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ABSTRACT: Skin-interfaced wearable sensors can continuously
monitor various biophysical and biochemical signals for health
monitoring and disease diagnostics. However, such devices are
typically limited by unsatisfactory and unstable output performance
of the power supplies under mechanical deformations and human
movements. Furthermore, there is also a lack of a simple and cost-
effective fabrication technique to fabricate and integrate varying
materials in the device system. Herein, we report a fully integrated
standalone stretchable biophysical sensing system by combining
wearable biophysical sensors, triboelectric nanogenerator (TENG),
microsupercapacitor arrays (MSCAs), power management circuits,
and wireless transmission modules. All of the device components
and interconnections based on the three-dimensional (3D)
networked graphene/Co3O4 nanocomposites are fabricated via low-cost and scalable direct laser writing. The self-charging power
units can efficiently harvest energy from body motion into a stable and adjustable voltage/current output to drive various biophysical
sensors and wireless transmission modules for continuously capturing, processing, and wirelessly transmitting various signals in real-
time. The novel material modification, device configuration, and system integration strategies provide a rapid and scalable route to
the design and application of next-generation standalone stretchable sensing systems for health monitoring and human−machine
interfaces.

KEYWORDS: triboelectric nanogenerator, microsupercapacitor arrays, biophysical sensors, graphene/Co3O4 nanocomposites,
standalone stretchable sensing systems

H ighly integrated and miniaturized wearable sensing
systems with seamless and conformal contact with

human skin are essential to obtain accurate multimodal
biosensing to continuously and noninvasively monitor human
activities and health status in real-time.1−3 The system needs to
integrate wearable sensors with energy harvesters and suitable
energy storage devices along with power management circuits
and wireless transmission modules.4 However, soft, light-
weight, sustainable, and safe power supplies are often less
studied and developed due to the challenges of unsatisfactory
and unstable output performance under mechanical deforma-
tion and human movements, especially during a long-term
operation.5,6 In addition, these varying device components
generally require the deposition of patterned functional micro/
nanomaterials (e.g., metallic or carbon nanomaterials, con-
ducting polymers, or liquid metals) on soft substrates through
arduous, time-consuming, high-cost, and complex manufactur-
ing processes (e.g., photolithography, wet etching, and three-
dimensional (3D) printing).7 Therefore, it is highly desirable
to develop an efficient, cost-effective, and scalable fabrication

method for fully integrated standalone stretchable sensing
systems.
Readily patterned by irradiating carbon sources with a CO2

laser, laser-induced porous graphene foams have recently been
applied to electrocatalysis, soft actuators, sensors, and energy
conversion and storage devices because of their mechanical
robustness, excellent thermal and chemical stability, and high
electrical conductivity.8,9 Additionally, surface modification of
these porous graphene foams can further tune their physical,
chemical, electronic, and optical properties for different target
applications.10,11 More interestingly, it is possible to directly
pattern hybrid nanocomposites by a second direct laser writing
of nanoparticles (e.g., metal, alloys, and metal oxides/sulfides)
on porous graphene foams. Meanwhile, transition metal oxide
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nanostructures (e.g., MnO2, RuO, Co3O4, Fe3O4) are broadly
recognized as excellent active materials for wearable electronics
because of their high redox activity, great reversibility, ease of
chemical functionalization, and the potential mass produc-
tion.12 The in situ formation of nanoparticles such as Co3O4

nanocrystals in porous graphene can simultaneously take
advantage of the faradaic redox activity of the former and the
capacitive 3D network of the latter to result in significantly
improved kinetics and electrochemical performance at high
rates.13,14

This work reports a rapid, low-cost, and scalable fabrication
approach to directly create patterned graphene/Co3O4 nano-
composites for varying device components, resulting in a fully
integrated standalone stretchable biophysical sensing system.
The unique 3D network structure, together with the synergetic
interaction between Co3O4 nanoparticles and graphene in the
hybrid nanocomposites, provides energy harvesters, energy
storage units, sensors, and signal processing circuits with
excellent performance. The self-charging power units in the
integrated system consist of the stretchable triboelectric
nanogenerator (TENG), rectification circuit, and micro-
supercapacitor arrays (MSCAs). The self-charging power
units can directly convert low-quality mechanical energy
from human motions and activities into electricity and then
store it as stable electrochemical energy to continuously power

wearable biophysical sensors and wireless transmission
modules for real-time monitoring of health status. The fully
integrated standalone stretchable sensing system can con-
tinuously capture, process, and wirelessly transmit skin
temperature, electrophysiology (ECG), skin humidity, arterial
pulse, and body motion for noninvasive and continuous health
monitoring without an external power supply. The integrated
system can also go beyond biophysical to biochemical to result
in the next-generation standalone stretchable sensing system
for wearable health monitoring, prosthetics and rehabilitation,
and human−robot collaborations.

■ RESULTS AND DISCUSSION

Design of High-Performance Flexible Self-Charging
Power Units. The flexible self-charging power units consist of
a stretchable TENG and a stretchable MSCA based on
graphene/Co3O4 nanocomposites (Figure 1a). The stretchable
TENG mounted onto the shoe sole can harvest energy from
human motions into electrical energy through coupled contact
electrification and electrostatic induction between two
oppositely surface-charged materials (see the working principle
in Figure S1). With the help of a bridge rectifier, the
intermittent impedance mismatch (high voltage but low
current) and alternating current (AC) output electrical energy
from TENG can be stored in stretchable MSCAs to yield a

Figure 1. Design concept and structure of the stretchable self-charging power units to continuously drive wearable biophysical sensors. Schematic
illustrating (a) the application of the standalone stretchable device system that integrates (b) self-charging power units consisting of triboelectric
nanogenerators (TENG) and microsupercapacitor arrays (MSCAs) with on-skin sensors all based on laser-induced graphene foams decorated with
Co3O4 nanocrystals (graphene/Co3O4) for continuous, real-time monitoring of human physiological signals such as skin temperature,
electrophysiology (ECG), skin humidity, arterial pulse, and body motion. (c) The fabrication process of the patterned graphene/Co3O4

nanocomposite by a two-step laser direct writing process. (d) Low- and (e) High-magnification scanning electron microscopy (SEM) images and
(f) transmission electron microscopy (TEM) images of the graphene/Co3O4 nanocomposite.
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controllable, stable, and continuous power supply. When fully
charged, the output voltage/current of the MSCAs can be
easily adjusted for target applications through series and/or
parallel connections of multiple MSC devices. Thus, wearable
biophysical sensors can be powered by flexible self-charging
power units to monitor key physiological signals, including skin
temperature, ECG, skin humidity, arterial pulse, and body
motion (Figure 1b). The integration of all electronic device
components on the same ultrathin and insulated elastomeric
substrate (e.g., 100 μm-thick plasma desorption mass
spectrometry (PDMS)) yields a standalone stretchable system
with seamless and conformal contact with human skin through
a double-sided medical tape.
Advanced materials are crucial to preparing the key

components in mass-producible, high-performance, and low-
cost standalone stretchable device systems. The direct laser
writing technique is maskless and cost-effective to synthesize
and pattern a wide range of carbon-based nanomaterials and
nanocomposites, including laser-induced graphene and its
nanocomposites with metal and alloys such as metal oxides/
sulfides for wearable electronics. The graphene/Co3O4 nano-
composite with a 3D network is patterned to form the key
components of all device components (i.e., TENG, MSCA,
and on-skin biophysical sensors) and interconnections by a
scalable and low-cost CO2 laser scribing (Figure 1c). Briefly,
the 3D networked graphene foam with designed geometric
patterns is first transferred from the PI film to an ultrathin
Ecoflex substrate with a thickness of 100 μm. Next, the ink
with Co(NO3)2 in deionized water, ethanol, and Nafion
solution is spray-coated on the graphene foam using a shadow
mask, followed by freeze-drying in a vacuum. Applying
transient heating by the same CO2 laser then yields the 3D
networked graphene/Co3O4 nanocomposite. The scalable,
rapid, and low-cost manufacturing approach is promising for
the future commercialization of graphene-based flexible/
stretchable electronics.
The morphology and structure of the graphene/Co3O4

nanocomposite are characterized by scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), Raman spectroscopy, X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and Kelvin probe force
microscopy (KPFM). The graphene/Co3O4 nanocomposite
exhibits a porous 3D networked microstructure due to the
release of the gaseous products during the laser scribing of the
PI film (Figure 1d), which can provide a high active surface
area and short transport path for both electrons and ions.15

Notably, nanoparticles are uniformly embedded in the
graphene flakes (Figure 1e), likely attributed to the well-
dispersed spray ink in the hydrophilic graphene foam. The
overall morphology of the graphene/Co3O4 nanocomposite is
almost the same as that of laser-induced graphene foam
(Figure S2). The TEM image shows that the graphene flakes
with disordered grain boundaries and nanoparticles have a
relatively uniform diameter size of ∼50 nm (Figures 1f and
S3). The XRD pattern of the graphene/Co3O4 nanocomposite
(Figure S4a) shows that all featured diffraction peaks can be
indexed to pure Co3O4 with the fluid catalytic cracking (FCC)
structure (JCPDS No.42−1467)16 and laser-induced gra-
phene.8 The XPS of graphene/Co3O4 nanocomposite (Figure
S4bc) further confirms the chemical bonding between Co3O4

nanoparticles and the graphene foam by the featured peak of
the Co−O−C bond at ∼531.8 eV.17 Additionally, the Raman
spectrum of the nanocomposite (or graphene foam) (Figure

S4d) demonstrates that the G band (at 1580 cm−1) is much
higher than the two-dimensional (2D) band (at 2700 cm−1)
with an intensity ratio of 2.1 (or 2.0), respectively, indicating a
few-layered structure in the graphene foam. Furthermore, the
relatively low D/G intensity ratio of 0.69 indicates a high
degree of graphene formation in the nanocomposite.18

Notably, the sheet resistance slightly reduces from 38 Ω/sq
for the LIG foam to 32 Ω/sq for the graphene/Co3O4

nanocomposite, indicating high electrical conductivity. This
sheet resistance value is smaller compared with previously
reported LIG8 and LIG foams with Au nanocrystals19 due to
higher thermal reduction temperature during the photothermal
process at increased laser power used for the graphene/Co3O4

nanocomposite. As the laser power increases, a highly localized
temperature rise from the photothermal process can lead to a
high degree of graphitization, but partial oxidation reactions
between graphene and oxygen molecules in ambient air start to
occur, resulting in a negative effect on the quality of the films.
Therefore, the resistance of graphene foam first gradually
reduces to a minimum value (38 Ω/sq at 3.8 W) and then
slowly increases to 41 Ω/sq at 5.2 W with increasing laser
power. As a result, a laser power of 3.8 W is chosen for the
highest conductivity in the following studies unless specified
otherwise. The measurements with Kelvin probe force
microscopy (KPFM) reveal the work function of LIG and
graphene/Co3O4 nanocomposites to be ∼4.0 and 2.3 eV,
respectively. Therefore, the Co3O4 nanoparticles anchored on
LIG foams affect the effective crystal potential as well as the
Fermi level and work function to result in the work function
difference between the two triboelectric materials for increased
triboelectric charge density in TENG. Furthermore, the water
contact angle measured by a contact angle measurement
instrument (Figure S5) decreases from ca. 73° for LIG foams
to 31° for the graphene/Co3O4 nanocomposite, which
indicates drastically improved surface wettability. As a result,
the graphene/Co3O4 nanocomposite exhibits an increased
mass loading of active materials for faster redox reactions,
contributing to enhanced electrochemical energy storage. The
enhanced surface wettability with greatly improved electrical
conductivity also promotes the adsorption of water molecules
on the graphene/Co3O4-based humidity sensor for enhanced
humidity sensing performance. Therefore, the laser direct
writing of the graphene/Co3O4 nanocomposite with pro-
grammed geometries and high electrical conductivity provides
a new class of materials for next-generation wearable
electronics.
Design and Characterization of the Graphene/Co3O4

Nanocomposite-Based Wearable TENG. The graphene/
Co3O4 nanocomposite with rough and porous microstructures
provides ultralarge active surface area and fast electronic/ion
conducting channels for developing high-performance device
components in the standalone stretchable system. The
stretchable TENG features an electrode based on a
graphene/Co3O4 nanocomposite with an island-bridge layout
on a flexible PDMS film. To minimize the negative effect from
environmental factors (such as water vapor, oxygen, and
atmospheric pressure), the device is packaged with waterproof
PDMS layers. By using a linear motor to apply the external
force at varying frequencies, the interelectrode distance
controlled by the PDMS layer thickness is optimized to be
4.0 mm for an external load of 1 MΩ. As the contact force
increases from 20 to 100 N at 2.5 Hz, the output voltage
increases from 69 to 120 V due to an increased effective
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contact area for enhanced coupling effect of contact
electrification (Figure 2a).20 Meanwhile, the corresponding
output current densities and transfer charge density also
increase with an increase in force (Figure 2bc). As the loading
frequency increases from 0.5 to 3 Hz, the peak output voltages
and current densities first increase and then slightly decrease
(Figure 2d,e). The initial increase results from more charge
introduced at the higher frequency, whereas the slight decrease
is likely attributed to the incomplete release of the transferred
charge at the much faster mechanical deformation.21 In
comparison, the output voltage and current density of the
LIG-based TENG are only 98 V and 8 μA under a cycled
compressive force of 100 N at a frequency of 2.5 Hz, with the
decreased output performance attributed to the smaller work
function difference between the LIG and PDMS electrodes
(the work function difference between the two triboelectric
materials in LIG- and graphene/Co3O4-based TENG are 2.5
and 4.2 eV, respectively). Evaluation of the power output of
the graphene/Co3O4 nanocomposite-based TENG reveals an
increased output voltage and decreased output current (Figure
2f) as the load resistance increases from 1 kΩ to 1 GΩ (100 N
at 2.5 Hz), resulting in the maximum output power density of
1.34 mW cm−2 at 2 MΩ (Figure 2g).

Besides high output characteristics, the TENG based on the
graphene/Co3O4 nanocomposite with an island-bridge layout
also features superior mechanical stretchability and durability.
As the tensile strain increases from 0 to 100%, the output peak
power density of the stretchable TENG exhibits a slight
decrease to 84% of the initial value, which further recovers to
92% of the initial value after the release of the applied strain
(Figure 2h). The slightly decreased output peak power density
of the stretchable TENG with an island-bridge layout under
elongation can be attributed to the increased resistance of the
graphene/Co3O4 nanocomposite-based electrode, while the
contact area of the TENG between the two membranes
remains unchanged. The excellent output performance of the
stretchable TENG under large tensile strains is likely attributed
to the small peak principal strain of only 1.6% in the active
square graphene/Co3O4 electrode islands for an applied tensile
strain of 100% in finite element analysis (FEA) (Figure 2h,
inset). The stretchable TENG based on the graphene/Co3O4

nanocomposite also exhibits superior long-term durability to
remain at an output voltage of 120 V over 1000 cycles for 100
N at 2.5 Hz, even after exposing the TENG in the ambient
environment for 3 months (Figure 2i). The excellent output
performance and superior long-term durability of the

Figure 2. Design and characterization of the stretchable TENG. The measured output (a) voltage, (b) current density, and (c) charge density of
the stretchable TENG as a function of the applied force from 20 to 100 N at a frequency of 2.5 Hz and a load resistance of 1 MΩ, with the optical
image of the TENG shown in the inset. The measured output (d) voltage and (e) current density at various frequencies. (f) The output voltage,
current density, and (g) power density of the TENG with different external load resistances for 100 N at 2.5 Hz. (h) Real-time output peak power
density of the TENG upon stretching up to 100%, with the finite element analysis (FEA) of strain distribution in the graphene/Co3O4 electrode
under 100% elongation shown in the inset. (i) The long-term stability test of stretchable TENG over 3 months.
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stretchable TENG based on the graphene/Co3O4 nano-
composite from a scalable and cost-effective fabrication
approach outperforms the previously reported carbon-based
wearable TENGs (Table S1).
Design and Characterization of the Graphene/Co3O4

Nanocomposite-Based MSCAs. The graphene/Co3O4

nanocomposite with a 3D network structure and high surface
area can also provide capacitive and faradaic energy storage to
store the harvested electrical energy in MSCAs. A highly
flexible and stretchable all-in-one MSCA configured in the
islands-bridge layout is easily fabricated at a large scale by
coating the PVA/KOH ionic gel electrolyte on the coplanar
interdigitated electrodes (Figure 3a, inset). The character-
ization of the resulting MSC cells with cyclic voltammetry
(CV) indicates a stable electrochemical window of 1.1 V at a
scan rate of 5 mV s−1 (Figure 3a). The CV curves at different
scan rates from 10 to 100 mV s−1 display faradaic
pseudocapacitive shape according to the redox peaks (Figure
3b), suggesting outstanding pseudocapacitive performance and

fast charge−discharge properties.22 This excellent capacitive
behavior is further confirmed by the galvanostatic charge−
discharge (GCD) curves at varying current densities from 1 to
12 A g−1 (Figure 3c). Specifically, pronounced plateaus
observed in the charge−discharge process, even at a high
current density of 3 A g−1, confirm the pseudocapacitive
characteristics derived from faradaic redox reactions. The GCD
curves of the graphene/Co3O4 nanocomposite-based MSC
further indicate excellent rate capability and an impressive
gravimetric capacitance of 654, 601, 574, 550, 522, 450, and
405 F g−1 at current densities of 1, 3, 5, 7, 10, 20, and 30 A g−1,
respectively (Figure 3d). Additionally, the specific areal
(gravimetric) capacitance of the MSC increases from 1.48 F
cm−2 (212 F g−1) to 4.93 F cm−2 (704 F g−1) as the scan rate is
decreased from 10,000 to 10 mV s−1. In comparison, the CV
curves of LIG-based MSC at different scan rates (10−100 mV
s−1) exhibit typical quasi-rectangular shapes (Figure S6a) to
indicate nearly ideal capacitive behavior. The increased current
density with increasing scan rate indicates a low internal

Figure 3. Design and characterization of the stretchable MSCAs based on the graphene/Co3O4 nanocomposite with an interdigitated electrode
configuration. (a) Cyclic voltammogram (CV) curves of MSC with different voltage windows at a scan rate of 5 mV·s−1, with an optical image of
the stretchable MSCAs shown in the inset. (b) CV curves of the MSC in the stable potential window from −0.3 to 1.1 V at different scan rates. (c)
Galvanostatic charge−discharge (GCD) curves of the MSC at different current densities in the potential window of 1.1 V. (d) Specific capacitance
of the MSC calculated from the GCD curves with different scan rates and current densities. (e) Power and energy densities in the Ragone plot
compared with those reported in the literature. (f) GCD curves of the MSCAs with serial and/or parallel connections at a current density of 5 A
g−1. The normalized capacitance retention of the MSCAs with four MSC cells interconnected in parallel versus b(g) stretching and (h) twisting/
bending deformations. (i) Capacitance retention and Coulombic efficiency of the MSCAs during 6000 charge−discharge cycles. (j)
Electrochemical impedance spectra (EIS) of the MSC over 75,000 charge−discharge cycles, with the bode plots of phase angle versus frequency
shown in the inset.
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Figure 4. Design and characterization of wearable biophysical sensors based on the graphene/Co3O4 nanocomposite. (a) Optical images of the
nanocomposite-based temperature sensor on human skin under running water with a velocity of 3 m·s−1 (left) or being poked by a glass rod with a
radius of curvature of 700 μm (right). (b) Dynamic response and (c) calibration plot of the temperature sensor. (d) Dynamic response of the
wearable temperature sensor upon contact and removal from the skin (room temperature of 25 °C). (e) Electrocardiogram (ECG) signals collected
from the wireless ECG sensing system with electrodes based on the graphene/Co3O4 nanocomposite, with insets showing the optical images of the
electrode before and after stretching. Comparison of ECG signals measured during (f) rest and (g) exercise. (h) Real-time sensing response of the
humidity sensor to the relative humidity (RH) of 20, 50, 70, and 90%, with the optical image of the humidity sensor shown in the inset. (i) The
calibration curve of the humidity sensor in the RH range from 12 to 90%. (j) The cyclic test of the humidity sensor between 12 and 50% over 1000
cycles. The output resistance change of the strain sensor (k) on the finger to detect bending and (l) on the arm to detect the pulse under resting,
walking, and running, with an optical image of the pulse sensor on the wrist shown in the inset. (m) Optical images of the integrated biophysical
sensors based on the graphene/Co3O4 nanocomposite before (left) and after (right) 100% stretching. (n) Output characteristics of ECG (top), RH
(middle), and pulse (bottom) signals from the integrated biophysical sensors on the wrist.
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resistance and a high rate capability performance. Furthermore,
the specific areal (gravimetric) capacitance of the MSC
increases from 0.12 F cm−2 (98 F g−1) to 0.13 cm−2 (108 F
g−1) as the scan rate is decreased from 100 to 10 mV s−1

(Figure S6c). These values are much smaller than those of the
graphene/Co3O4-based MSC, likely resulting from the single
capacitive energy storage mechanisms in the LIG-based
electrode. The graphene/Co3O4 nanocomposite-based MSC
shows much superior performance when compared with the
previous reports on carbon-based solid-state MSCs at similar
scan rates, including porous laser-induced graphene of 1 mF
cm−2 (120 F g−1) at 10 000 mV s−18 holey graphene
frameworks of 298 F g−1 at 1 A g−1;23 crumpled porous
graphene/MXene of 2.9 mF cm−2 at 30 mA cm−2;24 PANi/
PVA of 367 F g−1 at 2 mA cm−2;25 and nanoporous gold/
MnO2 films of 601 F g−1 at 0.3 A g−1.12 Furthermore, the
overall performance of the MSC in the Ragone plot also
features high gravimetric energy density and power density of
109.91/101.01/96.46/87.73/75.63/68.14 Wh kg−1 (or 0.83/
0.76/0.73/0.66/0.57/0.51 mWh cm−2) and 0.55/1.65/2.75/
5.50/11.03/16.52 kW kg−1 (1.15/3.45/5.78/11.49/23.03/
34.30 μW cm−2) at 1/3/5/10/20/30 A g−1, respectively
(Figure 3e). The combined high energy and power densities
are comparable to or even higher than those of other graphene-
based MSCs previously reported (Table S2).
Connecting different numbers of nanocomposite-based

MSCs in parallel (P) and/or series (S) with an islands-bridge
layout results in stretchable MSCAs to drive wearable devices
with varying power consumption needs.26 Compared with a
single MSC with an operating voltage of 1.1 V, the MSCAs
connected in serial configurations such as 2S and 4S can
achieve voltages of 2.2 and 4.4 V with almost identical
pseudocapacitive behaviors and discharge times (Figure 3f).
Moreover, the output current and discharge time of the
MSCAs in parallel linearly scale with the number of MSC cells.
The island-bridge architecture in MSCAs also allows out-of-

plane buckling and twisting to accommodate mechanical
deformation. The normalized capacitance retention (C/C0) of
MSCAs with four MSC cells interconnected in parallel
decreases with the increasing tensile strain, and it still achieves
82.5% for a large tensile strain of 120% (Figure 3g). The
MSCAs also exhibit robust performance against bending and
twisting, with a capacitance loss of 0.4/1.8/2.4/3.2/4.0/4.3%
upon twisting to 30/60/90/120/150/180°. Moreover, there is
a slight decrease of 11.7% as the bending radius of curvature
decreases from 8 to 3 cm (Figure 3h).
The cycling stability of the MSCAs with four MSC cells

interconnected in parallel is highlighted by exhibiting only
18.7% loss in the specific capacitance after 6000 cycles
obtained from the GCD analysis at 2 A g−1 within 0−1.1 V
(Figure 3i). Furthermore, the Coulombic efficiency is close to
100% after 6000 cycles, which is attributed to the reversible
redox reactions on the surface of the Co3O4 nanoparticles.

27

Meanwhile, the electrochemical impedance spectroscopy (EIS)
curves (after 1/1500/3000/4500/6000/7500 cycles) of the
MSC in the frequency range of 100 kHz−0.01 Hz show a
similar trend, with a semicircle in the higher frequency region
(Figure S7) and an inclined line at a lower frequency (Figure
3j). The EIS analysis further demonstrates the low total
resistance (from the electrodes, electrolyte, and contact) and
excellent electrochemical stability.28 The graphene/Co3O4

nanocomposite with well-retained overall morphology after
6000 charge−discharge cycles also indicates good cycling

stability (Figure S8). The excellent electrochemical stability is
likely attributed to the thin layer of PDMS encapsulation,
which can protect the electrodes and gel electrolytes from
exposure to the environment. Furthermore, the phase angles of
MSCAs after 1/1500/3000/4500/6000/7500 cycles are close
to −90° at low frequencies, and the characteristic frequency f 0
(at the phase angle of −45°) is about 1 Hz (Figure 3j, inset),
indicating excellent electrochemical stability and high ion
diffusion rate.29

Sensing Characteristics of the Graphene/Co3O4

Nanocomposite-Based Wearable Biophysical Sensors.
The unique physical and chemical properties of the graphene/
Co3O4 nanocomposite also afford high-performance biophys-
ical sensors to detect skin temperature, ECG, skin humidity,
arterial pulse, and body motion in real-time for medical
diagnosis and health monitoring. A relatively rigid polyethylene
terephthalate (PET) film is placed between the graphene/
Co3O4 nanocomposite and stretchable substrate to provide
strain isolation, which helps reduce the strain effect for
enhanced stability and accuracy of the measurements upon
stretching. To continuously monitor skin temperature with
high sensitivity, fast responses, and environmental stability, the
wavy graphene/Co3O4 nanocomposite as a temperature
sensing layer is wrapped in PDMS to interface with the skin
by using a biocompatible liquid bandage (Nexcare, 3M).
Besides seamless and conformal contact with the rough skin
surface, the temperature sensor can withstand running water
flow at a high velocity of 3 m s−1 or poking by a glass rod
(Figure 4a). The excellent environmental stability of the
graphene/Co3O4 nanocomposite-based wearable temperature
sensor can be attributed to the packaging with highly
stretchable waterproof PDMS layers and the direct growth of
Co3O4 nanoparticles on the flexible 3D porous graphene
scaffold. Modulated by the electron−phonon scattering and
thermal velocity of electrons, the conductivity of the graphene/
Co3O4 nanocomposite increases with increasing temperature
in the range from 20 to 50 °C (Figure 4c). The measured
temperatures in the range from 20 to 50 °C are consistent with
those measured by a commercial thermometer (Deli, LE505)
(Figure S9). The slope of the calibration plot gives the
sensitivity of 0.074% °C1− according to S = |R − R0| × 100/
(R0 × ΔT), where R and R0 are the temperature-dependent
and initial resistances, respectively, and ΔT is the temperature
variation (Figure 4c).30 The linear fit also gives the limit of
detection (LOD) of 0.042 °C, estimated from LOD = 3σ/S,
where σ is the standard deviation. A fast response with full
recovery is observed when the sensor in the room is brought
into contact with and removed from the skin (Figure 4d). The
response time of the temperature sensor is fundamentally
determined by the thermal conductivity of the encapsulation
material, so it is possible to reduce the response time by using
ultrathin encapsulation materials with high thermal con-
ductivity. In summary, the conformal temperature sensor
shows high sensitivity, an ultralow detection limit, and quick
response even under dynamic deformations.
A real-time, continuous monitoring of ECG signals can

provide insights into the electrical changes associated with
heart muscle depolarization to alert for various diseases such as
arrhythmias, pulmonary hypertension, or cardiac diseases.31

Integrating two stretchable ripple-like electrodes based on the
graphene/Co3O4 nanocomposite with a commercial ECG
sensing chip (ER1, Lepu Devices Inc.) and a Bluetooth module
(CC2541, Guyu Link Inc.) yields an ECG sensing system on
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the chest (Figure S10), validated by the commercial ECG
sensor (ECG-3303B, Figure S11). The two stretchable ECG
electrodes are conformally attached to the chest with a
biocompatible liquid bandage (Nexcare, 3M). Besides
characteristic PQRST peaks (Figure 4e), the conformal ECG
sensing system can also accurately and continuously measure
ECG signals during rest (Figure 4f) and running (Figure 4g),
with the heart rate (HR) increased from 78 to 118 beats/min.
The signal-to-noise ratio (SNR) also only slightly decreases
from 39.5 for resting to 32.3 dB for running according to SNR
= 20 × log(Vrmsl/Vrmsn), where Vrmsl and Vrmsn are the root-
mean-square values of the ECG signal without and with the
noise, respectively.32 ECG signals can also be captured with
graphene foam-based electrodes but with a reduced SNR of
28.5 dB for running due to undesirable adhere to human skin
over long-term wear (Figure S12).
As a first step to detect biomarkers in sensible and insensible

sweat, the skin humidity sensor can interface with the skin via a
biocompatible liquid bandage (Nexcare, 3M). A waterproof
but gas-permeable porous PDMS membrane prepared on the
surface of the sensing components provides an effective
diffusion pathway for water vapors while repelling liquid
sweat.33,34 The rapid adsorption and desorption of water

molecules on the surface of the graphene/Co3O4 nano-
composite change the sensor resistance over a wide range of
relative humidity (RH) levels from 10 to 90% (Figure 4h),
which agrees with those measured by a commercial humidity
sensor (Delixi, DM-1043, Figure S13). The piecewise linear
dependence of the sensitivity S = |R − R0| × 100/R0 on RH
shows a much higher value of 0.09 in RH 60−90% (R2 = 0.99)
than that of 0.01 (R2 = 0.96) in RH 10−40% (Figure 4i). In
comparison, the sensitivity of the LIG-based humidity sensor is
only 0.03 in RH 60−90% (R2 = 0.98) and 0.002 (R2 = 0.98) in
RH 10−40% (Figure S14), which can be attributed to the poor
surface wettability and electrical conductivity of LIG. The
flexible humidity sensor also shows a stable response with
negligible changes over 1000 cycles between RH 12 and 50%
(Figure 4j), suggesting a potential use for long-term operation.
Furthermore, the piezoresistive pressure sensor based on the
graphene/Co3O4 nanocomposite can clearly detect finger
bending and arterial pulse from the human wrist (Figure 4k)
even upon walking and running (Figure 4l). The simultaneous
recording of pulse and ECG signals on the wrists can further
cufflessly detect the blood pressure using a pulse transit time
method.35 The measured diastolic/systolic blood pressure of a
healthy human subject slightly increases from 75/119 at rest to

Figure 5. On-body evaluation of the fully integrated standalone biophysical sensing system for noninvasive and continuous health monitoring. (a)
Photographs, (b) block diagram, and (c) circuit diagram of the fully integrated standalone biophysical sensing system attached to varying locations
of the human skin. The output voltage of the graphene/Co3O4-based TENG shoe sole was driven by a human subject with a body weight of 80 kg
under (d) walking and (e) running for 30 min. (f) The real-time potential of the MSCAs with four MSC cells interconnected in series and parallel
charged by the insole TENG (discharge at 10 μA). Real-time, continuous measurement of temperature driven by a (g) battery and (h) self-charging
power unit, (i) pulse, and (j) skin humidity of a healthy human subject during running and sitting.
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79/125 mmHg during walking, which is consistent with those
measured by a commercial sphygmomanometer (Omron, J760,
Figure S15). It should be noted that all of these biophysical
sensors integrated on a single substrate (Figure 4m) exhibit
almost unchanged sensing performance compared with the
individual sensors (Figure 4n).
On-Body Evaluation of the Integrated Device System

for Human Health Monitoring. As a proof-of-concept
demonstration, a fully integrated standalone biophysical
sensing system can seamlessly and stably interface with
different locations of human skin or clothing for noninvasive,
continuous, and wireless monitoring of human health status
(Figure 5a). The kinetic energy from various exercises (e.g.,
walking, running, jogging, etc.) is first converted into electrical
energy by the graphene/Co3O4-based insole TENG and then
stored as electrochemical energy in the nanocomposite-based
MSCAs using a bridge rectifier. The integrated TENG and
MSCAs can serve as sustainable self-charging power units to
drive biosensors and wireless transmission modules (Figure
5b,c). The output performance of the insole TENG driven by
body motion with a body weight of 80 kg increases from
walking (at a constant speed of 4 km h−1) (Figure 5d) to
running (9 km h−1) to give an output voltage of 134 V and a
maximum output power density of 1.26 mW cm−2 at 2 MΩ

(Figure 5e). The real-time potential of the MSCAs with four
MSC cells interconnected in series/parallel charge by the
insole TENG driven by walking at 4 km h−1 and running at 9
km h−1 first rapidly and then slowly increases to an operating
voltage of 4.4/1.1 V for MSCAs with series/parallel
connections (Figure 5f). The rapid charging of 1920/1875 s
for the MSCAs with four MSC cells interconnected in series/
parallel during running at 9 km h−1 (or 2817/2795 s during
walking) is followed by almost linear discharging of 988/980
(or 963/972 s) at 10 μA for stable power output. These results
demonstrate that wearable self-charging power units can
efficiently harvest and store energy with an adjustable and
stable output performance for varying target applications. The
running on a machine at 9 km h−1 is chosen in the subsequent
on-body testing unless specified otherwise.
The self-charging power unit can continuously drive the skin

temperature, ECG, pulse, and skin humidity for human health
monitoring. The wearable self-charging power units can either
be continuously charged by the human subject with a body
weight of 80 kg running at 9 km h−1 (mode I) or simply act as
a standalone power supply after charging (mode II). The
flexible temperature sensor attached to the back of the hand
shows comparable sensing performance between those
powered by the battery (Figure 5g) and the wearable self-
charging power units over sedentary (mode II) and running
states (mode I) (Figure 5h). Both temperature measurements
are consistent with the value measured by a commercial
thermometer (Deli, LE505). With the help of low-pass filter
and smoothing algorithms, both arterial pulse (Figure 5i) and
skin humidity (Figure 5j) can be wirelessly and continuously
monitored by the pulse and humidity sensors powered by self-
charging power units. Despite the short monitoring time of 20
min and a gradual decrease in the base current of the pulse
signals in the sedentary state (mode II), continuous
monitoring is possible with the integrated self-charging
power units operated in mode I (Figure 5i). At the same
time, the wearable self-charging electrophysiological sensing
system also accurately measures the surface ECG signals
(Figure S16) and wirelessly transmits the data to the

smartphone (Figure 5a, bottom). The standalone biophysical
sensing system can maintain superior stretchability, stability,
and reasonably good sensing performance even when exposed
to the ambient environment for 3 months (Figure S17). The
performance could be further improved with durable
encapsulation layers for use in practical applications.

■ CONCLUSIONS

In summary, this work demonstrated a fully integrated
standalone wearable biophysical sensing system that combines
wearable TENG, MSCAs, biophysical sensors, power manage-
ment circuits, and wireless transmission modules for health
monitoring. All of the device components and interconnec-
tions based on patterned graphene/Co3O4 nanocomposites
were fabricated by a low-cost and scalable laser fabrication
method. The facile integration with commercial off-the-shelf
(COTS) chips, such as microcontroller and wireless modules,
further extended the application opportunities for the
integrated device system. The demonstrated standalone
stretchable sensing system can continuously capture, process,
and wirelessly transmit skin temperature, ECG, humidity,
pulse, and body motion in real-time. The demonstrated design,
fabrication, and integration can result in the next-generation
standalone stretchable biophysical and biochemical monitoring
platforms for human−computer interaction, smart soft robots,
and an intelligent Internet of Things.
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