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ABSTRACT: Wearable sweat sensing is a rapidly rising research area
driven by its promising potential in health, fitness, and diagnostic
applications. Despite the growth in the field, major challenges in relation
to sweat metrics remain to be addressed. These challenges include sweat
rate monitoring for its complex relation with sweat compositions and sweat
sampling for sweat dynamics studies. In this work, we present a flexible
microfluidic sweat sensing patch that enhances real-time electrochemical
sensing and sweat rate analysis via sweat sampling. The device contains a
spiral-patterned microfluidic component that is embedded with ion-
selective sensors and an electrical impedance-based sweat rate sensor on a
flexible plastic substrate. The patch is enabled to autonomously perform
sweat analysis by interfacing the sensing component with a printed circuit
board that is capable of on-site signal conditioning, analysis, and transmission. Progressive sweat flow in the microfluidic device,
governed by the pressure induced by the secreted sweat, enhances sweat sampling and electrochemical detection via a defined
sweat collection chamber and a directed sweat route. The characteristic of the sweat rate sensor is validated through a theoretical
simulation, and the precision and accuracy of the flow rate is verified with a commercial syringe pump and a Macroduct sweat
collector. On-body simultaneous monitoring of ion (H+, Na+, K+, Cl−) concentration and sweat rate is also demonstrated for
sensor functionality. This sweat sensing patch provides an integrated platform for a comprehensive sweat secretion analysis and
facilitates physiological and clinical investigations by closely monitoring interrelated sweat parameters.

KEYWORDS: wearable biosensors, microfluidic device, sweat patch, multiplexed sensing, electrochemical sensor, flexible electronics

The burgeoning field of wearable electronics technology
provides a promising future for personalized health

assessment.1−9 While there is prime development in wearable
devices for monitoring physical activity and vital signs,5,6,9−13

major effort is still needed to realize reliable wearable
biosensors by decoding mutually dependent health metrics
for personalized healthcare. Sweat, a popular target for wearable
biosensors,7,8,14−22 has been shown as an increasingly
important biofluid for health monitoring, disease diagnosis,
and athletic performance evaluation.23−27 Over the past years,
wearable sensors for sweat analysis have been demonstrated for
detection of a wide range of sweat constituents, varying from
small ions and metabolites to large hormones.7,8,14−20,23,24

Despite these major efforts, a number of key elements related
to sweat sensing are still needed to be addressed, specifically the
role of sweat secretion rate and effective sweat sampling for
enhanced dynamic sweat analysis.
Due to the complex nature of the sweat secretion and

reabsorption mechanism,20,21,28 sweat composition concen-
trations and sweat rate are inextricably linked. For instance,

sweat [Na+] and [Cl−] are more concentrated at higher sweat
rates. Lactic acid, urea, and creatinine increase with decreasing
sweat rate.25,28,29 Besides, during prolonged exercise, continu-
ance of a high sweat rate can lead to dehydration, which in turn
leads to impaired athletic performance.27 Despite the
significance of sweat rate, current research development on
wearable sensors cannot monitor sweat constituents along with
sweat rate in a single platform. Traditionally, sweat rate
measurements were conducted based on body mass change and
sweat patch analysis.27,30 These methods involve logistic
complications and require trained personnel to perform
experiments in specialized laboratories. Another method for
local sweat rate measurement is capacitance hygrometry,31,32

but this method requires careful calibration of the sensor for
humidity variations in the environment. More recently, optical
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sweat rate sensors have been developed,33 but they cannot be
utilized for continuous autonomous measurement.
Another major overlooked factor in wearable sweat sensing is

sweat sampling. Appropriate sweat sampling is crucial to
obviate measurement artifacts from evaporation and contam-
ination of sweat specimens. Effective sweat transport through
fast sampling can minimize the mixing and carry-over effect of
the new and old sweat.20 These undesirable effects can be
overcome by utilizing microfluidics. Microfluidics facilitate
continuous sampling by directing sweat along a controlled
channel and enhance sensing in a well-defined encapsulated
chamber. It decouples the sweat generation and sensing to
eliminate external contamination while preventing sweat
evaporation. At the present, only a few wearable sweat sensors
have been demonstrated by employing microfluidic chamber
for capturing and sampling sweat.18,33,34

Here we introduce a wearable sweat sensing patch that
merges electrochemical sensors and an electrical impedance-
based sweat rate sensor inside a microfluidic channel for
effective sweat secretion analysis. The system provides an
important advance in sweat analysis by providing a mechanism
to analyze sweat content in real time by minimizing averaging
effect over time. It enables detection of sweat analytes, such as
Na+, in a defined microfluidic reservoir and directs sweat flow
to accurately quantify local sweat secretion rate. While the Na+

and sweat rate sensors individually provide information on
physiologically relevant quantities, together they can be utilized
for a comprehensive study of the relation between sweat
metrics, and the platform can be configured to monitor
multiple sweat biomarkers for investigation of sweat secretion
mechanisms. To realize these capabilities, our system combines
a conventional soft microfluidic platform with a flexible plastic
substrate to achieve a conformal and robust sweat sensing patch
for long-term continuous measurement (Figure 1). The sweat
sensing patch facilitates efficient sweat sampling and enhances
capturing of dynamic changes in sweat compositions by
spontaneously pumping the secreted sweat along the micro-
fluidic channel. The device also minimizes evaporation and
contamination of sweat samples by harvesting sweat in a
detection chamber. By integrating commercially available
printed-circuit board (PCB) technology, we deliver a fully
integrated system that interfaces the sensor patch with a PCB
for signal conditioning and data transmission to provide real-
time feedback and inform users of their sweat behavior. The

system can be expanded to a wide range of sweat biomarkers
for detailed studies of the role of sweat in relation to
physiological conditions.

■ RESULTS AND DISCUSSION
The flexible sweat sensing patch comprises two major
components: a microfluidic electrochemical and electrical
sensing component and a printed circuit board component.
The sensing component contains four layers: a spiral-patterned
microfluidic channel, two parallel Au spirals, a parylene-C
insulation layer, and Na+ sensing electrodes (Figure 1a).
The microfluidic channel is prepared with polydimentylsilox-

ane (PDMS) to have conformal contact with the skin, and each
loop of the spirals is separated by 1 mm to minimize parasitic
effect. The microfluidic channel has a 0.4 mm depth and a 5-
mm-diameter opening that acts as a sweat collection reservoir
and a 0.5 mm outlet with a microchannel of 600 μm by 200 μm
in width and depth, respectively. This channel can contain
sweat volume up to 14 μL and can approximately last 50 min
based on an average arm sweat secretion rate of 10 nL/min/
gland.21 The microfluidic channel is covalently bonded to
polyethylene terephthalate (PET) containing sensing electro-
des layer, via O2 plasma etching and silanization35 to enclose
the microfluidic channel firmly.
Na+ sensing electrodes are 1 mm in diameter and are located

at the opening of the microfluidic device (Figure 1b) such that
Na+ detection takes place as soon as sweat accumulates at the
chamber. As sweat secretes and fills up the chamber, the initial
sweat is transported along the channel while fresh sweat
continuously replaces the old sweat. Here, sweat transport
along the microchannel is driven by the natural pressure due to
perspiration and the capillary action. This mechanism allows
the sensors to effectively capture the dynamic changes of the
sweat contents. The impedance-based sweat rate sensor lies on
top of the insulation layer which electrically isolates the metallic
wires from the Na+ sensing electrodes. The sweat rate sensor
contains two parallel Cr/Au spirals with a width of 150 μm and
a separation of 100 μm. These spirals are aligned with the
microfluidic channel. The detailed fabrication processes are
illustrated in Figure S1. Sweat rate is quantified by measuring
the magnitude of the impedance between the two spirals. As
sweat travels along the channel, the impedance magnitude
drops with increasing sweat volume due to a decrease in the
effective resistance and an increase in the capacitance. Thus, a

Figure 1. Schematics of a wearable sweat sensing patch. (a) The microfluidic sweat sensor comprises four layers: a spiral-patterned microfluidic
channel, a pair of parallel Au electrodes for sweat rate sensing, a parylene-C insulation layer, and Na+ sensing electrodes. (b) Stacked view of the
microfluidic device. The spiral Au electrodes for sweat rate sensing are aligned with the microfluidic channel. The sodium sensor is located at the
sweat collection reservoir. (c) The sweat sensing patch is conformal to the skin and can be comfortably worn on a user’s wrist. The analyzed data can
be wirelessly transmitted to a cellphone via Bluetooth.
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relation between admittance magnitude (1/|impedance|) and
the distance sweat traveled can be acquired. This relation then
allows admittance magnitude to be converted into sweat
volume contained in the channel within a constant time
interval.
Figure 1c depicts a fully integrated sweat patch worn on a

user’s wrist. We employed the capabilities of the PCB by
bringing two detection modalities into a single unit to achieve
simultaneous measurement and analysis of Na+ concentration
and sweat rate. Each path is electrically isolated to ensure no
signal interference and to relay the correct signal output. The
PCB is designed such that impedance path has 0.1% resolution
and the open circuit potential (OCP) path has 0.1 mV
resolution. Figures S2 and S3 illustrate the schematics of the
PCB layout for the impedance and the OCP measurement of
the device, and detailed PCB design is described in the
Experimental Section. The signal is conditioned and trans-
mitted via Bluetooth and is displayed in a customized cell-
phone app for easy read-out.
The electrical impedance-based sweat rate sensors (Figure

2a) were first characterized in a solution containing NaCl
concentration of 15 and 60 mM, which are relevant to the
physiological range of sweat Na+ concentration.21 Measure-
ments were operated at an optimal frequency of 100 kHz such
that the impedance measurement is dominated by the

resistance. This minimizes the contribution from the parasitic
capacitance due to the spiral arrangement. The experimental
results of the change in admittance with distance fluid traveled
in 15 and 60 mM NaCl solutions are plotted along with the
simulation results in Figure 2b, which shows well-agreed
polynomial trend between the experimental and the simulation
results. As the resistance between two Au wires changes with
the ionic strength of the solution, it is necessary to study the
influence of this change on admittance. As shown in Figure 2b,
admittance of the Au electrodes increases with increasing
concentration which is due to increasing electrical conductivity
at higher ionic concentration. To further explore the relation
between the admittance, the distance of the fluid traveled, and
the concentration of the NaCl solution, admittance changes
depending on the latter two parameters were experimentally
recorded in 15, 30, 60, and 120 mM NaCl solutions. The result
is shown as a surface plot in Figure 2c. The admittance
increases in polynomial behavior with respect to both
increasing concentration and distance of the fluid traveled.
This plot allows simple sweat rate conversion by finding the
corresponding distance traveled at a measured admittance and
Na+ concentration. These characterization studies allow us to
understand the electrical behavior that corresponds to a specific
pattern, a spiral in this case, and hence it is possible to achieve

Figure 2. (a) Optical image of the sensing component of the sweat sensing patch. (b) Change in admittance along with the distance traveled by the
fluid. Experimental and simulation results in 15 and 60 mM [Na+] are plotted. (c) A color map showing the relation between admittance, [Na+], and
distance traveled by the fluid. The map is plotted based on experimental results. (d) Admittance measurement in a 30 mM NaCl solution at various
pump rates. (e) Relation between pump rate by the commercial flow meter and flow rate measured and converted using the calibration plot in (c).
(f) Temperature influence on the admittance measurement in 60 mM [Na+]. Each curve is obtained by averaging four repeated trials at each
temperature as shown in Figure S4.
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the desired patterns with performance validation through
simulation.
Sweat rate is expected to vary from 1 to 20 nL/min/gland.

On the arm region, there are typically 150 glands/cm2.21 In this
case, sweat rate is estimated to be as high as 2 μL/min for the
5-mm-diameter sweat collection area. To ensure that the device
accurately outputs the flow rate within this range, flow rate
measurement computed from the sweat rate sensor is
compared with the known pump rate from a commercial
syringe pump meter. In Figure 2d, a constant concentration of
30 mM NaCl solution was flowed into the microfluidic channel
at various flow rates ranging from 0.14 to 2.0 μL/min. The
change in admittance with time was recorded. The measured
admittance versus time does not increase linearly with time due
to the nonlinear relationship between the admittance and the
distance that the fluid travels. The measured admittance values
are converted to distance traveled using the relation obtained in
Figure 2c to compute the flow rate. In Figure 2e, the results
show that the relation between the measured microfluidic flow
rate and the pump rate is proportional with a slope of 0.92. To

enhance the accuracy of the sweat rate sensor, the flow rate can
be easily corrected for the subsequent measurements by using
this relation. The standard deviation at each pump rate is
shown as an error bar at each point, and the error at each flow
rate varies between 6% and 11%. As evidenced from the
experimental results, the sensor can accurately quantify the flow
rate that is in the physiologically relevant range of the sweat
rate.
Resistance of a metal changes with temperature; hence it is

critical to measure the temperature dependence of the sensor.
For this study, admittance was measured in a constant 60 mM
NaCl solution at the physiologically relevant skin temperature
range.36 Figure 2f demonstrates the experimental results
obtained by heating up the sweat rate sensor from 23 to 30,
and 38 °C. The results show that the change in admittance due
to temperature variation is insignificant as the difference is
approximately the same as the measurement variations between
separate trials at a single temperature (Figure S4). The largest
variation in admittance occurring at the longest distance

Figure 3. Off-body simultaneous measurement of [Na+] and flow rate. (a) Admittance and OCP measurement in 30 mM [Na+] and various pump
rates. (b) Flow rate computed from admittance measurement and OCP in (a) vs pump rate in 30 mM [Na+]. (c) Flow rate and OCP measurements
at a constant pump rate of 1 μL/min and varying [Na+]. The sensitivity of the Na+ sensor shown here is 56 mV/decade. (d) Flow rate and OCP
measurements by performing a temporal change in pump rate using a commercial syringe pump meter and maintaining a constant [Na+]. (e) [Na+]
and flow rate measurements at a constant pump rate and a temporal change in [Na+].
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traveled is only 3.6%. Therefore, temperature influence on
sweat rate measurement is negligible.
To function effectively, the sensor needs to simultaneously

monitor the sodium concentration and sweat rate without
influencing either. Figure S5 shows typical performance of a
Na+ working electrode (WE) and a reference electrode (RE).
Sensor performance is typically measured in a still solution.
When the test solution is in a constant motion, the detection
signal may vary due to local changes in the net ionic
concentration.37 Therefore, a series of experiments were
conducted to investigate the interplay between the [Na+] and
sweat rate. In Figure 3a, a constant concentration of 30 mM
NaCl solution is flowed at three different constant rates: 0.4,
1.4, and 2.8 μL/min. The measured admittance results are
converted into flow rate at each measurement period, which is
taken at every 5 s, and the result is indicated in Figure 3b. It
shows that the OCP measured by the Na+ sensor gives a
relatively stable reading at different flow rates. Hence the fluid
flow rate has minimal effect on the sensor detection signal.
While Na+ sensors show robust performance at various flow
rates, it is also crucial to ensure that the sweat rate sensor can
accurately output flow rate with respect to varying NaCl
concentration. Therefore, three different concentrations of
NaCl solution were flowed into the device at a constant flow
rate of 1 μL/min as shown in Figure 3c. The sensitivity of the
Na+ sensor was 56 mV/decade, and the measured flow rate
variations were less than 5% from the pump rate. Therefore,
varying NaCl concentration has negligible influence on the flow
rate measurement of the device. Finally, the real-time response
of the sensor to changes in flow rate at a constant NaCl
concentration was studied. In Figure 3d, 30 mM NaCl solution
was injected into the device at three different flow rates in a
stepwise manner. Starting at flow rate as low as 0.08 μL/min,
the flow rates measured based on the admittance and the OCP
were recorded. At 140 s, the flow rate was increased to 0.75 μL/
min and then to 3 μL/min. The sweat rate sensor shows very
fast response to sudden changes in flow rate. Figure 3e depicts
[Na+] and flow rate measurements at a constant pump rate of
0.8 μL/min and temporal change of [Na+]. When [Na+] is
temporally changed from 15 to 60 mM, flow rate measurement
remains relatively constant. These studies indicate that the

sensor can accurately perform simultaneous measurement with
minimal influence from each sensing path and hence lay a
platform for contemporary sweat rate and electrochemical
detection studies.
On-body performance of the sweat rate sensor was validated

with the Macroduct which is a standard sweat collection system
used in cystic fibrosis diagnosis.38 It is useful for optical sweat
rate measurement since it can be worn on a small region of the
body to measure the local sweat contents and sweat rate. For
this study, a Macroduct and a sweat sensing patch were worn
on each side of a subject’s wrists. A subject wearing the sweat
sensing patch is shown in Figure 4a. The subject cycled on an
ergometer at a constant power load of 150 W and the optical
images of the Macroduct were taken every 3 to 4 min as soon
as sweat began to flow into the Macroduct. The sweat patch
was packaged such that the PDMS interfaced with the skin and
a medical tape was used to tightly wrap around the wrist to
ensure the device is in conformal contact with the skin. Here
sweat rate conversion was done based on Figure 2c as
previously discussed. In Figure 4b, sweat flowed into the
Macroduct at 11 min after the start of the cycling, and the first
optical sweat rate measurement was taken at 14 min. The
microfluidic sweat patch began to respond at 13 min which was
soon after the Macroduct sweat collection began. Sweat rate
gradually increased as exercise began and peaked between 26
and 30 min. The sweat rate measurement obtained from the
sweat patch shows a consistent pattern with the Macroduct.
This result is also in agreement with previous studies on sweat
rate analysis.31,32 The discrepancy in absolute sweat rates arises
from the difference in sweat collection area. The study shows
that the microfluidic sweat rate sensor can be used for
continuous measurement and can be as reliable as the optical
sweat rate measurement from the Macroduct.
Finally, the sweat patch was used for on-body simultaneous

analysis of Na+ and sweat rate to demonstrate its feasibility for
continuous health monitoring applications. In this trial, subjects
wore the sweat sensing patch on the wrists and performed
stationary cycling at a constant load for nearly an hour. The
trials were performed with a 5 min ramp-up and a 45 min
biking at 150 W, followed by a 5 min cool-down session as
presented in Figure 4c. For subject 1, the Na+ sensor starts

Figure 4. On-body analyses of sweat rate and [Na+]. (a) Optical image of a subject wearing the sweat sensing patch. The data is wirelessly
transmitted to a cellphone and displayed in a customized cellphone app. (b) Comparison of electrical sweat rate measurement from the microfluidic
sweat rate sensor and optical measurement using the Macroduct. The dashed line indicates the end of cycling. (c) On-body simultaneous
measurements of sweat rate and [Na+] using the sweat sensing patch at a constant biking power of 150 W.
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responding at 12 min after the trial begins, which is soon after
sweat secretion starts and accumulates in the collection
chamber. The [Na+] quickly rises to a peak concentration at
22 min, which is the time sweat rate measurement begins. Here
the sweat rate sensor responds approximately 10 min after the
Na+ sensor because it takes some time to fill the sweat
accumulation chamber before reaching the channel containing
the impedance-based sweat rate sensor. Based on an
approximated average sweat rate of 0.4 μL/min, the reservoir
is expected to be filled up in 20 min after perspiration begins.
Therefore, the result is in agreement with the estimated time
frame. An important behavior observed in this study is that the
Na+ and sweat rate sensors exhibit a similar trend. When [Na+]
gradually increases at the initial stage of the trial, sweat rate also
increases and reaches a relatively stable region similar to the
[Na+]. Near the end of the trial, both sweat rate and [Na+]
decrease. This phenomenon can be explained by the fact that
sweat rate and [Na+] have a proportional relationship.28,29 On-
body experiment of subject 2 also shows similar behavior to
subject 1. At the end of the trial, when sweat rate reaches zero,
[Na+] reaches a relatively stable value. Sweat rate behavior in
these trials is consistent with the previous result in Figure 4b
and the literature.31,32 These results show that the sensor can
be used to achieve detailed study of sweat rate relation to sweat
biomarkers, specifically, the behavior of sweat [Na+] corre-
sponding to sweat rate for an individual as well as across
populations.
The sweat patch can be further modified for detection of

multiple sweat constituents and sweat rate by incorporating
additional sensing electrodes in the collection reservoir. Figure
5a illustrates examples of the patch that can be used to detect
two and three sweat analytes, in addition to sweat rate. Three
electrodes (N = 3) can be functionalized into two WEs with a
common RE and hence can detect two analytes. N = 4 is used

to detect three analytes. The patch can be developed to contain
more number of sensing electrodes by miniaturizing the
detection area of the electrodes accordingly with the size of the
sweat collection reservoir. As a demonstration of multiplexed
sensing, in Figure 5b, an in situ simultaneous monitoring of
sweat pH, [K+], [Cl−], and secretion rate during stationary
cycling is performed. The sweat rate behavior is consistently
similar to previously reported results.31,32 Our results showed
that both sweat pH and [Cl−] show similar trends as the sweat
rate, which are consistent with the literature.25,32 [K+] shows
similar behavior as our previously reported result.7 By
concurrently characterizing both sweat rate and sweat
biomarkers in temporal dimension, our sweat sensing patch
enables a deeper understanding into sweat secretion dynamics
and allows clinical studies of their roles in relation to health
physiology.

■ CONCLUSION

We demonstrated a wearable sweat sensing patch based on a
microfluidic detection system for efficient dynamic sweat
secretion analysis of sweat compositions such as pH, Na+, K+,
Cl−, and sweat rate. The device greatly expands the biosensing
platform by combining electrochemical and electrical sensing
modalities on a single microfluidic platform. Integration of
microfluidic channels and sensors fabricated on PET is
demonstrated to provide a reliable detection mechanism and
measurement analysis. We also showed its capabilities for
enhanced in situ measurement by performing on-body studies.
System integration of OCP and impedance measurement tools
in a single PCB facilitates simple analysis and easy read-out.
This device addresses major challenges in wearable sweat
sensing and facilitates dynamic sweat analysis by simultaneously
monitoring interrelated sweat parameters. Future studies will

Figure 5. (a) Optical images of the sweat patch with N number of electrodes contained in the sweat collection reservoir for multiplexed detection of
sweat analytes. N indicates the number of unfunctionalized electrodes contained in the collection reservoir for electrochemical sensing. (b) On-body
sweat analysis during stationary cycling. Sweat compositions (pH, K+, Cl−) and sweat rate are simultaneously measured using the sweat patch
presented in (a).
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focus to improve temporal resolution of the sensors and to
achieve easy and high-throughput fabrication. Detailed
investigation of correlations between sweat rate and sweat
biomarkers will be conducted for population-based physio-
logical and clinical investigations. We envision that our sweat
sensing patch can significantly advance the field of wearable
biosensors and promote interdisciplinary collaborations toward
realizing personalized medicine.

■ EXPERIMENTAL SECTION
Materials. (3-Aminopropyl)triethoxysilane (APTES), sodium

ionophore X, bis(2-ethylehexyl) sebacate (DOS), sodium tetrakis
[3,5-bis(trifluoromethyl)phenyl] borate (Na-TFPB), high-molecular-
weight polyvinyl chloride (PVC), tetrahydrofuran, cyclohexanone,
polyvinyl butyral resin BUTVAR B-98 (PVB), sodium chloride
(NaCl), 3,4-ethylenedioxythiophene (EDOT), and poly(sodium 4-
styrenesulfonate) (NaPSS) were purchased from Sigma-Aldrich. The
PDMS (Sylgard 184) was purchased from Ellsworth Adhesives.
Moisture-resistant 100 μm-thick PET was purchased from McMaster-
Carr (Los Angeles, CA).
Fabrication of the Sensing Component. Fabrication process of

the microfluidic electrochemical sensors is illustrated in Figure S1.
Briefly, PET was cleaned with acetone and IPA, followed by O2 plasma
etching at 90 W, 200 mTorr for 2 min. The conductive sensing
electrodes were patterned via photolithography using photoresist
(Shipley Microposit S1818). A Cr/Au layer of 30/80 nm thickness was
thermally evaporated, followed by lift-off in acetone. A 600 nm
Parylene-C insulation layer was then deposited using SCS Labcoter 2
Parylene Deposition System. The insulation layer was then etched
with O2 plasma for 1 min at 90 W to promote adhesion of the
photoresist on parylene. The spiral-patterned electrodes were defined
on top of the insulation layer by photolithography using LOR5A and
S1818. Then 30/80 nm Cr/Au were deposited by thermal
evaporation, followed by lift-off in PG remover. Furthermore, 1-mm-
diameter electrochemical sensing circles were defined by photo-
lithography, followed by thermal silver evaporation and lift-off in
acetone. Finally, one of the silver circles is etched with 8 M HNO3 to
expose the Au layer. The electrodes were then functionalized into Na+,
K+, Cl−, and pH-selective sensors using previously reported
methods.7,23,24

The microfluidic channel was fabricated using SU8 negative
photoresist to achieve a channel of 200 μm depth. PDMS was then
poured onto the SU8 mold to pattern the spiral-shaped microfluidic
channel. To achieve permanent bonding between the PET and the
PDMS, the PET with functionalized electrodes (the sensing layer) was
etched in O2 plasma for 1 min at 70 W and coated with aqueous 1%
(v/v) APTES for 20 min. The layer was rinsed with water and dried.
The microfluidic PDMS layer was treated with O2 plasma for 1 min at
70 W, then immediately bonded with the sensing layer and baked at 65
°C for 15 min. The devices were left overnight before use.
Development of the PCB. The printed circuit board is powered

by a rechargeable lithium-ion battery with a nominal voltage of 3.7 V.
The circuit diagram of the analog signal-conditioning block of the
device is shown in Figures S2 and S3. The circuit has two
functionalities: impedance and OCP measurement. For impedance
measurement, AD5933, a high precision impedance converter, is used
as the core. Here, the operating frequency is set to 100 kHz and the
AC signal amplitude is set to 400 mV. Both input and output of
AD5933 are biased to midrail to prevent any DC bias that can polarize
the Au electrodes. The signal from the impedance is sampled by the
on-chip analog-to-digital (ADC) converter, and a discrete Fourier
transform (DFT) algorithm is used for impedance calculation. For the
OCP measurement, a configuration similar to a two-electrode
potentiostat is used. For the reference electrode potential, a voltage
buffer is utilized to provide a midrail reference voltage. The reference
electrode connects to the negative input of the operational amplifier to
limit the current flow to less than 0.1 pA. The working electrode
connects to a voltage buffer and then to a fourth-order Sallen-Key low-
pass filter with cutoff frequency of 0.88 Hz to eliminate high frequency

noises. A 16-bit ADC (LTC1864) is used to measure the potential
difference between working and reference electrodes. Both parts are
controlled by a microcontroller Atmega328p, and the microcontroller
sends data to Bluetooth module via UART protocol. The Bluetooth
module wirelessly transmits the data to a mobile phone interface for
display.

Characterization and off-Body Analysis of the Sweat Rate
Sensor. Sweat rate sensors were characterized using solutions
containing various NaCl concentrations. Flow rate experiments were
carried out using Harvard Apparatus PHD 2000 Syringe Pump. The
OCP measurements in off-body analyses were normalized to a set
potential. Sweat rate measurement was filtered in Matlab to smooth
data using a moving average filter.

Theoretical Simulations of the Sweat Rate Sensor. Impedance
simulations were conducted using ANSYS HFSS’ 3-D, full-wave finite
element method (FEM) solver. The sensor was simulated at 100 kHz
and 25 °C with various NaCl concentrations: 15 mM (σ = 0.175 S/m,
εr ≈ 670) and 60 mM (σ = 0.615 S/m, εr ≈ 2700).39−42

On-Body Analysis of the Microfluidic Device. On-body human
trials were carried out at the University of California, Berkeley in
compliance with the human research protocol (CPHS 2014-08-6636)
approved by the Berkeley Institutional Review Board (IRB). Three on-
body trials were performed to evaluate the measurement accuracy of
the sweat rate sensor in comparison with a Macroduct sweat collector
and to examine sensor performance as a whole. An electronically
braked leg-cycle ergometer (Kettler E3 Upright Ergometer Exercise
Bike) was used for stationary cycling trials. Subjects’ wrists were wiped
and cleaned with alcohol swab and gauze before placing the sensing
patch. Cycling protocol included a 5 min ramp-up and 30−45 min
biking at a power of 150 W, followed by a 5 min cool-down session.
Data were directly recorded in a mobile phone via a customized
cellphone app. Sweat rate measurements were filtered using the same
functions as in off-body analyses.
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