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Wireless battery-free wearable sweat sensor powered

by human motion

Yu Song'?*, Jihong Min'*, You Yu', Haobin Wang?, Yiran Yang’, Haixia Zhang?, Wei Gao'"

Wireless wearable sweat biosensors have gained huge traction due to their potential for noninvasive health
monitoring. As high energy consumption is a crucial challenge in this field, efficient energy harvesting from
human motion represents an attractive approach to sustainably power future wearables. Despite intensive re-
search activities, most wearable energy harvesters suffer from complex fabrication procedures, poor robustness,
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and low power density, making them unsuitable for continuous biosensing. Here, we propose a highly robust,
mass-producible, and battery-free wearable platform that efficiently extracts power from body motion through a
flexible printed circuit board (FPCB)-based freestanding triboelectric nanogenerator (FTENG). The judiciously
engineered FTENG displays a high power output of ~416 mW m™2. Through seamless system integration and effi-
cient power management, we demonstrate a battery-free triboelectrically driven system that is able to power
multiplexed sweat biosensors and wirelessly transmit data to the user interfaces through Bluetooth during

on-body human trials.

INTRODUCTION

Prolific research toward the development of wearable bioelectronic
technologies is greatly expanding the horizons of personalized health
monitoring (1-4). Wireless wearable devices offer a noninvasive
means of extracting real-time physiological parameters indicative of
health status and transmitting continuous data to a user device.
Wearable devices capable of detecting various vital signs such as pulse,
respiration rate, and temperature are being widely commercialized
and integrated into daily lifestyles (5-9). Sweat is another attractive
medium containing a multitude of molecular biomarkers including
electrolytes, metabolites, amino acids, hormones, and drugs that
wearable sensors can analyze (10-15). Continuous monitoring of
these biomarkers has the potential to supplement laboratory-based
blood tests in enabling real-time monitoring of daily health status as
well as early disease detection and management (15-20).

Over the past years, extensive interest and efforts have focused
on developing novel sensors and improving the wearability of these
platforms (14, 21). Until now, most wearable sensor prototypes
relied on bulky and rigid battery packs to power the electronic cir-
cuitry for data acquisition, processing, and transmission. Flexible
batteries have been proposed to enable conformal contact on skin
(22, 23), and incorporation of low-power electronics has substan-
tially reduced the power requirements of wearables and enabled the
use of small coin cell batteries. Despite these efforts, batteries still
face limitations in that they need to be charged and replaced fre-
quently. In addition, while unlikely, lithium ion batteries are sus-
ceptible to explosion, posing safety concerns. Battery-free systems
powered by near-field communication (NFC) are reported (24, 25)
but could suffer from short operation distance. As an alternative,
energy can be harvested from renewable, portable, and sustainable
sources such as solar light, biofluids, and human motion to power
future wireless wearable electronics (26-29).
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Triboelectric nanogenerators (TENGs), which convert the mechan-
ical energy created by human motion into electrical energy via cou-
pling of inductive and triboelectric effects (30-35), offer a highly
attractive energy harvesting strategy to power wearable sweat sen-
sors during intensive physical activities as their operation is inde-
pendent from uncontrollable external sources such as sunlight or
wireless power transmitters. Despite the advantage, most of the
existing TENG-based devices suffer from low power intensity, inef-
ficient power management, and a lack of power continuity and lon-
gevity; thereby, the use of a TENG to continuously power a fully
integrated wireless wearable molecular sensor system has not been
reported (28, 36-39).

Here, we propose a battery-free, fully self-powered wearable
system that consists of a highly efficient wearable freestanding-
mode TENG (FTENG), low-power wireless sensor circuitry, and a
microfluidic sweat sensor patch on a single flexible printed circuit
board (FPCB) platform that can dynamically monitor key sweat
biomarkers (e.g., pH and Na*) (Fig. 1A). Such an FTENG-powered
wearable sweat sensor system (FWS?) is designed and prepared to
be compatible with traditional FPCB manufacturing processes, which
enables mass productivity and high reliability. Our freestanding
FPCB-based design, coupled with effective power management,
allows efficient energy harvesting from human skin, particularly
suitable for powering skin-interfaced wearables. With the aid of
waterproof medical tape, the FWS® can be conformally laminated
on the side torso to maximize the potential for energy harvesting
(Fig. 1, B and C). The integrated Bluetooth Low Energy (BLE) mod-
ule allows sensor data to be conveniently transmitted to a mobile
interface for health status tracking during exercise. This represents
the first demonstration of a fully integrated battery-free triboelec-
trically driven wearable system for multiplexed sweat sensing.

RESULTS

Design of the FWS?

The FTENG consists of an interdigital stator and a grating-patterned
slider (Fig. 1D). To obtain a strong electrification effect, polytetra-
fluoroethylene (PTFE) and copper are used as tribo-pairs in the
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Fig. 1. Battery-free FWS? for wireless and noninvasive molecular monitoring. (A) Schematic illustrating the FWS? that integrates human motion energy harvesting,
signal processing, microfluidic-based sweat biosensing, and Bluetooth-based wireless data transmission to a mobile user interface for real-time health status tracking.
(B and C) Optical images of an FPCB-based FWS?, which can be worn on a human side torso. Scale bars, 4 cm. (D) Schematic diagram of the FPCB-based FTENG with a
grating slider and an interdigital stator. (E) Schematic diagram of the FWS® showing a microfluidic-based sweat sensor patch interfacing with the flexible circuitry.
(F) System-level block diagram showing the power management, signal transduction, processing, and wireless transmission of the FWS3 from the FTENG to the bio-
sensors, then to the user interface. Photo credit: Yu Song, California Institute of Technology.

flexible FTENG. The FTENG is fabricated through commercial
FPCB technology (as illustrated in fig. S1), and the detailed dimen-
sional parameters are shown in fig. S2. The inter-electrode distance
was optimized through transferred charge density studies of the
FTENG:s (fig. S3). The stator and slider are patterned through pho-
tolithography as the periodically complimentary interdigital struc-
ture and the grating structure, respectively. With an electroless
nickel/immersion gold (ENIG) surface finish on the electrode area,
the stator is further laminated by PTFE. The reusable flexible cir-
cuitry in conjunction with a disposable microfluidic sweat sensor
patch can continuously perform electrochemical measurements of
key biomarkers in sweat (Fig. 1E). During exercise, the FTENG gener-
ated power is stored and released from a capacitor as controlled by
the power management integrated circuit (PMIC) (Fig. 1F). When
fully charged, the storage capacitor releases its stored energy, which
is regulated to a stable voltage to power the BLE programmed system
on a chip (PSoC) module and instrumentation amplifiers for acqui-
sition and transmission of potentiometric measurements over BLE.

Characterization of the FTENG

The working mechanism of the FTENG can be explained as the
coupling effect of contact electrification and in-plane sliding-induced
charge transfer, as illustrated in Fig. 2A. As copper is more tribo-
electrically positive than PTFE, electrons accumulate on PTFE
during the sliding process. In the initial state, the grating slider fully
overlaps with one stator electrode and no charge flow occurs be-
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tween the interdigital stator electrodes due to the electrostatic equi-
librium. The unidirectional sliding process results in a charging
flow between stator electrodes until the grating slider fully overlaps
with the second stator electrode with reversed polarity. This work-
ing process was further validated by numerical simulation using
COMSOL Multiphysics (fig. S4). The detailed model of the FTENG
under open-circuit and short-circuit conditions is explained in fig.
S5 and notes S1 and S2. The optical microscopic image of our pro-
posed FPCB-based FTENG and the typical short-circuit current
(Isc) profiles of an FTENG at different working frequencies are
shown in Fig. 2 (B and C). The FTENG operates consistently at
varying frequencies of 0.5, 1.25, and 3.3 Hz, resulting in the maxi-
mum Isc 0f 8.39,19.11, and 42.25 pA, respectively. The open-circuit
voltage (Vo) attained at the frequency of 0.5 Hz is presented in fig.
S6A, where the signal polarity of the envelope waveform oscillates
rapidly along the sliding process. To evaluate the use of our FPCB-
based FTENG as a power source, the voltages and powers are mea-
sured under a series of different load resistances (Fig. 2D), with a
working frequency of 1.5 Hz for actuation. An increase of resistance
beyond 1 megohm leads to a rapid increase of voltage. With a load
resistance of 4.7 megohms, the FTENG reaches a maximum power
output of 0.94 mW (corresponding to 416 mW m?).

The PTFE of the FPCB-based FTENG displays superior durabil-
ity performance over conventional micro-pyramid polydimethylsi-
loxane (M-PDMS) and wrinkled PDMS (W-PDMS) after 20,000
working cycles (Fig. 2E), where the Vo experiences minimal decay
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Fig. 2. Characterization of the FTENG for energy harvesting from human motion. (A) Schematic illustration of the working mechanism and charge distribution of the
FTENG. (B) Microscopic and optical images of an FPCB-based interdigital stator with an ENIG surface finish on the patterned electrode area. Scale bars, 200 um and 5 mm.
(C) Current output of an FTENG under different working frequencies. (D) Peak voltage and the corresponding average power of an FTENG at different external load resist-
ances (n=5). Working frequency, 1.5 Hz. (E) Durability of M-PDMS-, W-PDMS-, and PTFE-based stators after 20,000 test cycles. V and V, represent the peak open-circuit
voltage after and before the durability test. Inset images, SEM images of M-PDMS, W-PDMS, and PTFE after 20,000 test cycles. Scale bars, 5, 50, and 50 um. (F) Schematic
of the flexible FTENG with different stator layouts (one, three, or six panels in parallel) and corresponding slider layouts. (G) Comparison of voltages of the capacitors
ranging from 10 to 1000 uF charged with one-, three-, and six-panel FTENGs for 30 cycles. (H) Long-term stability of a three-panel FTENG in charging a 47-uF capacitor

under a working frequency of 1.5 Hz for 2 hours.

as displayed in fig. S6B. The scanning electron microscopy (SEM)
images in Fig. 2E and fig. S7 reveal the morphologies of different
triboelectric materials before and after the durability test: The PTFE
shows great mechanical robustness without scratches, while both
M-PDMS and W-PDMS suffer notable surface damage. The in-
fluence of normal force and shear force (reflected by sliding fre-
quency) on the performance of the FTENG during regular use is
demonstrated in fig. S8: The peak output voltage increases and then
saturates with the increase of normal forces, while the output volt-
age remains stable under varied sliding frequencies for a given nor-
mal force. The FTENG is mechanically robust and shows similar
electrical output even under a high normal force of 100 N. The
FTENG’s response is stable after 1000 bending cycles (radius of cur-
vature, 5 cm) (fig. S9) and under varied physiological temperatures
(fig. S10). Moreover, the FTENG could maintain high performance
after 100 washing cycles, indicating superior wearable capabilities
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over conventional TENGs (fig. S11 and table S1). In designing
future TENG-powered devices, it is important to consider factors
such as cost, materials, mechanical properties, and power density.
TENGs commonly prepared through fabric weaving and polymer
coating processes are very low cost but limited by low fabrication
resolution and reproducibility. In contrast, the FPCB-based FTENG
offers a high-resolution, cost-effective, and mechanically robust en-
ergy harvesting solution.

To meet the high energy demands of the wearable sensors, one,
three, and six panels of the FTENGs, designed by taking consider-
ation of the size of human side torso, were further evaluated by ca-
pacitor charging (Fig. 2F). The output of the FTENG was rectified
with a full-wave rectifier. These different FTENG layouts were each
actuated for 30 working cycles to charge capacitors ranging from
10 to 1000 pF (Fig. 2G). For the capacitor with 1000 uF, 0.03, 0.12,
and 0.19 V could be obtained for one, three, and six panels, respectively,
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showing great charging capability. At a working frequency of
3.3 Hz, the six-panel FTENG showed a maximum transferred
charges (osc) of 15.73 uC during one working cycle (fig. S12A).
Meanwhile, fig. S12B portrays the charging-discharging curves of
different capacitors charged to 2 V with a three-panel FTENG at a
working frequency of 2 Hz. The three-panel FTENG, actuated at a
working frequency of 1.5 Hz, was able to repetitively charge a 47-uF
capacitor over a 2-hour duration from 0 to 2 V (Fig. 2H), indicating
high long-term cycling stability. The FTENGs can also be used to
charge capacitors of various capacitances at different cycle lengths
(fig. S13). Depending on the application, connecting several FTENGs
in parallel can be a practical and attractive strategy to greatly in-
crease power output.

Design and characterization of microfluidic sweat

sensor patch

Figure 3A depicts the schematic of the dual biosensor array used for
sweat analyte analysis based on ion-selective electrodes (ISEs).
Laser-engraved microfluidic channels are assembled onto the sens-
ing patch. Detailed fabrication procedures are listed in Materials
and Methods and fig. S14. The Ag/AgCl reference electrode is coated
with polyvinyl butyral (PVB) to sustain a steady potential for the
potentiometric measurements of various electrolytes in sweat re-
gardless of solution ionic strength. For pH analysis, the deprotona-
tion of H" atoms on the surface of the electrodeposited polyaniline
(PANI) layer is measured as an indicator of bulk H" concentration.
Na' concentration measurements are facilitated by a thin ion-selective
membrane containing a Na* ionophore X and a poly(3,4-ethylene-
dioxythiophene (PEDOT):poly(sodium 4-styrenesulfonate) (PSS)
layer in between the gold electrode layer and sodium ion-selective
membrane as an ion-electron transducer that can minimize the
potential drift of the biosensor. As depicted in Fig. 3 (B and C), the
pH and Na™ sensors display near-Nernstian sensitivities of 56.28
and 58.63 mV per decade concentration, respectively, in physiolog-
ically relevant pH levels (4 to 8) and Na" concentrations (12.5 to 200 mM).
Both sensors show excellent selectivity, reproducibility, and long-
term stability (figs. S15 to S17), and their responses remain stable
under different physiological temperatures (fig. S18), making them
suitable for wearable continuous monitoring.

Laser patterned microfluidic layers were attached onto a poly-
ethylene terephthalate (PET) sensor substrate in a sandwich struc-
ture (medical-tape/PDMS/medical-tape) for controlled and automated
on-body sweat sampling (Fig. 3D and fig. S19). To validate the per-
formance of the microfluidic system, dynamic biosensing was per-
formed during continuous flow injection of Na* solutions at varying
physiologically relevant sweat rates (1, 2, and 4 ul min™") (Fig. 3E).
When the Na" concentration was switched from 50 to 200 mM at a
flow rate of 2 pl min~', the Na* sensor took ~2 min to reach new
stable readings. The high temporal resolution is repeatable over
multiple concentration change cycles (Fig. 3F). The flexible micro-
fluidic sensor patch can conformally adhere to human skin (Fig. 3G)
and shows excellent mechanical stability through rigorous bending
tests (radius of curvature, 2 cm), indicating their potential for wear-
able applications in various physical activities (Fig. 3, H and I).

System-level integration for energy management and
low-power biosensing

As aforementioned, the FWS? consists of an interdigital FENG
stator, a PMIC, a low-dropout voltage regulator, two low-power
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instrumentation amplifiers, and a BLE PSoC module seamlessly
integrated onto a polyimide-based FPCB. In addition, the full plat-
form requires a grating-patterned FTENG slider and a microfluidic
sensor patch. For design compatibility and flexibility, the FTENG
and electronic circuitry were designed on a single PCB design soft-
ware. The detailed part list and circuit diagram for the flexible cir-
cuitry are shown in figs. S20 and S21, respectively. A block diagram
illustrating the electrical connections between the modules is shown
in Fig. 4A. For optimal power management, a commercial energy
harvesting PMIC was adopted to manage power generated by the
FTENG with minimal power waste. With the aid of a bridge rectifi-
er that converts the high voltage AC signal generated by the FTENG
into a DC signal, the PMIC stores the FTENG generated power in
two capacitors in parallel (220 and 22 uF). The three SET_Vour
resistors set the programmable threshold and hysteresis voltages
such that the stored power is released only when absolutely neces-
sary through built-in switch control logic. When the voltage of the
storage capacitors (Vsrorg) reaches 3.5V, the capacitors supply en-
ergy to the load/output (Voyr) until Vsrogre decreases to 2.2 V. At
2.2V, the PMIC’s control unit disconnects the storage capacitors
from the load/output until the storage capacitors are charged back
to 3.5 V. When supplied by the storage capacitors, the load/output
voltage is regulated to 2.2 V by a voltage regulator to provide a stable
voltage for the precise measurement circuitry.

Efficient power management is matched with low-power mea-
surement via low-power instrumentation amplifiers with shutdown
modes, and low-power data transmission via connectionless BLE
advertisements to enable FTENG-powered wearable and wireless
sweat analysis. Every time the storage capacitor is charged to 3.5V,
the BLE PSoC module initiates one ~510-ms operation cycle as por-
trayed in the flow diagram (Fig. 4B). After startup of the main pro-
cessor, the PSoC pulls a general-purpose input/output (GPIO) pin
high to wake up the two instrumentation amplifiers from shutdown.
After initialization of the instrumentation amplifiers, the PSoC’s
embedded 12-bit ADC (analog-to-digital converter) samples and
averages 32 potentiometric measurements acquired through the
instrumentation amplifiers. After ADC measurements, the instru-
mentation amplifiers are shut down to minimize power consump-
tion. The BLE submodule of the PSoC requires the 32-kHz watch
crystal oscillator (WCO) for accurate operation, which has a maxi-
mum startup time specification of 500 ms. Therefore, after the ADC
measurements, the main processor of the PSoC starts the WCO and
goes into deep sleep for 500 ms where it consumes ~2 pA. Then, the
BLE stack initializes and the ADC measurements are advertised to a
nearby BLE observer user device. The detailed power consumption
breakdown of the circuit including the voltage regulator, BLE PSoC
module, and two instrumentation amplifiers is shown in Fig. 4C.
When supplied with 2.2 V, the circuit consumes an average of 330 LA
during ~510 ms (168 nuC).

Several studies were performed to validate the robust operation
of the fully integrated system. The three-panel FTENGs were acti-
vated via sliding motion at frequencies ranging from 2 to 1 Hz to
simulate human arm swing during exercise (40). The resultant
charging and discharging cycles of the storage capacitors are shown
in Fig. 4D. Furthermore, to validate the operation of the low-power
wireless sensor circuitry, the potentiometric inputs were simulated
by using a DC power supply to apply voltages ranging from 100 to
300 mV (charged every 300 s) across the reference and working
electrode pins (Fig. 4E). These simulated sensor inputs were accurately
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Fig. 3. Characterization of the microfluidic-based biosensor patch in vitro. (A) Schematic of a flexible biosensor array containing a pH sensor and a Na* sensor pat-

terned on a flexible PET substrate. (B and C) Open-circuit potential responses of a pH

sensor in standard Mcllvaine’s buffer solutions (B) and a Na* sensor in NaCl solutions

(C). Insets show the corresponding calibration plots of each sensor. Error bars represent the SDs from six independent tests. (D) Schematic of the microfluidic design for
dynamic sweat sampling. M-tape, medical tape. (E) Dynamic response of a Na* sensor under different flow rates upon switching the solution concentrations. (F) Repeat-

ability of dynamic response of a Na* sensor by continuously switching the inflow solutions at a flow rate of 2 ul min

formally attached to human skin. Inset image, optical image of a microfluidic sensor

1. (G) Schematic of microfluidic sensor patch con-

patch under mechanical deformation. Scale bar, 5mm. (H and I) Responses of a Na*

and pH sensor array after 0, 200, and 400 cycles of bending (H) and during bending states (1) (radius of curvature, 2 cm). Data recording was paused for 30 s to change the

conditions and settings. Photo credit: Yu Song, California Institute of Technology.

measured and transmitted by the FPCB platform while being pow-
ered by a three-panel FTENG actuated at various working frequencies.
The long-term stability of the whole FWS® system is demonstrated
by using the FTENG to power the FPCB for more than 4 hours,
during which pH and Na™ concentrations in collected human sweat
were measured for an hour (Fig. 4, F and G). Furthermore, the long-
term durability of the FPCB-based FTENG was tested by compar-
ing its ability to power the whole platform after 1 month of its initial
use (fig. S22). Improvements in wireless data transmission in terms
of transmission interval can be attained by further advancing the
power density and efficiency of the FTENG.

On-body evaluation of the FWS? in prolonged

physical activities

Common cardiovascular exercises such as running, rowing, and
elliptical training induce a sliding motion between the side of the
torso and the inner arm. Taking advantage of this mechanical
motion, the stator of FTENG can be fixed on the side torso, and the
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slider of FTENG can be attached to the inner part of the arm. For
on-body evaluation, a six-panel stator FTENG-based FWS® was
used for increased power output (as illustrated in fig. S23). The
FTENG power output waveforms during various exercises are
shown in Fig. 5A. Treadmill running was chosen as the exercise to
perform on-body validation experiments for the entire system. The
FPCB’s storage capacitor charging and discharging curve during a
60-min constant speed running session shows that up to 18 operation
cycles can be achieved (Fig. 5B). The length of charging/discharging
cycle ranges from 2.1 to 3.7 min (Fig. 5C). It should be noted that
the system generates power when the stator and slider physically
rub against each other; the charge in the capacitor will accumulate
without discharge whenever there is rubbing motion; when the
capacitor is charged to a threshold voltage, the capacitor will dis-
charge and power a single measurement event. Despite duration
variations in capacitor charging/discharging cycles caused by varied
rubbing area, forces, and frequencies, the FWS’ system proved itself
to be fully functional during normal physical exercises (fig. S24).
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Fig. 4. System-level integration and evaluation of the FWS®. (A) Schematic diagram of the battery-free FWS® consisting of an FTENG module, a biosensor interface,
instrumentation amplifiers, an energy harvesting PMIC, a voltage regulator, and a BLE PSoC module. (B) Operation flow of the FWS? with signal processing and data
transmission. (C) Power consumption of the FWS® during the operation. (D) Real-time potential of the capacitor (242 uF) during the continuous operation of the FWS> with
athree-panel FTENG under different working frequencies. (E) Validation of data transmission from an FWS3 with a three-panel FTENG under different working frequencies.
(F) Long-term stability of the capacitor charging process when an FWS?® operates under a working frequency of 1.5 Hz. (G) Sensor responses in a collected human sweat

sample when an FWS? operates under a working frequency of 1.5 Hz.

On-body performance of the entire FWS® was evaluated on a
healthy sub]J ect through treadmill running at a constant speed of
9 km hour™". Two wearable systems, charged by the FTENG and the
battery, were placed on the back of the subject. The physiological
information collected by both systems were wireless-transmitted to
a user interface through BLE for further analysis (Fig. 5D). Five
measurements were recorded from the FWS® during the 30-min
exercise; stable pH levels and increased Na" levels were observed
from both systems (Fig. 5E), confirming the accuracy of the battery-
free FWS’ for on-body sensing. The noise contribution during
various exercises performed by the subjects wearing an FWS? is in-
significant in comparison to the sensor signal of interest (fig. S25).
These data demonstrate the potential of the self-powered wearable
platform for continuous monitoring of various physiological bio-
markers in sweat during exercise.

DISCUSSION

The emerging wearable technologies have enabled numerous per-
sonalized medical applications. Wearable sweat analysis has the po-
tential to achieve noninvasive and continuous monitoring of an
individual’s health status at molecular levels. Owing to the multi-
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functioning and multitasking requirements, wearable sweat bio-
sensors usually have high power consumption. Batteries are the
primary power source of most of the wireless e-skin systems but
usually suffer from limited usability, especially when there is lim-
ited electricity availability. Given that a major application of sweat
sensing is health and fitness tracking during vigorous exercise,
energy harvesting from the human body is a promising approach
for powering future wearable sweat sensors, particularly the ones
that can convert biomechanical energies from human motion into
electricity.

The advent of TENG technology sparked great excitement due
to its potential application in self-powered systems, particularly for
wearable and implantable electronics. As a newly emerging tech-
nique for energy conversion, TENGs face major challenges that
need to be addressed for practical applications. First, TENG signals
are essentially high-voltage pulses and insufficient to meet real-time
energy consumption for wearable electronics; second, for wearable
continuous use, the longevity of TENGs needs to be improved due
to the stability limitations of organic polymeric materials used for
device fabrication. Last but not least, system integration of TENGs
in wearable devices and demonstrations of their usability in practical
applications are significantly underdeveloped.
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Fig. 5. On-body evaluation of the FWS3 for wireless, dynamic perspiration analysis. (A) Output waveforms of a six-panel FPCB-based FTENG during various exercises.
(B and C) Real-time potential of the capacitor charged by an FTENG (B) and the average charging time for each package transmission (C) when a subject is running on a
treadmill for 1 hour at a constant speed of 9 km hour™". The ratio in (C) represents the percentage of charging cycles (with charging duration within a given time range)
out of all the charging cycles. When the potential reaches 3.3 V, the capacitor is discharged due to the BLE data transmission. (D) Optical image of a subject on a treadmill
wearing an FWS® and a mobile phone. (E) Real-time sweat pH and Na* levels wirelessly obtained from the wearable systems charged by a lithium battery and by an FTENG
during constant speed running. Photo credit: Yu Song, California Institute of Technology.

Here, we addressed these challenges by proposing a highly ro-
bust, mass-producible, fully self-powered battery-free wearable
system that can efficiently and reliably harvest energy from human
motion during vigorous exercises through an FPCB-enabled
FTENG. As compared to traditional TENGs, the fabricated FTENG
using commercial FPCB fabrication procedures shows remarkable
mechanical and electrical stability even after intensive mechanical
deformations and repeated washing cycles. Through seamless sys-
tem integration and efficient power management, this fully flexible
system is able to power multiplexed sweat biosensors and wirelessly
send data to the user interfaces through Bluetooth during on-body
human trials. Compared to previously reported TENG-based wire-
less sensor systems (table S2) that either are not wearable or require
ultralong charging periods to perform measurements, the FWS’ rep-
resents a breakthrough in terms of practicality for wearable ap-
plications. We envision that, with further development, this technology
could serve as a highly attractive approach toward self-powered wireless
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personalized health monitoring during people’s daily activities; it will
also find numerous applications in environmental and defense areas.

MATERIALS AND METHODS

Materials

EDOT, PSS, sodium ionophore X, bis(2-ethylehexyl) sebacate (DOS),
PVB, polyvinyl chloride (PVC), sodium tetrakis[3,5-bis(trifluoro-
methyl)phenyl] borate (Na-TFPB), aniline, sodium thiosulfate pen-
tahydrate (Na,S,03), sodium bisulfite (NaHSO3), calcium chloride
dihydrate (CaCl,-2H,0), block polymer PEO-PPO-PEO (F127),
multiwall carbon nanotubes (MWCNTSs), iron(I1I) chloride (FeCls),
potassium hydroxide (KOH), and citric acid were purchased from
Sigma- Aldrich. Sodium chloride (NaCl), ammonium chloride (NH,Cl),
methanol, ethanol, acetone, tetrahydrofuran (THF), hydrochloric
acid (HCI), tetrachloroauric acid (HAuCly), and disodium phosphate
(Na;HPO,) were purchased from Thermo Fisher Scientific. PDMS

7of 10

0202 ‘0¢ Jaqwialdas uo /610’ Bewaduslos saoueape//:dny wolj papeojumoq


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

(SYLGARD 184) was purchased from Dow Corning. Silver nitrate
(AgNO3) was purchased from Alfa Aesar. Waterproof, double-sided
medical tapes (75 um thick) were purchased from Adhesives Re-
search. Silver conductive paint was purchased from Structure Probe
Inc. (SPI) supplies. Moisture-resistant PET film (100 um thick) was
purchased from McMaster-Carr. PTFE (50 um thick) was pur-
chased from JIAET.

Design and fabrication of the FPCB module
The FPCB module for the FTENG and electronic circuit was designed
using Eagle CAD (Autodesk). The BLE PSoC module was programmed
in the PSoC Creator Integrated Design Environment (Cypress Semi-
conductor). A full list of components for the circuit design provided
in fig. 20 includes power management units (MB10S-13, Diodes
Incorporated; SGAE101A, Cypress Semiconductor; TPS7A05, Texas
Instruments), a BLE PSoC module (CYBLE-022001-00, Cypress Semi-
conductor), potentiometric sensing units (AD8235, Analog Devices), and
passive components. A detailed circuit diagram is shown in fig. S21.
The flexible circuitry and FTENG were fabricated by a commer-
cial FPCB manufacturer (detailed fabrication process shown in fig.
S1). Two sheets of commercial flexible copper clad laminates (120 pm
thick; JingHuang Electronics Co.), consisting of a flexible poly-
imide substrate and a copper film, sandwich a thin layer of epoxy
adhesive. The copper films were patterned by photolithography and
etched by a FeCl; solution to fabricate the circuit elements and
interdigital electrode of the stator, and complementary grating
structures of the slider. An ENIG layer was deposited to protect the
stator electrode. Last, a layer of PTFE was laminated on the inter-
digital electrode of the stator to induce electrification. The total size
of one-panel stator of the FTENG is 22.6 cm” (length, 5.78 cm;
width, 3.78 cm). The weight of one-panel stator of the FTENG is
0.586 (without PTFE coated) and 0.782 g (with PTFE coated). The
total size and weight of one-panel slider of the FTENG are 18.22 cm®
(length, 4.36 cm; width, 4.18 cm) and 0.396 g, respectively.

Characterization of the FTENG
For the output performance of the FTENG, a digital oscilloscope
(Agilent DSO-X 2014A) was adopted to test the open-circuit volt-
age with a 100-megohm probe. The short-circuit current was
amplified by an SR570 low-noise current amplifier from Stanford
Research Systems. The COMSOL software was used to simulate and
verify the electrostatic stimulation during the sliding process.
PDMS with microstructures (M-PDMS and W-PDMS) were
involved in durability test as the triboelectric materials under the
contact-separation mode. The elastomer and cross-linker of PDMS
were mixed first, with a quantity ratio of 10:1. For the M-PDMS, the
vacuum-degassed solution was spin-coated on the Si wafer with
inverted pyramid structure (fabricated by photolithography and
KOH wet etching). When the PDMS was partially cured, one piece
of FPCB-based stator (3 x 4 cm?) with ENIG electrode was coated
among it. After cured at 80°C for 2 hours, the stator was peeled off
with prepared M-PDMS. For the W-PDMS, the cured PDMS was
prestretched with the strain of 30% and carried out with ultra-
violet ozone treatment by commercial ultraviolet lamp (Hangzhou
Yaguang Lighting). After releasing process, the W-PDMS is con-
ducted and coated on another FPCB-based stator. During the
durability test, the maximum gap between PDMS and another
triboelectric material (copper) is fixed at 3 mm at the working
frequency of 2 Hz.
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For the washing test, the FPCB-based FTENG was first rinsed
with deionized (DI) water (25°C) and bath-sonicated for 10 min.
Then, FTENG was fully dried at 60°C with 10 min for later
measurement.

For the long-term stability study of the FTENG (fig. S22), the
test was performed under the same conditions before and after a
1-month period. During the 1-month hiatus, the FTENG was stored
in a plastic box in a regular office drawer at room temperature.

The morphology microscopic image of interdigital stator elec-
trode was characterized by an optical microscope (Carl Zeiss AXIO).
SEM images of the PTFE, M-PDMS, and W-PDMS were acquired
with a field emission environmental SEM (FEI Quanta 600F).

Fabrication of microfluidic sensor patch

The fabrication of the electrode array is demonstrated in fig. S14.
After pretreatment of the PET substrate, E-beam evaporation was
used to deposit 20 nm of Cr and then 100 nm of Au onto a PET
substrate to form the 3-mm-diameter gold electrodes. The electrode
arrays were additionally coated with 1 pm of Parylene C (ParaTech
LabTop 3000 Parylene coater) and patterned through photolithog-
raphy. The fabricated array was further etched with O, plasma via
reactive ion etching (Oxford III-V System 100 ICP/RIE) to remove
the parylene layer at the designated sensing area. Then, the elec-
trodes were modified and deposited with different functional mate-
rials to form the Na* and pH working electrodes with a shared
Ag/AgCl reference electrode. A CO, laser cutter was used to pattern
the microfluidic layers. A waterproof double-sided medical tape
layer patterned with 3-mm-diameter chambers was first attached to
the PET sensor substrate. Then, a PDMS layer (100 um thick) pat-
terned with 3-mm-diameter reservoirs, inlets, an outlet, and fluidic
connections was adhered onto the medical tape. Last, another medical
tape layer patterned with inlets was attached on the PDMS layer.

Preparation of biosensors

An electrochemical workstation (CHI 860, CH Instruments) was
used for electrochemical deposition and sensor characterization.
For the Ag/AgCl reference electrode, an Ag deposition solution
(0.25 M AgNO3, 0.75 M Na,$,03, and 0.43 M NaHSO3) was used to
deposit Ag on the Au electrode through constant voltage electrode-
position (—0.25 V for 600 s). Next, 0.1 M FeCl; was drop-casted
onto the Ag for 30 s to form Ag/AgCl. A total of 6.6 ul of the PVB
reference cocktail (79.1 mg of PVB, 50 mg of NaCl, 1 mg of F127,
and 0.2 mg of MWCNT in 1 ml of methanol) was drop-casted on
the Ag/AgCl electrode and left overnight to dry. The pH ISE was
first modified by depositing Au (50 mM HAuCl, and 50 mM HCI)
at 0 V for 30 s, followed by electropolymerizing PANI on the Au
electrode in a bath (0.1 M aniline and 0.1 M HCI) through 50 cycles
of cyclic voltammetry (—0.2 to 1 V at a scan rate of 50 mV s™"). For
the Na" ISE, constant current electrodeposition (14 puA for 740 s) in
a solution containing 0.01 M EDOT and 0.1 M NaPSS was used to
deposit PEDOT:PSS on one Au electrode. Then, 15 pl of Na* selec-
tive membrane cocktail was drop-coasted onto the PEDOT:PSS layer
and dried overnight. To prepare the cocktail, 100 mg of a mixture
containing Na ionophore X (1%, w/w), Na-TFPB (0.55%, w/w), PVC
(33%, w/w), and DOS (65.45%, w/w) was dissolved in 660 ul of THF.

Characterization of biosensor performance
To obtain the best performance for long-term continuous measure-
ments, the biosensors were covered with a solution containing
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0.1 M NaCl for 1 hour before measurements, which minimized the
potential drift. For in vitro characterization, NaCl solutions with
concentrations of 12.5, 25, 50, 100, and 200 mM in DI water, and
Mcllvaine’s buffers with pH values ranging from 4 to 8 were used
unless stated otherwise. Considering that there is variation in the
absolute potential values for ion-selective sensors in the same solu-
tion, one-point calibration in a standard solution is essential. Here,
a 25 mM NaCl solution was used to calibrate the biosensors before
use for all tests.

Batches of biosensors were characterized to verify their repeat-
ability and reproducibility by varying the solutions. Interference
studies were performed by the successive addition of chloride solu-
tions containing 50 mM NH,", 50 mM K*, and 50 mM Ca**. All
measurements were paused for 30 s while changing the solution.
The long-term stabilities of pH and Na* sensors were first tested
continuously for 3 hours in a 100 mM NaCl solution and then eval-
uated for more than 6 weeks to check the sensitivity variation.

Previous work infers that pH in sweat remains relatively stable
during exercise. Thus, the sampling capability of the microfluidic
sensor patch is focused on the dynamic tracing of Na®. A syringe
pump was used to inject solutions of different Na* concentrations
(50 and 200 mM) through the inlet of the microfluidic channels at
varying flow rates. The mechanical reliability of the sensing patches
was evaluated by bending them repeatedly on a three-dimensional-
printed mold (radius of curvature, 2 cm) for 800 cycles. Sensor mea-
surements were acquired every 200 cycles. In another study, continuous
sensor measurements were recorded during active deformation of
the sensors.

For the long-term sensor stability test (fig. S17), the biosensor
arrays were tested every week under the same condition. Before
weekly measurements, the sensor arrays were covered with a
0.1 M NaCl solution for 1 hour to minimize the potential drift.
During the 6-week period, the ion-selective sensors were stored at
ambient conditions under room temperature (25°C).

On-body evaluation of the FWS?

The validation and evaluation of the FWS’ were performed with
human subjects at the gymnasium in compliance with all the ethical
regulations under a protocol (ID 19-0892) that was approved by the
Institutional Review Board at the California Institute of Technology.
The participating healthy subjects, ages 20 to 35, were recruited from
the California Institute of Technology. All subjects gave written, in-
formed consent before participating in the study.

Subjects performed cardiovascular exercises using a running
machine (Aeon), an elliptical machine (Precor), and a rowing ma-
chine (Stamina). Before exercise, the subject’s upper back was wiped
and cleaned with alcohol swabs and gauzes. Then, waterproof double-
sided medical tape was used to adhere the FWS® onto the subjects.
The system including the FTENG stator was adhered to the side
torso, and the FTENG slider was fixed onto the inner arm. To en-
sure accurate data, a new microfluidic sensor patch was used for
each human trial. To evaluate the power output of the FTENG
during the exercise, the output of the FTENG or the voltage across
the storage capacitor was connected to an oscilloscope. When eval-
uating the entire system including the microfluidic sensor patch, the
subjects were asked to run on a treadmill at a constant speed of
9 km hour™ for 30 min (to obtain sensor data regularly every sever-
al minutes); the BLE data were retrieved from a mobile phone or a
personal computer. In addition, sweat samples were collected peri-

Song et al., Sci. Adv. 2020; 6 : eaay9842 30 September 2020

odically from the forehead of the subjects and pipetted into centrifuge
tubes to be centrifuged at 6000 rpm for 15 min. The sweat samples
were then frozen at —20°C for further testing.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/40/eaay9842/DC1

View/request a protocol for this paper from Bio-protocol.
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