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Abstract: Soft bioelectronic systems with a unique mechanical property, namely modulus matching
between human skin (or tissue) and the device, have gained widespread attention. This is because
of their closed-loop strain-insensitive electrical performance ranging from application in the long-
term stable measurements of physiological signals and feedback modulation to human skin (or
organs). Various materials and integration/fabrication strategies such as buckled, rigid islands, and
wavy designs addressed for soft bioelectronic systems require complex device fabrication with time-
consuming packaging and integration processes. In this study, we developed a soft bio-integrated
multifunctional device (SBMD) fabricated through the simple thermal evaporation and transfer
processes. The intrinsically stretchable Au–SEBS film composed of thermally evaporated gold (Au)
nanomembranes and an elastomeric substrate was applied to various functional modules that are
capable of sensing the strain (up to ~300%), temperature (with a thermal sensitivity of ~0.6 Ω/◦C),
chemicals (at a concentration of NaCl of ~0.5 wt%), and even electrophysiological cardiac/muscle
signals and showing thermal actuations (80 ◦C at 9 V). Specifically, such multifunctions of the SBMD
were stably performed even on skin. Thus, we believe the SBMD would be a promising candidate for
realizing soft bioelectronic systems.

Keywords: nanomembrane; crack-based sensor; stretchable electrode; wearable device; biomedical
device

1. Introduction

Wearable devices used in smart healthcare applications can measure the electrophysi-
ological signals from human skin to diagnose internal conditions and diseases [1–6]. Since
the stable, long-term monitoring of biological signals is necessary to realize an accurate
diagnosis, the electrical characteristics of sensors in wearable devices should not be lost,
even if significantly deformed. Stretchable electrodes, for example, are not only used in
wearable devices but are also epidermal and implantable sensors inserted into the body
and actuators in soft robots; hence, they have gained increasing attention [7,8]. However, if
the electrodes are detached from the skin owing to their mechanical modulus mismatch,
the sensed signal cannot be read correctly because of an air gap caused by an inflow of air
between the skin and electrodes. Therefore, many researchers have reported stretchable
electrodes that can be attached conformally to the skin and accurately measure biological
signals while having stable electrical characteristics for long-term use [9–12].
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Conventional sensors manufactured on silicon substrates are rigid, brittle, and stiff,
so it is difficult to attach them to the human body. Moreover, it is also difficult to obtain a
stable signal during movements, because these sensors are not stretchable. Additionally, to
achieve stable bio-signals despite these rigid properties, various methods such as buckled
structure [13], noncoplanar [14], rigid islands [15], wavy interconnects, and complex geom-
etry engineering [16–18] have been proposed. However, there is a problem with integration,
because complex wavy interconnects occupy a larger area than the main sensor part. In
addition, the fabrication of stretchable devices involves complicated multistep processes.

Therefore, researchers have proposed intrinsically stretchable materials for stretchable
semiconductors [19–23] and organic electrodes [9,10,24–29]. Organic electrodes are soft,
flexible, and soluble. Using these properties of polymers, they are made by mixing conduc-
tive fillers, such as metal nanowires and carbon materials with a flexible insulating polymer
solution [24–29], or by polymerizing intrinsically conductive polymers from a monomer
unit [30–32]. However, although these organic stretchable electrodes have excellent elas-
ticity, they do not exhibit good electrical properties. In addition, they are vulnerable to
various organic solvents used in semiconductor processes, which makes their integration
difficult. Therefore, it is necessary to develop an intrinsically stretchable electrode that
exhibits high electrical properties by using a relatively simple fabrication process.

For this demand, thermal evaporation has steadily studied for the preparation of
stretchable conductors consisting of a gold nanomembrane on an elastomer surface (espe-
cially PDMS) [33–35]. It has been reported that thermally evaporated gold nanomembranes
have three morphologies by the evaporation condition: microcracked, buckled, and smooth.
Among them, a microcracked gold nanomembrane-based elastomer conductor has advan-
tages in its low electrical resistance, compatibility with the conventional semiconductor
fabrication process, uniformity, simple one-step process and low fatigue for an extreme
cyclic test, and so on [34]. Therefore, it was recently studied as a soft bioelectronics and neu-
ral interface [36–38]. However, there is no study using styrene-ethylene-butylene-styrene
(SEBS) with a gold nanomembrane.

Here, we described a soft bio-integrated multifunctional device (SBMD) based on an
intrinsically stretchable conducting nanomembrane supported on an elastomeric substrate.
We fabricated a stretchable electrode by the direct deposition of a metal nanomembrane
on the surface of a stretchable elastomer substrate using a thermal evaporator. The pro-
posed electrodes showed that they are possible for fabricating patterned electrodes on
one substrate with a simple one-step process. Moreover, the electrodes exhibited excel-
lent stretchability (~300% elongation) and low resistance. Finally, it was shown that it
can be used sufficiently as a multifunctional wearable sensor that can detect deforma-
tion/electrochemical/temperature/electrophysiological signals from the skin and as a
heater for thermotherapy (Figure 1a–c).
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Figure 1. (a) Overall schematic of the soft bio-integrated multifunctional devices in intrinsically
stretchable conducting nanomembrane electrodes. (b) Photograph of the device before being
stretched. (c) Photograph of the device after being stretched.

2. Materials and Methods
2.1. Preparation of the Au–SEBS Electrodes and Sensors

All solvents were purchased from Sigma-Aldrich (Burlington, NJ, USA). The Au–SEBS
electrodes were prepared according to a previous study [21]. First, 100 mm × 100 mm glass
plates (AMG glass, Uiwang, Korea) were prepared as substrates before gold deposition.
The glass surfaces were cleaned for 2 min with oxygen plasma (100 W, 200 mTorr) using a
reactive ion etcher machine (Oxford Plasmalab 80 Plus, Oxfordshire, UK) and sonicated
in acetone, 2-propanol, and deionized (DI) water for 5 min each. After a gentle nitrogen
gas blowing, the SEBS (TuftecTM H1062, Asahi Kasei Co., Tokyo, Japan) solution was
drop-cast on top of a glass plate (75 mg/mL in chloroform) and dried overnight. Next,
gold nanomembranes with designated thicknesses (10, 30, 50, 70, and 90 nm) were directly
deposited onto the surface of the SEBS films using the conventional thermal evaporation
process (~1.0 Å per second). After peeling off the Au–SEBS films from the glass plate, they
were cut to specific sizes for each purpose (strain sensor, heater, and electrophysiology).
The wavy and interdigitated sensor devices were prepared using the same process, but
a stainless-steel shadow mask (iNEX JK Co., Ltd., Hwaseong, Korea) was additionally
used for the temperature sensor and electrochemical sensor. The patterned shadow mask
(approximately 80 mm × 80 mm) was attached to the SEBS film on glass using commercial
Kapton tape (KT-10, Bedell Co., Seoul, Korea) to create a sensor pattern. After the thermal
evaporation of gold, the tape was peeled off, and the mask was removed from the surface
of the SEBS film.

2.2. Mechanical and Electrical Characterizations of Au–SEBS Electrodes

To measure the resistance of the Au–SEBS films under strain, cyclic stretching tests
were conducted using a motorized X-translation stage and its corresponding software
(Jaeil Optical Corp., Daegu, Korea). During stretching, a source meter (Keithley 2450
Digital Multimeter, Clackamas, OR, USA) was used to monitor the real-time changes in the
resistance of the Au–SEBS films. For morphological characterization, an optical microscope
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(BX51M, Olympus, Tokyo, Japan) was used to analyze the Au–SEBS films in each state
(pristine, 100% stretched, and released). The nanometric morphologies (Supplementary
Figure S1) were characterized by a scanning electron microscope (JEOL, Seoul, Korea).

2.3. Various Sensors and Heater Demonstration of the Au–SEBS Electrodes

To prepare the strain sensor, the Au–SEBS film was cut to a determined width (from
1 to 5 mm) and length (2 cm). The two ends of the samples were fixed on a motor-based
one-axis stretcher using double-sided tape. The annealed copper wire and Au–SEBS sensor
were placed in contact with liquid metal (EGaIn, Burlington, Sigma-Aldrich). The Au–SEBS
strain sensor was stretched at a rate of 0.05 mm/s but at 1 mm/s for the cyclic test.

For the electrochemical sensor, various concentrations of NaCl solutions with DI water
(0, 0.1, 0.2, 0.3, 0.4, and 0.5%) were prepared. The interdigitated Au–SEBS electrode films
were attached to a glass plate (Marienfeld, Lauda-Königshofen, Germany), and commercial
wires were connected on each pad of the electrode using liquid metal. They were totally
fixed by polyimide tape. Then, they were immersed in NaCl solution. The source meter
was used to measure the current change between the two electrodes.

For the temperature sensor, wavy Au–SEBS electrode films were attached to the glass
plates, and commercial wires were connected on each pad of the electrode using liquid
metal. Then, they were put on the top of the commercial hot plate machine. Temperature
conditions were controlled by the hot plate control panel from 30 ◦C to 100 ◦C. The
resistance change was measured by the source meter. We waited 5 min from the moment
each temperature condition was reached for stabilization of the resistance of the sensor.

For the heater, a 1 cm × 2.5 cm Au–SEBS film was prepared. The film was placed in
contact with commercial wires using liquid metal. The current was supplied from a power
supply machine (Agilent E3647A, San Jose, CA, USA). The temperature of the heater was
measured using a thermal imaging camera (E75SC, FLIR Systems, Inc., Wilsonville, OR,
USA) for real-time monitoring.

2.4. Measurement of Electrocardiogram and Electromyogram Signal from Human Skin

For electrophysiological signal monitoring, the electromyogram (EMG) and electrocar-
diogram (ECG) signals were recorded using a bio-signal amplifier (Bio Amp FE231, AD
Instruments, Dunedin, New Zealand) and a data acquisition device (PowerLab 8/35,
AD Instruments). Action potential signals were filtered as the International Society
of Electrophysiology and Kinesiology (ISEK) standard (1500-Hz low-pass filter). The
sensing (SE) and reference (RE) electrodes were prepared by cutting the Au–SEBS elec-
trode, and a commercial gel electrode (3M 2660 Ag/AgCl gel electrode) was used as the
ground electrode.

For measuring the EMG sensing, the SE and RE were attached to the flexor digitorum
superficialis [39,40] of the right forearm, whereas the reference gel electrode was attached
to the opposite side of the forearm. The volunteer was required to perform two simple
hand gestures—that is, grasping and releasing of the fingers for 30 s each.

For measuring the electrocardiogram (ECG) sensing, the cardiac signal was measured
by ECG equipment using the three proposed electrodes based on the standard 12-lead
measurement method. The positive and negative electrodes were attached to the left and
right forearms, respectively, and the reference electrode was attached to the left ankle. The
electrodes were positioned based on Einthoven’s triangle positioning for representative
ECG electrode placement on humans [41,42].

3. Results and Discussion
3.1. Stretching Test and Morphological Characterization of the Au–SEBS Electrodes

After preparing the Au–SEBS electrodes (Figure 2a), we prepared the SEBS films with
variable Au thicknesses to investigate the effect of the Au nanomembrane thickness on
the electrical conductivity (Figure 2b). Naturally, the sheet resistance of the Au–SEBS
film decreased as the Au nanomembrane thickness increased. The electrode with an Au



Appl. Sci. 2021, 11, 6562 5 of 13

nanomembrane thickness of 30 nm was conductive, indicating that the gold particles were
sufficiently deposited to form an electrical pathway on the surface of the SEBS film.
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Figure 2. (a) Fabrication process of the Au–SEBS electrode. (b) Sheet resistance of the Au–SEBS
electrodes varied by different Au thicknesses. (c) Photograph of the stretchable Au–SEBS electrode.

However, as seen from the optical microscope images in Figure 3, morphological
changes were observed in the pristine, 100% stretched, and released states of the Au
nanomembranes. Multiple micro-nanoscale cracks were seen on the surfaces of the elec-
trodes. On stretching, the cracks spread widely, and larger gaps were observed between
the Au particles. However, when they were released, the Au particles reconnected with
each other, which indicates that the cracks in the Au nanostructure were supported by the
elastic SEBS substrate (its elastic modulus was ~3.5 MPa); thus, stable electrical properties
were retained during stretching and releasing.
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Figure 3. Optical images of the Au nanomembranes. (a) Pristine, (b) 100% stretched by a motorized
X-translation stage, and (c) released after stretching (scale bar: 20 µm).

3.2. Strain Sensor

We demonstrated the proposed electrode as a strain sensor. Achieving a high stretch-
able sensing range and high gauge factor in a strain sensor is challenging [43]. Although
conventional strain sensors exhibit high gauge factor values for sensitivity, they have
limited stretchable sensing ranges [44,45]. In contrast, while strain sensors exhibit relatively
high stretchability ranging up to 70%, they exhibit low sensitivity due to a low gauge
factor [46,47]. Figure 4a shows the design rule for determining the Au thickness of the
proposed strain sensor. As the maximum gauge factor increases, the Au thickness increases,
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and the electrical fracture strain decreases. To obtain a highly stretchable sensing range, we
adopted a 30-nm-thick nanomembrane. For a higher gauge factor in a relatively narrow
stretchable sensing range, a thicker nanomembrane can be considered. Figure 4b shows the
design rule for determining the width of the nanomembrane. If the gold nanomembrane
becomes thicker, its initial resistance value would be lower than before. However, the initial
resistance value was saturated for a width of 3 mm, and no significant differences were
observed even as the width increased. The gauge factor, compared to the same amount of
strain, increased with a decrease in the initial resistance value. Therefore, we can conclude
that the gauge factor value was the highest for the width of 3 mm. Figure 4c shows the
design rule for determining the stretchable sensing range of the strain sensor. Although
a 3-mm-wide nanomembrane can be stretched up to 400%, the linearity of the relative
resistance decreases with an increase in the stretchable range. Linearity is a measure of the
sensor performance. A low linearity indicates the need for sensor calibration, making the
manufacturing process difficult [43]. Therefore, we adopted a 300% stretchable sensing
range with a high gauge factor and moderate linearity (~0.67). Figure 4d shows the relative
resistance–strain curves of the strain sensor. When the strain extended 300%, the gauge
factor value was approximately 134, and an initial strain of 17% indicated residual strain.
However, this value was negligible compared to the overall strain and resistance values.
Figure 4e shows relative resistance–strain curve depicting the hysteresis of the selected
strain sensor under a double sweep. There was not much difference in the relative resistance
value within the loading–unloading cycle. Figure 4f shows the relative resistance–strain
curve of the selected strain sensor from 100% to 300% during the loading–unloading cycle.
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Figure 4. (a) Fracture strain and maximum gauge factor of the Au–SEBS strain sensor with their
respective Au thicknesses. (b) Resistance trends and gauge factor as per the width of the strain sensor.
(c) Gauge factor and linearity change as per the strain for determining the range of use of the sensor.
(d) Relative resistance–strain curve depicting the sensitivity of the selected strain sensor. (e) Relative
resistance–strain curve depicting the hysteresis of the selected strain sensor under a double sweep.
(f) Reliable strain-sensing performance of the selected strain sensor under repeated stretching cycles.

3.3. Electrochemical Sensor

Interdigitated electrodes have been used as electrochemical biosensors for the past
two decades and are often fabricated by complex steps. However, they do not require
detection markers for specific analytes and a reference electrode, considering the interdig-
itated electrode sensor monitors changes in the current caused by the direct interaction
between the sensor surface and the analytes [48–50]. Therefore, we prepared the Au–SEBS
interdigitated electrode by attaching a patterned mask on the SEBS film before thermal
evaporation. We selected sodium chloride (NaCl) as our target analyte from numerous
other bio-analytes in the body, considering they carry 0.5% of the total sweat [51,52]. Hence,
we prepared mixtures of pure DI water with different concentrations of NaCl solutions
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for NaCl sensing. An interdigitated sensor is primitively categorized as a capacitive or
impedimetric sensor [53–55], but using only simple setup at Figure 5a, we measured the
concentration of NaCl in the solution by the interdigitated electrodes connected with a
source meter. As the NaCl concentration increased, the mobile ions increased in the solu-
tion. We confirmed the current was increased as the NaCl concentration increased in the
solution that the electrode was immersed in. Figure 5b shows that sweat sensing is capable
of diagnosing the health state of a subject even with other sensors attached.
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Figure 5. (a) Measurement setup of the Au–SEBS electrochemical sensor. (b) NaCl sensing of
the electrochemical sensor. (c) Temperature–resistance correlation of Au–SEBS temperature sensor.
(d) Real temperature differences between the control panel of a hot plate machine and IR camera
sensor and the temperature sensing of the Au–SEBS temperature sensor in real time. (e) Heating
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3.4. Temperature Sensor

Temperature is an essential parameter, an important indicator for health monitor-
ing of the human body. Various types of stretchable temperature sensors have been
developed; two types are conductive composites (by thermal expansion differences) and
resistive conductors on stretchable elastomer substrates (by resistance changes on conduc-
tors following the temperature) [56–59]. Conductive composites use various nanomaterials,
including carbon nanotubes [60,61], graphene [62,63], conducting polymers [64,65], and
metal nanowires [58,66,67]. However, this type generally has a narrow temperature range,
low accuracy, and slow response. [66] We used a wavy Au–SEBS electrode as a resistive
temperature sensor. In Figure 5c, the Au–SEBS temperature sensor showed its temperature
sensitivity (~0.6 Ω/◦C). It was comparable with other nanomaterial-based temperature
sensors [56,66], specifically with copper or silver nanowires. Figure 5d showed the corre-
lation of the controlled temperature value we set on the hot plate machine and real-time
temperature value fluctuation measured by an infrared thermal imaging camera. Basically,
the heating stage we used could not keep constant temperature conditions, so real temper-
ature conditions were continuously fluctuated. However, the Au–SEBS temperature sensor
correctly followed the real temperature fluctuation trend measured by a thermal imaging
camera, so it was shown that it can be worked as a reliable temperature sensor.

3.5. Heater

Among the basic elements used in skin wearable devices, heaters are most commonly
used for thermotherapy. It is known that conventional heaters such as heat packs or wraps
control their temperature by Joule heating, and the heating effect results in the thermal
expansion of vascular systems and the surrounding tissues, which relieves pain [68].
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Therefore, various kinds of stretchable heaters using metal nanowires [69–73], conducting
polymers [74,75], and carbon materials [75–79] have been reported as wearable skin devices.
In this study, we used the Au–SEBS electrode as a heater for application as a wearable
healthcare device. Figure 5e,f showed the heating performance of the Au–SEBS electrode.
Its temperature was raised at 77.6 ◦C at 10 V at the maximum, but it was insufficient for
other nanomaterial heaters like PEDOT:PSS (approximately 80 ◦C at 7 V) [75] or single-
walled carbon nanotube heaters (approximately 80 ◦C at 5 V) [78]. Nevertheless, the heater
showed a sufficient heating temperature range (30–80 ◦C below 10 V) as an epidermal
heater device.

3.6. Electrophysiology Measurement of the Human Body

Biopotential monitoring from the human body (called “electrophysiology”) provides
direct evidence to determine a human body in a healthy state and diseased state. It can show
a wide range of medical information about the patient [80–82]. Conventional electrodes
used in electrophysiology are classified as wet and dry electrodes. As the gold standard,
3-M Ag/AgCl gel electrode is an example of a wet-type electrode that is commonly used
owing to low-impedance contact with the skin, reduced noise due to motion artifacts of
a subject or wiring, and being easily disposable [83–85]. However, the performance is
not long-lasting due to the constant gel dehydration with time, which sometimes results
in skin irritation or allergic reactions, making them unsuitable for long-term bio-signal
monitoring [85]. We used Au–SEBS films as bio-signal-sensing electrodes for measuring
these EMG and ECG signals. Although our electrode was used as a dry electrode without
a conductive gel, it was capable of effectively detecting the bio-signal when measuring the
EMG and ECG in a simple experimental setup (Figure 6a) and determined the electrode
positioning (Figure 6b for EMG and Figure 6d for ECG).

EMG show useful information about the skeletal muscles. Its activation was recorded
by a form of electrical potentials produced by a contraction of specific muscles to which
the electrode is attached. Motor unit action potential (MUAP) means a summation of the
potentials evoked at several muscle fibers around the electrode [86]. From the neuromus-
cular junction, acetylcholine (ACh) combines to ACh receptors on muscle tissue to start
the action potential through depolarization by the inflow of sodium ions. EMG electrodes
can detect the contraction and relaxation of the muscles in real time. It is an important tool
for developing a human–machine interface and neuroprosthesis [87,88]. In Figure 6c, the
surface EMG was measured by attaching the Au–SEBS electrode on the flexor digitorum
superficialis [39,40] of the right forearm (Figure 6c). The signals of two designated motions
(grasping and releasing the one hand) were shown at each peak, but the difference of the
two motion signals was not big, so it is suggested that the motion artifact was mixed in
the EMG signals. The sensing signal scale (Y-axis scale) was not sufficient for other dry
EMG electrodes using PEDOT:PSS [89] or silver electrodes [90]. However, for practical
applications, it is still needed for external signal processing systems that are capable of the
noise filtering.

An ECG can give us the electrical activity of the heart (a heart rhythm) in daily life. It
is a simple but useful clinic tool to monitor and diagnose cardiovascular diseases such as
arrhythmia, angina, and myocardial infarction from abnormal cardiac signals [91,92]. The
ECG signal is analyzed by a distinct graph shape from the pulsing of the heart on the surface
of the skin, mainly the left chest. Commonly, its distinct peaks are called P, Q, R, S, and T
peaks [93]. In the heart, autorhythmic cells lead the heartbeat as the pacemaker. In the ECG
signal, the P peak is correlated on atrial depolarization of the cardiac cellular membrane by
the inflow of sodium ions caused by the sinus node. Next, the QRS complex peaks mean the
activation of the ventricles and widely spread electrical signals. Finally, the T peak occurs
after the repolarization of the cardiac cellular membrane by the outflow of calcium and
potassium ions. Depolarization is often maintained over two hundred milliseconds [94].
During the ECG measurements, we monitored five distinct peaks, revealing that cardiac
activation of the volunteers clearly appeared in our electrode (Figure 6e). The sensing
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signal scale was comparable with the other dry ECG electrodes that were previously
reported [95–97]. However, it showed only a basic characterization of the five peaks and
needed to improve the performance for more precise cardiac diagnosis applications.
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Figure 6. (a) Electrophysiology measurement setup. (b) Electrode positioning for EMG measurements.
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(grasping and releasing). (d) Electrode positioning for the ECG measurements. (e) ECG signals
acquired from the volunteer’s body. Several alphabetic captions expressed the cardiac signal state
(PQRST peaks).

4. Conclusions

We fabricated soft bio-integrated multifunctional devices that can be attached to
human skin to monitor and diagnose the health of a subject. Au–SEBS electrodes with
varying thicknesses of the Au nanomembrane were prepared using the conventional
evaporation process to investigate the effect of the thickness on the electrical properties
of the sensor, such as the initial sheet resistance and electrical breakdown at the design
stage. Furthermore, the morphological and mechanical analyses showed that the proposed
sensors exhibited a stable low resistance under a strain based on the intrinsically stretchable
conducting Au nanomembranes. After investigation, the selected Au–SEBS electrodes
were used as strain sensors, electrochemical sensors, temperature sensors, heaters, and
electrophysiological sensors (EMG and ECG).

The proposed Au–SEBS electrode-based sensors exhibited comparable performances
to the previously reported wearable sensor devices and can be potential candidates for
applications in wearable biomedical devices. If combined with signal processing systems,
we expect that our Au–SEBS electrode can be widely applicable in the healthcare indus-
try, such as when using the Internet of Things technology and deep neural networks in
developing personal healthcare and diagnosis systems in the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11146562/s1: Figure S1: Scanning electron microscope images of Au–SEBS electrodes
with designated thickness. Figure S2. (a) Simple working principal diagram of the proposed
Au nanomembrane strain sensor. (b) Diagram of the Au nanomembrane strain sensor without
a crack. (c) Diagram of the Au nanomembrane strain sensor elongated ~100%. (d) Diagram of
the Au nanomembrane strain sensor elongated below the fracture strain. (e) Diagram of the Au
nanomembrane strain sensor elongated above the fracture strain. Figure S3. Optical images of the Au
nanomembrane of a 50-nm Au thickness when stretched 300% at the motorized X-translation stage.
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