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Abstract— Continuous, non-invasive wearable measurement
of metabolic biomarkers could provide vital insight into
patient condition for personalized health and wellness
monitoring. We present our efforts towards developing a
wearable solar-powered electrochemical platform for multi-
modal sweat based metabolic monitoring. This wrist-worn
wearable system consists of a flexible photovoltaic cell
connected to a circuit board containing ultra low power
circuitry for sensor data collection, energy harvesting, and
wireless data transmission, all integrated into an elastic fabric
wristband. The system continuously samples amperometric,
potentiometric, temperature, and motion data and wirelessly
transmits these to a data aggregator. The full wearable system
is 7.5 cm long and 5 cm in diameter, weighs 22 grams, and can
run directly from harvested light energy. Relatively low levels
of light such as residential lighting (∼200 lux) are sufficient for
continuous operation of the system. Excess harvested energy
is stored in a small 37 mWh lithium polymer battery. The
battery can be charged in ∼14 minutes under full sunlight and
can power the system for ∼8 days when fully charged. The
system has an average power consumption of 176 µW. The
solar-harvesting performance of the system was characterized
in a variety of lighting conditions, and the amperometric and
potentiometric electrochemical capabilities of the system were
validated in vitro.

Clinical relevance—The presented solar-powered wearable
system enables continuous wireless multi-modal electrochemical
monitoring for uninterrupted sensing of metabolic biomarkers
in sweat while harvesting energy from indoor lighting or
sunlight.

I. BACKGROUND

Wearable health and wellness monitoring systems (wear-
ables) have been demonstrated to provide physiologically
relevant and actionable data in remote monitoring, fitness
sensing, and personalized healthcare [1]-[3]. While wearable
consumer products have the benefit of being non-invasive
and easy to use, there is still a need to measure clinically-
validated metabolic biomarkers such as glucose, lactate, and
pH to give deeper insight into the users’ health status [4][5].
These key metabolic biomarkers can be measured in eccrine
sweat, which originates from pores distributed across the skin
and is easily and continuously accessible [6]. In recent years,
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Fig. 1. The presented system consisting of a custom miniaturized wireless
multi-modal electrochemical monitoring system which harvests light energy
from a flexible photovoltaic cell integrated into a flexible wristband.

wearable sensors and systems measuring these biomarkers in
eccrine sweat have been explored in a variety of form factors
[7]-[13].

The continuous monitoring of such metabolic biomarkers
can provide a deeper perspective on the correlation be-
tween their acute changes and patients’ health outcomes.
Continuous glucose monitors (CGMs) are a prime example
of the potential benefits of such a continuous monitoring
paradigm. Despite requiring transdermal access or implant,
modern CGMs provide patients and caregivers with real-time
feedback, allowing diabetic patients to improve their overall
glucose control while reducing the likelihood of adverse
events [14]. Extending and augmenting continuous biochem-
ical monitoring with other metrics while removing the need
to cross the skin barrier by continuously monitoring eccrine
sweat could enable new use cases, especially when paired
with a data aggregation device for data display and feedback
or transmission to a cloud server for further analysis.

To achieve long term and continuous monitoring, state-of-
the-art biochemical wearables rely on large lithium polymer
(LiPo) batteries, in particular due to the higher power re-
quirements of wireless data transmission. These batteries are
bulky and require periodic recharging, forming a barrier for
long term adoption and compliance [15]. Recent advances in
energy harvesting and storage technologies have resulted in
the development of wearable electrochemical systems which
can be powered by solar, radio frequency, piezoelectric,
biochemical or thermoelectric sources as an alternative or
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Fig. 2. System-level block diagram of the solar-powered electrochemical
monitoring system.

augmentation to battery power [16]-[21]. However, these
devices still fall short in offering continuous monitoring,
ability to transmit data to a data aggregator, and multi-modal
data acquisition to correlate biochemical data with other
relevant health metrics.

In this work, we present our initial characterization
of a solar-powered wristband for continuous multi-modal
metabolic monitoring and wireless data transmission (Fig.
1). This system utilizes commercial-off-the-shelf (COTS)
components to interface with custom electrochemical sen-
sors, and includes an amperometric channel for analyte
monitoring, a potentiometric channel for pH monitoring, a
temperature interface for skin-temperature sensing, and an
accelerometer for motion sensing (Fig. 2). The system can
perform both cyclic voltammetry (CV) and chronoamper-
ometry (CA), and measured data is transmitted to a data
aggregator over Bluetooth Low Energy (BLE). This system
can run directly and solely from harvested light energy, and
stores excess amounts of energy into a small LiPo battery to
prevent interruption of monitoring in darker environments.
The energy harvesting and electrochemical sensing capabil-
ities of this system were validated in vitro in the scope of
this paper.

II. MATERIALS AND METHODS

A. System Overview

We designed a custom printed circuit board (PCB) for
energy harvesting, power management, data acquisition, data
transmission, and physiological monitoring (Fig. 3). To fa-
cilitate future transition onto a flexible PCB substrate, we
designed the circuit board with layout islands and flex points,
and restricted component placement to a single side.

A System-on-Chip (SoC, CC2642 from Texas Instruments
(TI)) manages sampling and BLE transmission. The elec-
trochemical analog front end (AFE, AD5941 from Analog
Devices, Inc (ADI)) integrates the circuitry required for 3-
electrode amperometric measurement. The SoC sets the bias,
gain, and sampling rate of the AFE so that the system
can perform CV at varying sweep rates or CA at varying
sampling rates and bias points. An 8-pin Flat Flex Connector

Fig. 3. (Left) The printed circuit board and 37 mWh LiPo battery. (Right)
Power consumption breakdown by component subsystem in µW.

header (FH12-8S-1SH(55) from Molex) allows the device to
interface to custom fabricated sensors.

The AFE also contains 4 analog to digital converter (ADC)
channels, which we have utilized for pH and temperature
measurements. Measurement of open-circuit potential (OCP)
of a pH electrode is achieved through an op-amp buffer
circuit (LPV542 from TI). Temperature measurement is
achieved with a differential voltage Wheatstone bridge circuit
to measure resistance change across a 1MΩ negative temper-
ature coefficient thermistor in response to changes in temper-
ature. Interfacing the additional measurement channels to the
AFE in this manner allows for increased power saving, as the
SoC can spend more time in low-power sleep mode while the
AFE samples the sensors. In CA mode, the AFE measures
and stores 10 samples of amperometric, potentiometric, and
temperature data at user configurable sampling rates of up to
10 Hz. The AFE, then, triggers an interrupt to the SoC, which
reads the stored data and transmits it to a data aggregator
via BLE. The system also contains a 3-axis accelerometer
(ADXL362 from ADI) for aggregation of motion data for
each sampling epoch.

Energy is harvested from a flexible photovoltaic (PV)
cell (LL200-2.4-75 from PowerFilm) via a Maximum Power
Point Tracking (MPPT) integrated boost regulator (bq25570
from TI). For this system, the MPPT is configured to set the
load voltage at 77% of the open circuit voltage of the PV
cells. The voltage generated is regulated to 1.8V for the SoC
by a buck regulator built into the MPPT, and 2.8V for the
rest of the system via a boost regulator (TPS62742 from TI).
Excess power generated by the energy harvester is stored in
a 37 mWh LiPo battery (PGEB201212 from Powerstream)
to allow for uninterrupted monitoring in dim or no light
conditions such as during sleep.

We integrated the PCB, battery, and PV cells with an
elastic fabric sleeve to create a wrist-worn wearable system.
To increase comfort for the wearer and protect the electronics
from environmental exposure, we encapsulated the PCB and
battery with flexible silicone (DragonSkin30 from Smooth-
On) in a 3D printed mold. We developed a BLE user interface
in Python for system control and data aggregation.

B. Energy Harvesting Characterization

To measure typical energy harvester output in various
lighting conditions, we performed a proof-of-concept light
harvesting characterization both indoors and outdoors. To
measure average power from the energy harvester in each of
these conditions, the system load was replaced by a known
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load resistor. Average power generation was calculated by
measuring average voltage from the light harvesting circuit
across the load resistor for 10 minutes at a sampling rate of
1 Hz. Illuminance was recorded every 30 seconds using a
handheld digital light meter (LX1330B from Dr.meter) and
averaged. To measure battery charge time, the LiPo battery
was discharged to 3.0V, then attached to the system and
charged to 4.2V in full sunlight by the light harvesting cir-
cuitry on the PCB while the system was actively measuring
data and transmitting over BLE.

C. In-Vitro Electrochemical Validation

CV measurements were performed using commercial
screen-printed carbon electrodes (RRPE1001C from Pine
Research) in a solution of 10 mM K3Fe(CN)6 and 1M
KCL in 0.1 M phosphate buffered saline (PBS, pH=7.4,
purchased from Sigma-Aldrich). We used a benchtop poten-
tiostat (Reference 600+ from Gamry Instruments) to record
CV measurements at sweep rates from 10 to 250 mV/s with
scan limits from -0.6 to +0.6 V. We, then, performed CV
measurements using the same carbon electrode and solution
with the solar-powered electrochemical system at the same
sweep rate and scan limit parameters.

To validate CA functionality, we performed CA mea-
surements in various concentrations of glucose in 1M PBS
using commercial blood glucose test strips (37350 Plus from
AimStrip). We measured glucose concentrations from 1 mM
to 100 mM at a bias of +0.5V with the benchtop potentiostat,
then repeated these CA measurements at 1 Hz sampling rate
using the solar-powered electrochemical system (n=3). Due
to the microfluidic channel present on these test strips, a
separate test strip was used for each measurement.

To validate potentiometric electrochemical sensing, a com-
mercial pH electrode (pHE-11 from GeneMate) was con-
nected to the potentiometric channel of the solar-powered
electrochemical system. The pH electrodes were placed into
buffer solutions between pH 4 and 10 purchased from Fisher
Scientific, and the resulting OCP was measured by our
system at a 1 Hz sampling frequency for 120 seconds.
To reduce high electromagnetic interference (EMI) noise
from the high-impedance pH electrode, an aluminum foil

Fig. 4. (Left) Log-log comparison of average measured power generated
by the energy-harvesting system at various representative lighting conditions
versus average system power consumption at 10 s sampling period and BLE
transmission at every 100 s.(Right) Battery charge in full sunlight during
active measurement and transmission.

sheet was used to provide EMI shielding and the measured
potentiometric data was smoothed with a 10 second moving
average (MA) filter.

III. RESULTS AND DISCUSSION

A. Wearable System Integration

The encapsulated wireless electrochemical system has
dimensions of 6 cm × 2.5 cm × 0.5 cm, and weighs 11
g. The integrated PV cells and elastic sleeve also weigh 11
g (total weight: 22 g). In an unexpanded state, the system is
7.5 cm tall and 5 cm in diameter, and can stretch to fit users
with various body sizes.

B. System Power Consumption and Energy Harvesting

At a sampling period of 10 seconds, while transmitting
data every 100 seconds, average total system power con-
sumption was 176 µW, with majority of the power consumed
by the SoC, power conversion efficiency loss, and amper-
ometric measurement (Fig. 3). A fully charged 37 mWh
battery provides 188 hours (7.8 days) of operation time at
90% discharge efficiency.

The light harvester generates an average of 135.4 mW in
full sunlight (118,000 lux), which is sufficient to simultane-
ously power the device and charge the on-board battery from
3.0V to 4.2V in 14 minutes (Fig. 4). Residential indoor light
levels (210 lux) generate an average of 306 µW, which is
sufficient to power the system continuously due to the ultra-
low power consumption of the electronic system (Fig. 4).

C. In-Vitro Electrochemical Validation

CV tests were performed using both the benchtop po-
tentiostat and our solar-powered electrochemical sensing
system at sweep rates between 10 mV/s and 250 mV/s
in a K3Fe(CN)6 solution (n=1) (Fig. 5). The anodic and
cathodic current peaks from both the solar-powered system
and the benchtop potentiostat demonstrated the expected high
linearity of current peaks as a function of the square root of
the sweep rate (R2 ≥0.9896).

Fig. 5. CV at various sweep rates and square root of sweep rate versus
peak anodic and cathodic currents for (a,b) the benchtop potentiostat and
(c,d) the solar-powered electrochemical system.
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Fig. 6. Average CA response of glucose concentrations from 1 mM to
100 mM at a bias of +0.5V (n=3) and corresponding glucose calibration
curves for (a,b) the benchtop potentiostat and (c,d) the solar-powered
electrochemical system with linear regression shown from 1 mM to 50 mM.

CA validation of the amperometric system was conducted
on both the benchtop potentiostat and solar-powered electro-
chemical systems (n=3) (Fig. 6) using commercial glucose
test strips in solutions with glucose concentrations from 1
mM to 100 mM. The benchtop potentiostat with the test
strips had a sensitivity of 0.123 µA/mM and showed a
linear response with increasing glucose concentration in the
1 mM to 50 mM range (R2 = 0.951). The solar-powered
electrochemical system with the test strips had a sensitivity
of 0.16 µA/mM and linear response with increasing glucose
concentration in the 1 mM to 50 mM range (R2 = 0.82).

The solar-powered electrochemical system was able to
measure the OCP of the pH electrodes in various pH buffer
solutions (Fig. 7). The potentiometric channel of the sys-
tem measured a linear decrease in voltage with increasing
pH (R2 = 0.992), and the sensitivity of the solar-powered
electrochemical system was -0.053 mV/pH. Low-pass filter-
ing and increased EMI shielding could further reduce the
potentiometric noise.

IV. CONCLUSION AND FUTURE WORK

We present a solar powered wireless wearable metabolic
sensing system with the capabilities of continuous amper-
ometry and potentiometry, motion and temperature sens-
ing, and light energy harvesting. In-vitro experiments were
performed to characterize the energy harvesting capabilities
of the system and validate the CV and CA capabilities
of the system. The future efforts will focus on improving
the system sensitivity and integration with custom electro-
chemical sensors, followed by short and long term in-vivo
biochemical monitoring studies. Future improvements to this
system also include transition to fully flexible electronics and
replacement of the LiPo battery with a supercapacitor for
faster charging and safer operation.
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Fig. 7. (a) Potentiometric OCP measurement with overlaid 10 s MA
filter output and (b) calibration curve for the solar-powered electrochemical
system and a commercial pH electrode in pH = 4 to ph = 10 buffer solutions.
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