensory receptors.
The gel-type sensors ensure flexibility, compactness, portability, adherence,
and integrity. The wearable all-gel multimodal sensor is easily attached to
the wrist and simultaneously gathers blood pressure (BP), electrocardio-
gram (ECG), electromyogram (EMG), and mechanomyogram (MMG) signals
related to cardiac and muscle health. Human activity causes muscle contrac-
tion, which affects blood flow; therefore, the relationship between the muscle
and heart is crucial for screening and predicting heart health. Cardiac health
is monitored by obtaining the two types of phase time differences (i.e., Aty
BP and ECG, At,,: ECG and MMG) generated during muscle movement.
The suggested multimodal sensor has potential applicability in monitoring
biophysical conditions and diagnosing cardiac-related health problems.

1. Introduction

Human skin comprises excellent biological sensors with a com-
plex mechanism that responds appropriately and cleverly to var-
ious external stimuli.! Recently, many tactile sensors inspired
by the cutaneous sensory receptors of skin have been studied
extensively, because natural sensors exhibit simultaneous
multimodal sensations, high sensitivity, low energy consump-
tion, flexibility, and small sizes, while performing multiple
functions.ll These advantages of the cutaneous sensory organ
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can have many applications, such as
improving the sense of human motion,
recognizing the surface of an object, and
monitoring biosignals.[?3-¢3]

Recently, with the growing interest in
health monitoring, many drawbacks per-
taining to conventional sensor systems
for acquiring biosignals have been identi-
fied; these include material limitations,
complex manufacturing processes, port-
ability difficulties, patient discomfort, and
the hassle of multiple measurements.
To overcome these shortcomings, wear-
able sensors that are easy to attach, port-
able, biocompatible, and multimeasurable
are required. Wearable skin sensors can
sequentially collect data without discom-
fort or interrupting daily activities, thereby
enhancing user compliance with self-
monitoring and improving the quality of
patient care.! For example, several studies
involving the monitoring of single phys-
ical parameters, such as electrocardiogram
(ECG)i "€l and blood pressure (BP),14M
using non-invasive wearable sensors have been reported. Given
such remarkable findings, sensor integration has been shifting
toward a combination of different sensor modalities.!

Recently, heart-health screening technology using the corre-
lation of two or more biophysical signals has been attempted to
prevent heart diseases and help maintain healthy human lives.
In particular, the research on cardiac indicators involving the
correlation between BP and ECG has attracted significant atten-
tion, with studies concerning the cardiovascular system being
frequently reported.l®l In addition, heart health has also been
predicted using the correlation between muscle contraction-
related electromyogram (EMG)/mechanomyogram (MMG)
and heart rate-related BP/ECG, which are biosignals related to
muscle movements.”) When muscle contractions occur under
different environments, the fluctuations in the blood flow cause
variations in the pulse, BP, and ECG; consequently, the meas-
ured data may be inaccurate, resulting in an inaccurate diag-
nosis. Therefore, diagnosing heart disease based on the strong
correlation between biophysical signals can serve as a highly
effective and reliable method. In addition, measuring these bio-
physical signals at a single part of the body using a multimodal
sensor is desirable for ensuring stable and accurate readings.

Interestingly, BP and ECG exhibit slow adapting (SA)
response characteristics, whereas EMG and MMG show rapid
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adapting (RA)-like characteristic signals. Generally, in skin sen-
sory receptors, the SA receptors respond to static touch and
pressure, and the RA receptors respond to dynamic touch and
vibration stimuli. Based on physiological studies, researchers
have adopted various methods to mimic these properties of
actual skin.2® When the adaptive signals of SA and RA recep-
tors, which play a critical role in detecting the shape, texture,
and movement of an object, are implemented, an adaptive
sensor can respond to the changes in the surrounding con-
ditions in a smarter manner by acquiring a selective and
broadband signal, as compared with the monotonous signal
acquisition of conventional sensors.’) However, existing artifi-
cial sensors require complicated manufacturing processes for
the fabrication of individual components and complex combi-
nations to build multimodal sensations. It is also difficult to
obtain signals at the same time and location by distinguishing
between the frequency band and pressure range, as in the case
of the skin sensory organ.

To the best of our knowledge, wearable multimodal sensors
that simultaneously measure multiple types of biophysical sig-
nals at the same location using SA and RA responses have not
been studied thus far. In this work, we developed an artificial,
wearable, all-gel multimodal cutaneous sensor with flexibility,
ease of assembly, and integrity; this sensor can monitor four
biophysical signals, namely, BP, ECG, EMG, and MMG, simul-
taneously at the wrist. The PANi—poly(vinyl chloride) (PVC)
ionic composite gel was selected as a strategic material for SA
properties such as BP and ECG, whereas the polyvinylidene flu-
oride-trifluoroethylene (PVDF-TrFe) gel was selected for the RA
response properties and used to detect MMG. In addition, the
PANi—-PVC ionic gel was adopted as a conductive electrode suit-
able for measuring ECG signals. We evaluated cardiovascular
health by simultaneously monitoring the correlation between
muscle dynamics and hemodynamics, with respect to exer-
cise and muscle movements. The proposed all-gel multimodal
sensor can realize the comprehensive tracking of heart con-
ditions in users’ daily activities and also enable the collection
of important data that can be used to predict heart conditions
based on physical responses and exercise.

2. Results and Discussion

Numerous factors affect human cardiac health in relation
to various activities and behaviors. The heart responds to
external and internal information collected from various sen-
sory organs. Among these sensory organs, the cutaneous organ
plays a vital role in terms of survival and particularly detects
various mechanical stimuli such as external pressures, strains,
and vibrations. The artificial skin sensor developed using the
characteristics of biological skin sensory receptors responds to
changes in the electrical/mechanical stimulation inside and out-
side the skin, such as changes in the blood flow inside human
skin and the current flowing through the skin or internal tis-
sues (Figure 1a). In this study, a sensor module that can be
easily attached to human skin and features an adjustable size,
arrangement, and attachment position (Figure 1b) was devel-
oped. Four biophysical signals were simultaneously measured,
with the ECG and EMG corresponding to electrophysiological
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signals and the BP and MMG signals corresponding to kine-
matic signals

The sensor comprises three flexible ECG electrodes com-
posed of PANi—-PVC gel with a sheet resistance of =10 kQ o
Two electrodes, including the ground electrode, were in contact
with the skin, and the other electrode was placed on the outer
surface to be in contact with the other hand during measure-
ment. The EMG sensor consists of three electrodes, which are
PANi—-PVC gels that are in contact with the skin surface. These
two sensors employed the conductive gels as electrodes and
obtained signals through an Arduino interface, before moni-
toring the signals using an oscilloscope. The BP and MMG
sensors are self-powered, system-integrated sensors. The MMG
sensor directly obtains the signals using the PVDF-TrFe gel
with an interdigitated-type carbon electrode. The PANi—-PVC
in the BP sensor was built with a conical shape at the surface
in contact with the PVDF-TrFe gel, in order to improve surface
reactivity. The voltage changes caused by the charge distribu-
tion in PANi—-PVC were measured via the polling of PVDF-TrFe
owing to the pressure in the radial artery. In this study, polyani-
line (PANi) was added to increase the response magnitude by
up to five times, as compared to that in our previous results.l??l

When muscles are used, contraction and extension occur
repeatedly, and biophysical signals such as EMG or MMG are
consequently generated. This affects the ventricular systolic
movement in the heart, which causes changes in the blood flow
rate and pressure and differentiates cardiac-associated biolog-
ical signals such as ECG and BP. Furthermore, this results in
a change in the phase time (At) between the signals generated
during muscle contraction and the cardiac-related biological sig-
nals, which can serve as an important indicator of cardiac disease
(Figure 1c). Interestingly, SA and RA response signals, which
are unique characteristics of skin sensory receptors, resemble
biophysical signals (Figure 1d). The ECG and BP signals were
highly similar to the signal signatures observed in SA receptors.
The static response curve of SA receptors is effective in terms of
expressing the ECG and BP signals, because it can represents
signals that characterize all the processes occurring between
on and off events. However, as EMG and MMG are signals
with high frequencies, the immediate RA characteristic signals
are suitable for these biological signals. Therefore, biophysical
signals corresponding to the SA reactions were obtained from
materials based on the PVC gel, whereas biological signals cor-
responding to the RA reactions were obtained based on PVDF-
TrFe. For the EMG signals, the PANi—PVC gel was used because
a conductive electrode, such as an ECG, was required.

The gel-based sensor module used in this study can be
easily worn on the wrist by assembling it in a medical patch
(Figure le-i). The section where the BP and MMG sensors are
connected is designed to be more sensitive to stimulation in
an interdigital manner, as shown in the inset of Figure le-ii.
In addition, the interface at which the surfaces of the BP and
MMG sensors were in contact forms a conical shape, resulting
in a more sensitive response. This has been described in
detail in our previous study.??l A conductive polymer (PANi)
was Dblended to improve the response magnitude, as com-
pared with that of the previously used PVC gel, and the opera-
tion mechanism is presented in Figure S1 in the Supporting
Information. Briefly, the PVDF-TrFe gel sensor, which has
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Figure 1. Schematics of artificial all-gel cutaneous sensor system and cardiac-related biophysical signals. a) Artificial gel sensor module attached to
the skin close to a blood vessel, acquiring cardiac-related biophysical signals associated with human activity. b) Gel sensor module consisting of four
component sensors: three electrodes for ECG, three electrodes for EMG, and combined BP sensor and ECG electrodes. c) Relationship between heart
and muscle activity. EMG and MMG produced when using muscles. Variation in cardiac-related BP and ECG signals during muscle use. Correlation
between PTD of biophysical signals. d) SA and RA signals generated from skin sensory receptors were similarly observed in the biophysical signals. SA
receptor implementation using PANi—PVC gel and RA receptor implementation using PVDF-TrFe gel. e) Sensor architecture. i) Sensor module attached
to the wrist (scale bar: 2 cm). ii) Stacked BP and MMG sensors (inset: interdigital-type MMG sensor, scale bar: 0.8 cm). iii) Surface morphology of
PVDF-TrFe gel (scale bar: 0.5 mm). iv) Surface morphology of PANi—PVC gel (scale bar: 0.5 mm).

a built-in interdigital carbon electrode serving as the MMG
sensor, obtains an electrical signal of muscle movement from
the separated electrodes on both sides, as shown in the inset of
Figure le-ii. At this time, the polarization in the PVDF-TrFe gel
caused by pulse or muscle movement in the radial artery alters
the charge distribution of the PANi—-PVC gel, thus converting
the change in the mechanical stimuli of the skin into an elec-
trical signal. These material properties were derived from the
unique structural bond of the polymers (Figure S2, Supporting
Information). A certain degree of flexibility and stretchability
can be ensured by adding dibutyl adipate (DBA), a plasticizer,
to PVC and PVDF-TrFe. In addition to improving the electrical
properties, as shown in Figure S3 in the Supporting Informa-
tion, the molecular space of the phytic acid in the PANi sol
can facilitate the function of capacitance and the movement
of the cation and anion charges of the zwitterionic liquid (IL).
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These structural features play a positive role in exerting the SA
characteristics. Because it is a THF-based PVC solution, the
aqueous-based PANi sol was completely dried and then added
to the PVC solution (Figure S4a, Supporting Information).
Figure liii,iv shows the surface images of the PVDF-TrFe gel
and PANi-PVC ion gel, respectively. To improve the sensitivity
of the sensor, the surface was modified into a conical shape.
The final process of manufacturing an individual sensor from
the gel solution is illustrated in Figure S4b in the Supporting
Information. Detailed information regarding the dimensions
and the images of sensors are presented in Figure S5 in the
Supporting Information.

Furthermore, through FT-IR analysis, it was confirmed that
the blending was performed well in relation to the reaction
(Figure S6, Supporting Information). Briefly, the characteristic
peaks of the PVC gel, including the peaks for C—H bands, were
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present at 1427 and 1257 cm™; the peaks for C—C vibrations
were present at 968 cm™, whereas those for the C—Cl bands
were noted at 698, 636, and 605 cm™. The peak at 1732 cm™
corresponded to the carbonyl group (C=0) bands of DBA in the
PVC gels.'¥ In addition, the bands at 1295, 1241, and 1125 cm™!
were ascribed to the C—N and C—H bending of the benze-
noid and quinoid rings of PANL.IY When blending PANi with
the PVC gel, characteristic peaks were observed, thereby con-
firming a successful synthesis.

The mechanical and electrical properties of the PVC and
PVDEF-TrFe gels have a considerable influence on the sensor’s
performance. In general, these two properties often appear
opposite to each other, and thus, an appropriate trade-off is
required. The sheet resistance and elongation of the PANi—
PVC gel according to the amount of PANi in the PVC sol were
obtained through an experiment; their correlation is shown in
Figure S7 in the Supporting Information. From this figure, it is
evident that the elongation and sheet resistance decrease as the
amount of PANi increases. The lowest sheet resistance, accom-
panied by adequate elongation, was obtained at =15 vol% PANi.
Accordingly, the amount of PANi was fixed at 15 vol% over the
amount of PVC gel used for fabricating the sensor. Elongation
was measured using an in-house strain machine, as shown in
Figure S8 in the Supporting Information. Moreover, based on
the various deformations, it is apparent that the sensor is highly
flexible (Figure S5b, Supporting Information). At 15 vol% PANi,
an elongation of ~200% was obtained. When the amount of
PANi exceeded 15 vol%, the PANi—-PVC gel was easily broken,
even under slight tension.

The results of cyclic voltammetry (CV) differed consider-
ably depending on the content of the IL contained in the
PANi—-PVC gel. As the IL content increased, significantly larger
currents flowed under the same voltage conditions, and the
capacitance function was improved (Figure 2a). Thus, an appro-
priate amount of IL is required, because, when an excessive
amount of IL was used, it leaked out. In this study, 0.2 wt% IL
versus PVC sol was used, which is almost consistent with that
employed in a previous study.’d The addition of PANi has a
week influence on the impedance characteristic of the PVC gel
(Figure 2b). This is attributed to the structural characteristics of
PANi, including its molecular spatiality, as shown in Figure S3
in the Supporting Information. Figure 2c shows the voltage
characteristics measured when a constant pressure (150 Pa)
is applied to the PANi-PVC gel, while gradually increasing
the voltage. The inset of Figure 2c presents the output voltage
curves measured under the application of various pressures for
~2 s. Based on these observations, it was concluded that the
curves follow the SA characteristic response. From this basic
result, the maximum value of each output voltage was obtained,
and the linear proportional value was determined, as shown
in Figure 2c. In this study, because PVDF-TrFe (which gener-
ates a voltage under 10 mV at the same pressure) was used as
the voltage source, the measurement test voltage was set to
less than 10 mV. The output voltage curve of the PVDF-TrFe
gel obtained while changing the pressure for 1.3 s, presented in
Figure 2d, shows that the voltage increases with the variations
in pressure. The inset in Figure 2d depicts the output voltage
curves of the PVDF-TrFe gel under various pressures. Based
on these plots, a typical piezoelectric characteristic was noted,
which is suitable for indicating RA responses.
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In addition to the individual pressure response characteristics
of the PANi-PVC gel and the PVDF-TrFe gel, when these two gels
are superimposed, two SA and RA response characteristics can
be obtained with one sensor module. Figure 2e shows the voltage
changes caused by pressure variations, as obtained from the two
integrated gel sensors. The structure of the integrated gel sensor
is illustrated in Figure S1 in the Supporting Information. The con-
tact surfaces of the PANi—-PVA and PVDF-TiFe gels were config-
ured with a conical structure to improve sensitivity. This operating
mechanism is similar to that reported in a previous study,?®! except
for the capacitive function of PANi, which makes it effective in
terms of measuring responses. Actual SA response signals, such
as the BP, were acquired from the PANi-PVC gel region. As can
be seen from the inset of Figure 2e, an SA characteristic curve was
obtained, and the sensitivity curve was formed with a tendency to
converge above =120 Pa. The pressure sensitivity in the region up
to =120 Pa was =9.7 x 1071 V kPa™. When a pressure of =120 Pa was
applied to the sensor, the initial and terminal response times were
both approximately 200 ms. The inset of the Figure 2e indicates
the conditions of the applied pressure. As shown in Figure 2f]
owing to the nature of the gel, a response delay exists in the elastic
region when a pressure is applied; however, the actual response
rate is highly similar to the initial and terminal times of the input
pressure curve. As shown in Figure 2g, the output voltage was
measured while applying a pressure of =160 Pa on the PANi-PVC/
PVDF-TiFe gel-integrated sensor approximately one month after
manufacture. It was thus confirmed that electric signals with
respect to pressure could be obtained in a stable manner. As these
gels are not hydrogel-based, it is possible to maintain their perfor-
mance for a long period, unlike hydrogel-based sensors.

In general, bioelectrodes can be categorized into two types:
dry and wet bioelectrodes. Conventional dry electrodes (metal
or polymer) feature poor adhesion to skin and a high mod-
ulus; they are also mechanically inconsistent with soft skin,
which can degrade the signal quality.’l Thus, research is
being devoted toward improving the flexibility and adhesion of
dry electrodes. Moreover, a typical hydrogel in wet electrodes
can be realized by combining conductors with high conduc-
tivity, owing to its own high resistance.’3] Therefore, current
research is mainly focused on bioelectrodes for the purpose
of achieving a high signal-to-noise ratio (SNR) and improving
the body adhesion suitability. Notably, the PANi-PVC ion gel
has a resistance of =600 kQ, a conductivity of =890 mS/cm,
and a SNR of =120, which are higher or comparable to those
of conventional hydrogel-based bioelectrodes.') Accordingly,
the PANi—PVC ion gel can be suitable for use as a bioelectrode.
However, longer-term experiments will be needed to determine
whether the use of this gel can lead to skin allergies, as in the
case of conductive hydrogels in contact with skin(2

e~

where C is conductivity of the ion gel, R is the gel resistance,
l is the thickness of the gel, and A is the area of the electrode
surface in contact with the gel

SNR = 1)signal — (::signal]z (2)

noise

where, A, is the root mean square of the signals.
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Figure 2. Characterization of artificial gel cutaneous sensors. a) PANi—PVC gel CV characteristics according to amount of IL. b) Impedance charac-
teristics of PVC and PANi—PVC. c) Relationship with measured voltage according to changes in source voltage of the PANi—PVC gel under =150 Pa.
(Inset: output voltage of SA characteristic) d) Voltage generation plot for PVDF-TrFe gel according to pressure changes (Input force during 1.3 s). (Inset:
voltage generation curve with time; similar to RA characteristic). e) Characteristic curve of PANi—PVC/PVDF-TrFe self-powered integrated sensor. A
linear increase in generated voltage was observed up to =120 Pa, depending on the pressure. Sensitivity: 9.7 x 107 V KPa™". (Inset: SA-like sensor char-
acteristic according to pressure change). f) Initial and terminal response times of =200 ms. (Inset: = 120 Pa input force curve for 5 s). g) Examination
of sensor stability under 160 Pa. (Inset: expanded output signal in a certain time section).

Four biophysical signals were measured under various con-
ditions to evaluate the performance of the individual sensors.
The tests involved a healthy male volunteer in his mid-50s who
had no history of heart disease. First, kinematic signals corre-
sponding to the BP and MMG were separated into two chan-
nels in the stacked sensor; using an oscilloscope, the BP was
obtained from the Ag electrode connected to the PANi—PVC gel
(Figure 3a). The pulse rate and BP curves were identified based
on the changes in the voltage measured under rest and post
exercise conditions (Figure 3b). For more intuitive monitoring,
BP was estimated by matching between the output voltage from
a PANi-PVC gel sensor and actual simultaneous measurement

Adv. Mater. 2022, 34, 2110082

2110082 (5 of 11)

with a commercial BP monitoring instrument (Omron, HEM
6311). For the systolic blood pressure (SBP), y = 2.6x + 93.5
(R = 0.91) was derived; for the diastolic blood pressure (DBP),
y =3.1x + 63.1 (R = 0.9) was determined. Based on these equa-
tions (inset of Figure 3c), the changes in voltage were converted
into BP levels and subsequently plotted. P1 and P2, which
denote the characteristic peaks between the systolic and dias-
tolic BP, were also confirmed (Figure 3c). The trend of the
changes in the raw BP curve over a longer period of time can
be observed in Figure S9 in the Supporting Information. When
the gripper was used, the change in BP tended to increase
with the grip strength (Figure 3d). These results represent an
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Figure 3. Characterization of kinematic (BP and MMG) and electrophysiological (ECG and EMG) component sensors. a) Wrist-mounted BP sensor
measurement with oscilloscope. b) BP signal at rest and after exercise (fast walking). c) Conversion of BP voltage signal to BP value (mmHg) in the
resting state and after exercising (fast walking). (Inset: Derivation of systolic and diastolic BP relation from BP curve according to voltage change).
Systolic: y = 2.6x + 93.9 (R = 0.91), and diastolic: y = 3.1x + 63.1 (R = 0.9). d) Systolic and diastolic changes under grip force. (Inset: generated voltage
curve according to grip force). e) MMG sensor attached to wrist and expressions for flexion and extension. f) MMG signal according to wrist angle.
g) Signal values from MMG sensor attached to the arm and wrist according to grip force. h) Voltage generation of MMG sensor according to frequency
changes. i) ECG sensors attached to chest and wrist. j) Signal obtained by ECG sensor. Comparison with commercial ECG (Ag/AgCl). k) Comparison
of ECG signals at rest and after exercise (light walking). (Inset: typical ECG signal and main peaks) I) ECG measurements for sensor stability after
30 days. m) EMG sensors attached to calf and wrist. n) EMG signal measured while increasing gripper force. o) EMG signal measured while changing
wrist angle. p) Signal acquisition according to activity type of EMG sensor attached to calf. (Top: standing and sitting down, bottom: kicking).
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attempt at indirectly indicating the correlation between muscle
contraction and cardiac pulsation and can serve as the basis for
determining the association between MMG and EMG.

MMG, one of the signals generated during muscle contrac-
tion, was obtained from the PVDF-TrFe gel, with the interdig-
ital carbon electrodes attached to the wrist for several muscle
movements (Figure 3e). A large voltage change was observed
depending on the movement of the wrist, and fluctuations
in the signal were also confirmed according to the degree of
muscle contraction, even during movement. Based on these
signals, the trend of the signals distinguished from muscle
contraction and relaxation was determined; it was confirmed
that signal deviations occurred even in the case of variations
in the gripping force. In addition, MMG signals were acquired
and plotted based on isometric muscle contraction using a
grip force (Figure 3g). The MMG signals obtained from the
sensors attached to the wrists and arms were similar; how-
ever, the values obtained from the arm were slightly larger.
In addition, as the input frequency increased, the MMG
response cycle increased but the voltage amplitude decreased
(Figure 3h). Thus, the fabricated MMG sensor exhibits fre-
quency responsiveness.

Unlike the above kinematic signals, three or more conduc-
tive electrodes are generally required to measure electrical and
physical biological signals. In hospitals or clinics, for ECG
measurements, =12 electrodes are attached to the chest, arms,
and legs to obtain complementary information regarding the
heart. However, a portable, simple, three-electrode ECG device
was recently developed and commercialized. In this study,
the ECG and EMG signals based on three gel electrodes were
measured as components of the integrated sensor. Figure 3i
shows the measurement method for the ECG sensor attached
to the chest and wrist. The positive and ground electrodes were
brought into contact with the skin surface, and the measure-
ment was performed by touching a finger of the other hand
to the negative electrode exposed on the outside of the patch.
Figure 3j compares the ECG signals obtained from the chest
and wrist under a stable state; these results were measured
using a commercial Ag/AgCl ECG electrode. It was confirmed
that the typical P, Q, R, S, and T peaks appeared in the ECG
signal, and the T peak increased when measured at the wrist
(inset of Figure 3k). The ECG signals measured at the wrist
during rest and after light exercise were compared (Figure 3k).
The change in the pulse rate was determined based on the ECG
peaks (rest: =60, and after exercise: =83); moreover, the T value
after exercise was relatively elevated. A typical ECG electrode
uses a metal or hydrogel-based electrode. However, in the case
of a metal electrode, discomfort is caused when it comes in
contact with the skin surface, and the creation of a conformal
state on the skin surface is also difficult. Hydrogels also tend
to dry easily during continuous use under general conditions,
thereby making it difficult to ensure accurate measured values
after a certain period of time. In this study, as a non-hydrogel-
based gel electrode was employed, stability was maintained,
even during measurements after approximately a month after
initial measurement (Figure 31).

In the case of EMG, the signals were obtained through three
gel electrodes in contact with the skin on the wrist and calf
(Figure 3m). The magnitude of the signals increased with the
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force applied by the gripper (Figure 3n). Despite the disadvan-
tage that EMG signals interfere with the electric field or current
flow inside and outside the body, EMG could play a comple-
mentary role, as compared to the MMG signal. In addition to
the muscle contractions due to mechanical force, the EMG sig-
nals were also measured during the flexion and extension of the
wrist. Unlike MMG signals, these signals exhibit a shape more
similar to the RA characteristics (Figure 30). Figure 3p presents
the signals for isotonic muscle movement during standing and
sitting and the signals during kicking, as obtained through the
ECG sensor attached to the calf. Distinctive EMG signals were
obtained for two different behaviors, indicating that various
human movements could potentially be categorized.

Figure 4 presents information regarding the heart, obtained
by simultaneously acquiring four biophysical signals from the
integrated gel sensor module. As shown in Figure 4a, each
sensor in contact with the skin is indicated at the top, and one
electrode of the ECG is placed outside the medical patch. A
simple method was used for attaching the sensor to a medical
patch, and the position of each sensor was based on placing
the BP/MMG sensor at the radial artery site (i.e., where the
pulse was measured). Figure 4b shows the circuit diagram
for the signal acquisition of an integrated sensor. PANi—PVC
performs the sensory functions for BP, ECG, and EMG, con-
sisting of the capacitance, resistance, and Warburg imped-
ance; PVDF-TrFe measures MMG indicating as resistance and
voltage generation. Signal conversion was performed using the
Arduino interface (AD8232: ECG, AD8226: EMG). A detailed
description is provided in Figure S10 in the Supporting Infor-
mation. The MMG and BP sensors were set in a stacked con-
figuration. As shown in Figure 4c, the integrated sensor thus
configured could obtain electrophysiological and kinematic
signals from each component sensor simultaneously and then
monitor them through an oscilloscope with four channels
(Figure 4c). The correlation determined through the acquisi-
tion of four signals can be useful for screening cardiac health.
In other words, predicting heart disease using the relationship
between the phase difference (At,.) of BP and ECG, known
as the pulse transit time (PTT),[®®<7l and the phase difference
(Ate) of MMG and ECG, has recently been introduced by some
researchers.”! It has been reported that the phase time differ-
ence (PTD) between cardiac and muscle contractions strongly
influences the BP and cardiac afterload during intermittent
muscle contraction. Thus, the clinical application of a well-
designed stimulator that induces a combination of heart rate
and muscle contraction by maintaining an appropriate phase
difference can support the concept of inducing a low SBP and
cardiac afterload. Kirby et al. reported that heart rhythms are
associated with cycling of a certain muscle intensity; however,
the essential beat-by-beat analysis for understand this coupling
phenomenon has been lacking.l'®! Kimura et al. also demon-
strated the afterload through the PTD in muscle contractions
electrically synchronized with the heart rate during intermittent
electrical stimulation.”) However, physiologically, many areas
of analysis and algorithm still need to be developed, and further
research is warranted.

The four biophysical signals measured during the rest period
are shown in Figure 4d. During this period, the EMG and
MMG signals were negligible, whereas the ECG and BP signals
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Figure 4. Simultaneous measurement and characterization of biophysical signals from integrated gel sensors. a) Photograph of integrated sensor
module with four component sensors (scale bar: 1 cm). (Top: sensors on skin, bottom: ECG electrode on the outside the medical patch). b) Each
sensor circuit consists of resistance, capacitance, and Warburg impedance. c) Simple flowchart for measuring and monitoring biophysical signals.
d) Measuring biophysical signals at rest and defining Aty.. e) Biophysical signals measured during gripping (29 kg). f) Postexercise (light running)
biophysical signals and Aty,. g) Biophysical signals measured while gripping after exercise (light running). MMG is a differential signal. Definition of
Atem. h) Changes in EMG and BP (SBP and DBP) according to grip strength. i) Relationship between MMG and At,,, with respect to grip strength.
j) Derivation of relationship between BP (SBP and DBP) and Aty (SBP: y = —0.51x + 288, R = —0.98; DBP: y = —0.45x + 229, R = —0.95). k) Change in
BP values according to At |) Prediction chart between BP value and PTD (healthy state and risky state). m) Correlation between Aty and At,,, with
respect to variations in SBP.
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were clearly obtained, as usual. In this case, the PTD between
the R peak of the ECG and the P1 peak of BP, known as the
PTT, is referred to as Aty.. In addition, the four biophysical sig-
nals appearing during isometric muscle contraction at rest are
shown in Figure 4e. When a grip force of 29 kg was applied,
the output voltages of the EMG and MMG were obtained in the
form of the signals of RA receptors. In addition, the BP and
ECG signals also exhibited signal deformation due to muscle
movement. Nevertheless, it was difficult to obtain intact ECG
signals. Although the voltage baseline was moved, the BP curve
could be obtained immediately. Thus, it can be concluded that
the tendency of each biophysical signal to vary with respect
to muscle contractions is unique. Furthermore, the EMG and
MMG signals obtained after light running were slightly dif-
ferent from those at rest. However, there was no direct move-
ment of the muscle; therefore, a change in the cognitive signal
was not confirmed (Figure 4f). During the gripping after exer-
cise, four distinct signals were obtained, as shown in Figure 4g.
Compared to that in Figure 4e, gripping was continued for
a longer time (=15 s), and clear ECG and BP signals were
acquired. The phase difference (At,,.) between the R peak of
the ECG and the initial firing peak of the MMG was obtained
using the differential value, in order to acquire the MMG signal
more clearly. At this time, the EMG is an important signal that
mutually confirms the firing peak of the MMG. In general, the
EMG is a biophysical signal used for muscle movements; how-
ever, the MMG is preferred owing to the electromagnetic inter-
ference inside and outside the body when obtaining electrical
signals such as the ECG.I"®l In this study, it was confirmed that
the phase difference between the EMG and MMG was small.
To assess the repeatability of the four biophysical signals, the
signal change according to the grip (=31 kg + 3) after exercise
was evaluated, as shown in Figure S11 in the Supporting Infor-
mation. A similar trend could be confirmed under constant
grip strength conditions.

Various analyses can be performed using the four biophys-
ical signals obtained simultaneously. As shown in Figure 4h,
the change in the EMG signals according to the distribution of
BP during gripping was tracked. As the grip strength increased,
the level of EMG increased almost linearly; however, there
was no significant change in either the SBP or the DBP. This
was attributed to the isometric muscle contraction; the use of
larger muscles and a longer duration of gripping would result
in a different magnitude. In addition, it was shown that the
MMG signal magnitude increases with the grip strength in the
resting state; however, the variation in At,, was significantly
small (between 205 and 210), such that it did not have a notable
effect on the phase difference (At.y,) (Figure 4i). Conversely, this
result implies that the irregularities in heart-related biophysi-
cals (Atey, irregularities or large phase difference) when using
weak muscles in the resting state may indicate a red alert for
heart health. Before and after exercise, the distribution of the
BP according to the increase in A#,. and At can be checked
during muscle movement through gripping. At exhibited a
tendency to decrease with an increase in the SBP and DBP. For
the SBP, which is directly related to the left ventricle in heart
disease, y = —0.51 x 268 (R = —0.98) was determined (Figure 4j).
Under the same conditions, At,,. showed a tendency to saturate
at =280 ms (Figure 4k).
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In a healthy heart, At or At shows a correlation in a cer-
tain BP or ECG region; however, in the case of a cardiac disease
such as arrhythmia, irregular phase time changes would appear
(Figure 41).°®1¢ This screening method offers the advantage
of obtaining additional information, and it can be more reli-
able than determining heart-health indicators using conven-
tional PTT methods such as the BP and ECG. According to the
change in the SBP, as shown in the Figure 4m, the relationship
between Aty and At tends to be inversely proportional. Thus
far, it has been difficult to physiologically derive a clear link
between these two PTDs; however, many relevant studies are
currently underway. It is also expected that a linear relationship
exists between the BP and phase time, at least under healthy
heart conditions. This result, considering the previous studies
that predicted heart disease based on an irregular PTD or the
maintenance of the PTD within a safe range using electrical
stimulation therapy, is highly encouraging for cardiac disease
care.

Although, one of the effective areas for the immediate appli-
cation of gel-based sensors is the field of medical devices,
appropriate guidelines or health indicators associated with
the correlation between heart-related biosignals and muscle
movement-related biosignals are still limited. Nevertheless,
certain researchers have devoted efforts toward studying these
correlations in order to develop suitable algorithms for wear-
able sensor devices.®P101719 With regard to the heart health
diagnosis approach proposed herein, to obtain data pertaining
to At and At,,, and establish an accurate algorithm based on
these data, it is necessary to incorporate the acquired data with
artificial intelligence-based techniques. In particular, it is essen-
tial to expand the number of subjects according to various con-
ditions, such as age, gender, and environment, and conduct a
sample survey involving normal and diseased people.

3. Conlusion

A wearable compact gel sensor inspired by human cutaneous
sensory receptors was developed in this study. Using this
sensor, human biophysical signals were simultaneously meas-
ured, and their correlations were investigated. For this purpose,
the PANi—PVC composite gel and PVDF-TrFe gel, which can
recognize the signal characteristics of SA and RA receptors
(characteristics of biophysical sensors), were used. The fabri-
cated sensor is a customized, portable integrated sensor that
enables convenient manufacturing and architectural design.
Thus, four biophysical signals—BP, ECG, EMG, and MMG—
were successfully acquired simultaneously, and the correlation
between cardiac and muscle movements was discussed. Cardi-
ovascular-related biophysical signals vary according to muscle
contractions; hence, a method for predicting or screening
cardiovascular diseases based on the PTD between muscle
contraction-related biophysical signals (MMG and ECG) and
cardiovascular-related biophysical signals (BP and ECG) gener-
ated during muscle contraction is considerably important. In
addition, using this type of sensor and the analysis method,
representative diseases that cause symptoms such as heart
failure due to excessive afterload (including hypertension, aortic
stenosis, and pulmonary valve stenosis) could be screened or
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even prevented. Regarding the novelty of this work, a sensitive
pressure sensor was manufactured, while maintaining the flex-
ibility and elasticity of the conventional PVC ion gel. Owing
to their conductivities, PVC-PANi-based ion gel sensors can
measure pressure-related biophysical signals as well as electro-
physiological signals. It is also worthwhile to fabricate a flexible
pressure sensor capable of measuring biosignals by manufac-
turing PVDE-TtFe in a gel-type form. These are considerably
valuable results, and the proposed sensor can be also applied in
many different fields as a multimodal sensor.

4. Experimental Section

Materials: PVC was purchased from Scientific Polymer Products Inc.,
and commercial PVDF-TrFe powder was purchased from Piezotech
(FC30). DBA was obtained from TCl Chemicals, and (l-ethyl-3-
methylimidazolium bis (trifluoromethylsulfonyl) imide) to be used
as the IL and tetrahydrofuran were purchased from Sigma-Aldrich.
Aniline, ammonium persulfate, and phytic acid were purchased from
Sigma-Aldrich. All the chemicals were used without purification or
pretreatment. PVC gel was prepared by fixing the weight ratio of PVC/
DBA/IL to 1:2:0.2. For the PVDF-TrFe gel, the ratio of PVDF-TrFe/DBA
was 1:2. PANi was prepared based on a previously reported method.1
Briefly, 0.286 g (1.25 mmol) of ammonium persulfate was dissolved
in 1 mL of deionized water. An aniline solution was prepared by mixing
0.921 mL (1 mmol) of phytic acid, 0.458 mL (5 mmol) of aniline, and
2 mL of DI water. After the PANi was sufficiently dried in a drying oven,
it was blended with PVC gel under a certain volume ratio.

Fabrication of Gel Sensors: A conical structure was formed via drop
casting on a mold (1.5 x 1.5 cm?, depth: 0.5 mm) through the surface
modification of the PANi—PVC gel and PVDF-TrFe gel. To obtain a signal
from the gel sensor, Ag wires and interdigital-type carbon electrodes were
inserted into the PVC and PVDF-TrFe gels, respectively. The PVDF-TrFe
surface in contact with PANi-PVC was coated with carbon graphite in
the stacked sensor structure used for the BP and MMG measurements.
The sensors composed of the PANi—PVC gel were used to measure
the BP, ECG, and EMG. In particular, for the ECG and EMG sensors,
which were composed of the conductive electrodes, PANi:PVC was
fixed uniformly at a volume ratio of 0.15:1. The PVDF-TrFe gel was used
to extract the MMG signal, and an interdigital-type carbon electrode
(8 x 8 mm?, line width: 0.6 mm) was installed as the internal electrode.
All the sensors were fabricated with a conical structure to maintain a
conformal state, wherein they are in contact with the skin and the side
attached to the medical patch remains flat. In addition, all the electrodes
and sensors were in contact with the skin, except for the ECG electrode
located outside the medical patch.

Characterization of Materials and Sensors: FT-IR (PerkinElmer, Frontier)
was used in the range of 400-4000 cm™ to confirm the degree of
synthesis of the PANi—PVC gel. CV was conducted and the impedance
of the PANi—PVC gel was measured using a potentiometer (Princeton
Applied Research, VersaSTAT 3) under an applied voltage supplying
voltage. To apply an external force to the PANi—PVC and PVDF-TrFe gel
sensors, a home-built computer system consisting of a stepping motor
and a force tip was utilized with varying frequencies. Simultaneously, the
output voltage from the sensor was measured by connecting to a four-
channel oscilloscope (Tektronix, MDO 4024C).

Measurement of Four Biophysical Signals Using Component Sensors:
The BP and MMG sensors featured a stacked structure. First, the MMG
sensor in contact with the skin receives a signal from the two carbon
electrodes. The BP sensor located at the top emits a signal through the
Ag wire installed in the PANi—PVC and is monitored by an oscilloscope.
The stacked BP and MMG sensors were installed such that they were
in contact with the location of the radial artery. Here, both the BP and
MMG sensors are self-powered sensors. The EMG sensor is composed
of three PANI-PVC gels with an area of 1.5 x 0.8 cm? arranged side by
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side, and signals were extracted from each electrode through the Ag
wire. The ECG sensor is composed of two PANi-PVC gel electrodes with
an area of 1.7 X 1.7 cm? placed in contact with the skin. One electrode is
attached to the outside of the medical patch, and this exposed electrode
is touched using the finger of the opposite hand for measurements.
The BP and MMG signals were measured during sitting without any
body movement, following the wrist angle change, rest, and exercise.
In addition, the state of the body was maintained in a stable manner
during the measurements, even after the isometric muscle contraction
through gripping. When measuring the MMG, the output voltage was
measured under a state where a constant force was applied within the
limited frequency range of the force sensor. For the ECG, two electrodes
arranged side by side were directly attached to the chest or wrist,
while the other electrode located outside the patch was operated as
a three-electrode cell by connecting with the finger of the other hand.
The measured signals were compared with those from a commercial
ECG electrode equipped with a conventional hydrogel-based Ag/AgCl
electrode. The EMG sensor was mounted on the wrist to measure the
changes in the signal with respect to the variations in the gripping and
wrist angle. The EMG sensor was also mounted on the calf to obtain
the changes in the signal during standing, sitting, and kicking. These
ECG and EMG signals were obtained through an Arduino module
(AD8232, AD8226) with a power source of 3 V. These tests involved a
male participant in his mid-50s, who went through repeated experiments
under the same conditions for four weeks.

Characterization of the Integrated Artificial Gel Cutaneous Sensor:
The four-element sensors were sorted in a uniform arrangement on a
medical patch. After mounting the BP/MMG sensor at the radial artery
position, the other sensors were arranged accordingly. Thereafter, four
signals were measured simultaneously, and the signals were received by
the oscilloscope through four channels. The ECG and EMG signals were
acquired through the Arduino module (AD8232, AD8226) acting as an
interface, while the BP and MMG signals were directly extracted from the
stacked sensor. All the signals were monitored using the oscilloscope.

Correlation between Cardiac- and Muscle-Related Biophysical Signals:
The PTT refers to the time between the R peak in an ECG wave and the
reference point of a pulse wave measured at the periphery of the body;
in other words, it indicates the duration over which a pulsating pressure
wave is delivered from the aortic valve to the peripheral part. The R
peak of the ECG and the P1 peak of the BP were considered as indices
representing the depolarization of the ventricle, and the time difference
between the R and P1 peaks was calculated to determine the PTT. Here,
the PTT was denoted as Aty.. EMG and MMG signals are generated
when muscle contractions are correlated with the ECG signals. This is
because muscle movement alters the diameter and flow of blood vessels,
which, in turn, affects cardiac activity. The time difference between the R
peak of the ECG and the first exposure of the MMG signal was defined
as A. MMG signals were selected because these are not electrically
disturbed by the human body and its surroundings, unlike EMG signals.
Furthermore, EMG signals were used for mutual verification with the
MMG signals.
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