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ABSTRACT

Wearable biopotential sensing devices are essential to long-term and real-time monitoring of human health. Non-contact, capacitive
sensing electrodes prevent potential skin irritations, and are thus beneficial for long-term monitoring. Existing capacitive electrodes
are either connected to a separate control circuit via external wires or have limited sensing capacitances, which leads to low signal
qualities. This study demonstrates a stretchable capacitive sensing device with integrated electrodes and control electronics, with
enhanced signal qualities. The electrodes and the control electronics are fabricated on a common fabric substrate for breathability and
strain-limiting protection. The stretchable electrodes are based on an island-bridge design with a stretchability as high as ~ 100%,
and an area ratio as high as ~ 80%. By using a dielectric calcium copper titanate (CCTO) composite as the adhesive layer, the
electrode capacitance can be increased, yielding an enhanced signal-to-noise ratio (SNR) in the acquired biopotentials. This device
offers a convenient and comfortable approach for long-term non-contact monitoring of biopotential signals.
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1 Introduction

Biopotential sensing from the skin surface has proved to be
valuable for health monitoring [1], diagnostics [2, 3], and human-
machine interface [4-6]. In these cases, long-term recording is
critical for capturing intermittent or transient events to inform
appropriate treatment or predict an adverse event [7, 8].
Wearable biopotential sensors for electrocardiogram (ECG) [9]
and electromyogram (EMG) [10] allow for ambulatory data
collection over extended periods. Electrodes of wearable sensors
in direct contact with the skin may cause skin irritation or
inflammation for users who are sensitive to adhesives [11, 12].
Non-contact electrodes that capacitively couple the biopotentials
can circumvent this problem [13-18]. Those devices typically
use rigid substrates, which do not conform to the soft and
curvilinear human body surface, limiting their applications in
continuous long-term monitoring. To overcome this challenge,
conformal capacitive biopotential monitoring sensors using
conductive fabric [19] or filamentary serpentine mesh
electrodes on silicone rubber [20, 21] have been demonstrated,
but they each have limitations. The challenge with conductive
fabrics is that it is difficult to integrate circuits with them, and
therefore there are only passive electrodes [22]. The problem
with filamentary serpentine mesh electrodes is that they have
a relatively small effective area in electrode space that leads
to low coupling capacitance and thus compromised signal

quality [20]. Compared to commercial wet conductive electrodes,
these electrodes have lower SNR due to low input capacitance
and thus high input impedance.

Here we present a stretchable capacitive sensor on a fabric
substrate for non-contact monitoring of biopotentials. The
electrodes show high stretchability that enables conformal
contact with the skin and a large effective area of the electrode
that provides high quality of capacitive coupling with skin.
Electrodes and the circuit are integrated on the fabric substrate
for acquiring and processing of ECG and EMG signals. Due
to the porous and fibrous characteristics, the fabric substrate
possesses high breathability, which is an excellent candidate
serving as the substrate for wearable devices [23-25]. The
silicone encapsulation layer is not breathable [26, 27], but the
airflow can transport horizontally along the textile substrate.
Additionally, we dope an adhesive layer between the electrode
and fabric with calcium copper titanate (CCTO) nanoparticles
to increase the capacitance and enhance the signal-to-noise
ratio (SNR) of the biopotential signal.

2 Result and discussion

2.1 Characterization of the device

Figure 1(a) depicts the schematics of the device. The device,
encapsulated by a 200 um layer silicone elastomer (modulus
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Figure 1 The schematic and optical images of the stretchable capacitive
sensor on a fabric substrate. (a) Illustration of the device on the arm.
Inset is an exploded view of the capacitive electrode. (b) An overview of
the capacitive sensor. Inset shows magnified view of the electrode. The
device consists of four major parts: an instrumentation amplifier (inst.
amp.), two sets of buffer amplifiers (buffer amp.), connection pads, and
two electrodes. (c) Side view of the capacitive electrode on a fabric.
Images of a device in (d) a conformal configuration on a spherical surface,
(e) a bloused configuration, and (f) a rolled configuration to show the
fabric at the backside of the device.

of ~ 60 kPa, Ecoflex 00-30, Smooth-on), is attached to a 220 um
thick fabric substrate with an adhesive layer (modulus of ~ 3 kPa,
Silbione RT Gel 4717 A/B, Bluestar Silicones), which provides
breathability and physical support. There is no direct contact
between the skin and the device. The device is composed of
a central integrated circuit hub and two side electrodes. A
schematic exploded-view reveals the layered structure of the
electrode, where a 20 um copper layer with an island-bridge
structure couples with biopotentials capacitively. At the central
circuit hub, integrated circuit chips are bonded on the copper
electrodes in island-bridge layouts. The central circuit hub
includes instrumentation amplifiers, buffer amplifiers, and
necessary passive components (see Fig. S1 in the Electronic
Supplementary Material (ESM) for more details of the circuit).

2.2 Design and stretchability of the electrode

The key for capacitive electrode design is to maximize the area
filling ratio and therefore the capacitance. Figure 2(a) portrays
the capacitive electrode layout, which is composed of square
islands and serpentine bridges. The parameters of design
include island size I, bridge wire width L, and inter-bridge
spacing S. Considering the spatial resolution of the patterning
technique for the copper electrode is 40 pm [28], to ensure the
fabrication yield, in this work we use L and S of 150 and 50 pm,
respectively. Figure 2(b) shows the calculated area filling ratio
of the electrode as a function of the island size I. For capacitive
sensing, both islands and bridges of the electrodes will couple
biopotentials and should therefore be considered in the
optimization. The island-bridge design has an area filling ratio
of 80% where island size is 1 mm, much higher than the bridge-
only design where island size is close to 0 um, demonstrating
the advantage of this design compared with the filamentary
serpentine mesh electrode [20].

The optimal island size is determined by the stretchability of
the electrode. A larger island size leads to lower stretchability.
Uniaxial stretching test results show no delamination at 100%
tensile strain with an island size from 0.5 to 2 mm, while
maintaining a high area ratio (Fig. S2 in the ESM). In addition,
stress-strain testing of the electrode integrated on the fabric
shows similar results to the bare fabric, which indicates the
minimal mechanical load of the electrode imposed on the
fabric (Fig. 2(c)). The fabric breaks at 100% tensile strain, before
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Figure 2 Geometric design and stretchability characterlzatlon of the
electrode. (a) Detailed structure of one electrode island. Key geometric
parameters include the island size I, bridge wire width L, and the gap
width between bridges S. (b) The relationship between the area ratio and
island width. (c) Stretchability tests of the standalone electrode, the bare
fabric substrate, and the electrode integrated on the fabric. The copper
electrode integrated on the fabric substrate shows a stress-strain behavior
similar to the bare fabric substrate, illustrating the minimal mechanical
load imposed by the stretchable electrode.

the copper electrode breaks, so the fabric can function as a
strain-limiting protection for the electrode [29].

2.3 Electrical properties of the electrode

To test if any mechanical deformation will influence the perfor-
mance of the electrodes, we characterized the capacitance of
the electrodes under tensile strain. Figures 3(a) and 3(b) show
a photo and schematic illustration of the experimental setup.
We gradually stretch the electrode while monitoring the capaci-
tance change using a digital multimeter (A.W. SPERRY
DM-8500). Due to Poisson’s ratio, the tensile strain decreases
the thickness of the fabric layer, thus increasing the capacitance
(Fig. 3(c)). Corresponding zoomed-in optical images show mecha-
nical behaviors of the island-bridge structure under different
tensile strain. For capacitive sensing, higher capacitance leads
to lower input impedance, Z

1
2mfe

where f is frequency and c is capacitance. A lower input
impedance will result in a higher signal amplitude, because
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Figure 3 Characterization of electrode capacitance under various tensile
strain. (a) An optical image and (b) schematics of the measurement setup.
DMM: digital multimeter. (c) Zoomed-in images of the electrode (top)
and capacitance (bottom) at different tensile strain levels.
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less voltage will be dropped across the capacitive electrode. In
the meantime, the background noise, which mainly comes
from the circuit, remains the same regardless of the input
impedance as illustrated in Fig. S3 in the ESM. Hence, the SNR
can be increased.

2.4 Biopotential measurements

Figure 4(a) shows the schematic mechanism of the capacitive
sensor. Buffer amplifiers are used for impedance matching to
decrease the overall large coupling impedance of the capacitive
electrodes. Both electrodes have common-mode 60-Hz noise.
An instrumentation amplifier bolsters the potential difference
between the two electrodes and reduces the common-mode
noise. The signal is then output to an external data acquisition
system (Picoscope 5000), which digitizes the signal at a
sampling rate of 2,000 Hz and records the data. The external
data acquisition system includes a built-in band-pass filter to
eliminate the high-frequency noise produced by the human
body and a 60 Hz digital notching filter (in Matlab).

EMG and ECG are measured on the forearm and the chest,
respectively. To validate the performance of the capacitive
electrode, a commercial wet electrode was used at the same
position with the same circuit for acquiring ECG and EMG
signals. Figure 4(b) shows typical EMG signals measured during
repeated holding and releasing of a grip dynamometer. The
red and black curves represent results from the capacitive
electrode and wet electrode, respectively. Figure 4(c) shows
typical ECG signals measured. The P, Q, R, S, and T waves are
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Figure 4 Biopotential measurements with the stretchable capacitive
sensor. (a) A schematic diagram of the capacitive sensor system. Signals
are processed by buffer amplifiers and an instrumentation amplifier, and
then transferred to a data acquisition system. (b) EMG and (c) ECG signals
measured by the capacitive electrode and a commercial wet electrode. P, Q,
R, S, T waves are labelled.
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clearly defined. The output waveforms of these two electrodes
show high correspondence to each other. It should be noted
that to ensure the same testing location, these signals from the
two different electrodes are collected one after another, resulting
in slightly different waveforms.

2.5 Enhanced performance with CCTO-doped electrodes

To further enhance the SNR, we increased the dielectric constant
of the adhesive layer by adding dielectric nanoparticles to
form a composite (Fig. S4 in the ESM). Compared with niobate-
lead titanate [30], barium titanate [31], and titanium dioxide
[32], CCTO is lead-free, and has an ultra-high temperature-
independent relative dielectric constant of more than 10* due
to its unique structure [33, 34]. The average size of the CCTO
particles is ~ 1 um (Fig. 5(a)). We further characterized this
particle with X-ray diffraction (XRD) and energy-dispersive
X-ray spectroscopy (EDX), as shown in Fig. S4 in the ESM.
With a 40 wt.% particle concentration and the thickness of the
adhesive layer being the same, the electrode does not sacrifice
its stretchability (Fig. 5(b) and Fig. S5 in the ESM; see the
Experimental Section for detailed fabrication processes). The
CCTO-composite electrode has a capacitance of 190 pF
compared to 120 pF of the non-composite electrode. The reason
for the finite improvement on capacitance is because when the
adhesive layer capacitance is high, the fabric capacitance will
become the bottleneck, as discussed in Fig. S6 in the ESM.
We measured the ECG signal on the same subject (Fig. 5(c)).
The overall signal amplitude is enhanced, and correspondingly,
the SNR based on the R peak amplitude [35] is increased by
3 dB by the CCTO-composite.
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Figure 5 Enhanced biopotential measurements by the CCTO-doped
adhesive layer. (a) An SEM image of CCTO nanoparticles. (b) An optical image
of the CCTO-doped electrode. (c) ECG signals measured using electrodes
with and without CCTO on the same subject. (d) Corresponding signal

amplitude, average amplitude, and SNR of the R-peaks.

3 Experimental section

A microscope glass slide was coated by poly(methyl methacrylate)
(PMMA, 950 A4, MircroChem) as a release layer, and a 200 pm
thick layer of Ecoflex (Smooth-On). A separate microscope
glass slide was coated with a 50 um thick polydimethylsiloxane
(PDMS, 20:1, Sylgard 184 silicone elastomer), followed by
laminating with a 20 um thick copper foil (Oak-Mitsui Inc.)
[36]. The copper foil was then patterned by pulsed laser ablation
(Precision Laser Processing system Model 01-14, Laser Mark’s)
according to the geometries designed in AutoCAD. After
ultraviolet ozone activation for 3 min, a water-soluble tape
(3M) was used to transfer the patterned copper filament to the
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Ecoflex substrate. The water-soluble tape was then removed
by soaking in water at 80 °C for 15 min. For electrodes of the
device, an adhesion layer with thickness of ~ 200 um (Silbione,
RT Gel 4717 A/B, Bluestar Silicones) was spin-coated on the
copper and cured at room temperature for 48 h. Also, CCTO
powders (Stanford Advanced Material) were uniformly mixed
with the silbione at 40 wt.%. The CCTO-doped silbione was
spin-coated on the copper with a thickness of 200 um. For
bonding electronic components of the circuit, the transferred
copper surface was cleaned using flux to improve wettability
of the solder paste. Afterward, solder paste (SMDLTLEFP,
Chip Quik Inc.) was used to bond the integrated circuit com-
ponents on the copper wire under an optical microscope by
thermal reflow on a hotplate at 150 °C for 2 min. The electrodes
and circuit were connected by solder paste. Ecoflex was coated
and cured with a thickness of 200 um as an encapsulation layer
of the device. The electrodes and the circuit were transferred
and bonded to the fabric by the adhesive layer.

4 Conclusion

In this study, we demonstrated a wearable and stretchable non-
contact biopotential sensing device on a fabric substrate. The
electrodes exhibit high stretchability of over 100% that allows
conformal contact with skin, and a large area ratio of over
70% that enables strong capacitive coupling with the skin. The
electrodes and the circuit are integrated on a common substrate
for signal acquisition and processing, with the resulting ECG
and EMG signals comparable to commercial wet electrodes.
Furthermore, we demonstrated that the device capacitance
could be increased by compositing the adhesive layer with high
dielectric constant CCTO nanoparticles, enhancing the SNR
of the biopotential signals. These results offer a convenient
way to measure ambulatory biopotential signals on clothing
over the long term, which may greatly facilitate the adoption
of wearable stretchable sensors.
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