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Abstract—Wearable sensors for continuous physiological biomarker monitoring offer a non-invasive and personalized
approach to healthcare. Sweat, as a readily accessible biofluid, serves as a valuable medium for biomarker detection.
However, accurate biomarker analysis relies on precise sweat rate measurements, as sweat concentration and secretion
rates are interdependent. To address this, it is critical to calibrate sweat ion concentration to enhance the accuracy of sweat
rate monitoring. Moreover, the distribution of sweat glands varies across different body regions, necessitating application-
specific design modifications for wearable sweat rate sensors. Effective sensor implementation requires adaptability in
design while ensuring compatibility with scalable fabrication techniques. In this work, we present a digital fabrication
method that allows for easy customization and large-area manufacturability. A key advancement in our approach is
the integration of secondary capacitive sensing to continuously monitor sweat ion concentration, which is incorporated
into real-time sweat rate calculations. This calibration technique enhances measurement precision by accounting for
fluctuations in sweat composition. Additionally, we developed customized readout electronics and a mobile application for
real-time sweat rate visualization, enhancing user accessibility and convenience. By incorporating sweat ion concentration
calibration through capacitive sensing, our sensor system significantly improves the accuracy and reliability of sweat rate
measurements, advancing real-time perspiration monitoring for personalized health applications.

Index Terms—Sweat Rate, Sweat Sensing, Capacitive Sweat Rate Sensor, Sweat Concentration, Digital Design, Inkjet Printing.

I. INTRODUCTION

Sweat is a readily available medium rich in information, making it a
primary focus for wearable sensors in recent years. The biomarkers
found in sweat, including ions, metabolites, and hormones, can
provide valuable insights into an individual’s hydration status and
thermoregulation [1], [2]. Sweat analysis has further applications
in drug abuse testing, along with monitoring of therapeutic drugs
[3] and progression of various illnesses, such as cystic fibrosis and
Wilson’s disease [4]. However, sweat contents are heavily affected
by Sweat Rate (SR) [5]. Moreover, SR heavily varies based on
environmental conditions, physical activity, underlying pathologies,
and sweat stimulation methods [6]. Hence, SR sensing is crucial
for both monitoring hydration status and accurately interpreting the
sweat biomarker profiling for clinical and sports applications.

Traditional sweat sensing methods rely on observation of either
body mass change [7] or absorbent pad techniques [8]. Medical
grade sweat sensing system Q-Sweat works based on moisture
content change [9] but is expensive and requires trained personnel
to perform SR measurements. Recent years have seen a rise in
wearable commercial sweat-sensing devices based on sweat-sensing
patches (NiX hydration monitor) and microfluidic devices (Gatorade
GX Sweat Patch) [10]. Other notable wearable solutions are based
on calorimetry, hygrometry, and changes in electrical properties to
correlate easily measurable quantities to SR. Calorimetric systems
sense thermal flow rate but demand high power consumption to operate
the heating elements [11], [12]. Humidity-based SR sensors create a
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pressure gradient between two humidity sensors placed at different
heights from the skin [13], [14], but such a setup requires a relatively
complex multilayer structure for implementation. Impedimetric SR
sensors are based on changes in admittance due to sweat flow in
a microfluidic channel [15], [16]. Capturing capacitance variation
along parallel plates has been shown to have improved sweat sensing
performance, all the while achieving low fabrication costs [17],
[18]. Recent developments in power-efficient thermal actuators and
precision thermistors, additive manufacturing, and printed electronics
have led to the development of various wireless sweat sensors [18],
[19]. However, most of the reported works do not consider sweat
ion concentration changes. The fabrication method is also complex
and not large-area-compatible. Most of them are not feasible for
continuous real-time monitoring of human perspiration.

This work presents a digital fabrication method for developing a
range of designs and capacities for inkjet-printed SR sensors. These
designs can be easily adjusted to align with specific application
needs and channel volume requirements. Furthermore, we offer
a straightforward solution to tackle the inconsistencies in SR
measurements arising from variations in sweat ion concentration. Our
custom readout electronics, combined with a smartphone application,
facilitate continuous monitoring of sweat rate with improved accuracy
by integrating sweat concentration into SR measurements.

II. METHODS

The number of sweat glands varies in different areas of the body,
requiring the sensor channel’s capacity volume to adjust for precise
SR measurements. Fig. 1. A shows a digital fabrication method
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Fig. 1. Digital fabrication of sensor array and wireless system
for SR measurement. (A) Digital design and inkjet printer for sensor
fabrication. (B) Printed sensor array according to the digital design.
(C) Sensor patch with custom-built readout electronics. The sensor
is interfaced with a Nordic nRF52832 system-on-chip, which streams
data to a phone application for real-time SR monitoring.

using an inkjet printer to create the sensor patch, which consists of
four layers: metal electrodes, dielectric encapsulation, a microfluidic
channel, and a clear cover, all designed in AutoCAD. Metal electrodes
and dielectric layers are inkjet printed, while the microfluidic layers
are cut with a laser. This method, illustrated in Fig. 1. B, allows
for quick design changes and efficient sensor array production. Our
custom electronics and mobile app enable easy use of the sensor
patch in daily activities, as shown in Fig. 1. C, which features wireless
data communication and display capabilities.

Our capacitive SR sensor uses a parallel plate configuration to
determine SR. While the sweat flows inside the channel, the dielectric
constant of the capacitance changes, and the capacitance value changes
accordingly. Sweat flow rate dictates the rate at which the capacitance
changes. Thus, we can correlate the change in capacitance, 𝑑𝐶𝑠 (𝑡 )

𝑑𝑡
,

with the sweat flow rate, 𝑆𝑅(𝑡), by using the following equation,[18]

𝑑𝐶𝑠 (𝑡)
𝑑𝑡

=

(
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)
𝑆𝑅(𝑡) (1)

Here, 𝑑𝑑 and 𝜖𝑑 are the width and dielectric constant of the
encapsulation dielectric. 𝑑 𝑓 and 𝜖 𝑓 are width and dielectric constant
for the sweat. 𝑑 = 𝑑 𝑓 + 2𝑑𝑑 is the distance between two parallel
plates as shown in Fig. 2. A. 𝜖𝑎 = 𝜖0 is the dielectric constant in the
channel filled with air.

Sweat concentration varies from person to person and varies over
time for each individual. The calibration curve of the capacitive SR
sensor also varies depending on the sweat concentration [15], [18].
Hence, incorporating sweat concentration dependence measurement
is necessary to determine the SR precisely. In this work, we introduce
a secondary parallel plate capacitor at the inlet of the SR sensor
patch. The dimension of this secondary capacitance is fixed, and
it can determine the dielectric constant of the incoming sweat at
the microfluidic channel’s inlet by using 𝐶 𝑓 𝑖𝑥𝑒𝑑 = 𝜖 𝑓 𝐴 𝑓 𝑖𝑥𝑒𝑑/𝑑 𝑓 𝑖𝑥𝑒𝑑 .
Fig. 2 B shows the two sets of capacitors, one for measuring SR and
another for determining sweat ion concentration. We simulated three
different designs to study the robustness of our proposed digital

fabrication method. Simulation results provide insight into these
design’s calibration curves and sweat volume capacity.

A. Capacitive SR Sensor Simulation

Different sensor shapes have been simulated using COMSOL
multiphysics to show the robustness of the capacitive SR sensor design.
We divide the simulation into two parts. We use a two-phase, phase
field model in the first simulation to track the sweat-air interface. In this
simulation, we determine the volume of sweat inside the channel over
time. Microfluidic channel of width, 𝑑𝑑 = 1000 𝜇𝑚, dielectric width,
𝑑𝑑 = 100 𝜇𝑚 and thickness, 𝑡𝑐 = 164 𝜇𝑚. Density of 1000 𝑘𝑔𝑚−3,
viscosity of 8.9 × 10−4 𝑃𝑎𝑠, dielectric constant of 80𝜖0 are used for
simulating the sweat. For air, we use density of 1.225 𝑘𝑔𝑚−3, viscosity
of 1.81×10−5 𝑃𝑎𝑠, and dielectric constant of 1. In the second part of
the simulation, we use AC/DC electrostatic simulation to determine
the change in capacitance with varying volumes inside the channel.
The dielectric constant of the encapsulation 𝜖𝑑 = 3 is used in this
simulation. For electrostatic simulation, the reference impedance is set
to 50 Ω. One of the parallel plate capacitors’ electrodes is grounded,
and the other electrode is defined as a terminal with a high potential of
1 𝑉 . Fig. 2. B shows the electrostatic simulation setup. Incorporating
the results from electrostatic and time-dependent simulations, we
determine the capacitance change with time for different SR inputs.
Since the sweat concentration is kept fixed for the simulation, the
fixed dimension capacitor value does not change over time. However,
during the exercise, as the sweat ion concentration changes, the value
from this fixed dimension capacitor will change accordingly.
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Fig. 2. Simulation of different SR sensor designs. (A) Analytical
modeling setup. (B) Simulation Setup. Simulated change in capaci-
tance and calibration curve for (C) circular design, (D) design with three
serpentine structures, and (E) design with four serpentine structures.
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We simulated three different designs. The first design is a circular
pattern. The total volume capacity of this design is 17.5 𝜇𝐿. The
second and the third designs have the same serpentine structures. The
second design with three serpentine structures has a total capacity of
11.0 𝜇𝐿, and the third design with four serpentine structures has a
capacity of 15.0 𝜇𝐿. From Fig. 2 C and D, the calibration curves are
different as the designs are different. However, while we change the
design by increasing the number of serpentine structures to increase
the sweat channel’s capacity, the calibration curve’s slope remains
the same, as shown in Fig. 2 D and E. These findings conclude
that, depending on the application, we can increase the volume by
lengthening the serpentine structure. While doing so, we can keep
the same calibration curve. The circular design will be better for area
efficiency. This design offers a higher volume in our SR channel
while keeping the area small.

B. Sensor Fabrication

We use a flexible substrate (Xenomax) for sensor fabrication.
This substrate is hydrophilic. Parallel plate gold (Au) electrodes are
fabricated by inkjet printing for two sets of capacitance measurements.
A dielectric encapsulation has been used to isolate the Au electrodes
from direct contact with the sweat in the channel. The sweat
sensor channel is fabricated by patterning a double-sided tape
(3M™ Microfluidic Diagnostic Tape 9965), and for the cover,
hydrophilic transport film (3M™ 9984 Diagnostic Microfluidic
Surfactant Free Fluid Transport Film) is used. Univeral Laser Systems
VLS6.75 patterns both the microfluidic channel and cover. Patterned
microfluidics channel and cover are assembled with inkjet-printed
Au electrodes to conclude the sensor fabrication. The hydrophilic
substrate and cover create a capillary force to direct the sweat inside
the channel. Fig. 3 A-C shows the fabrication steps. Fig. 3 D shows the
fabricated sensor patch while the bar represents 3 mm. Our fabricated
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Fig. 3. SR sensor fabrication. (A) Inkjet printing the nanoparticle Au
(250 𝜇𝑚) ink on a flexible polyimide substrate. (B) Inkjet printed dielec-
tric encapsulation(40 𝜇𝑚) of Au electrodes. (C) Microfluidics channel
(850 𝜇𝑚) and cover are patterned by a CO2 laser and assembled on
top of the inkjet printed electrodes. (D) Fabricated sensor patch. The
bar represents 3 mm.
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Fig. 4. Readout electronics and calibration curve for SR sensor.
(A) Circuit design for reading the capacitance from two different parallel
plate capacitance. (B) Circuit design for nRF52832 to enable wireless
data transfer between the readout electronics and phone app. (C) Ex-
perimental setup showing the electroosmotic pump, readout electron-
ics, battery, and the SR sensor patch. (D) Change in capacitance with
time at different rates. (E) Calibration curve determined by calculating
slopes (from the linear portion of Fig. 4 E) at different rates.

sensor has electrode width of 250 𝜇𝑚, encapsulation width of 40 𝜇𝑚,
channel width of 850 𝜇𝑚 and thickness of 164 𝜇𝑚.

III. RESULTS

A. System Design and Calibration

We design the readout electronics and custom Android phone
application (in the Cordova platform) for the wearable SR sensor
patch. For electronics, an FDC1004 capacitance-to-digital converter
measures the capacitance of two sets of parallel plate capacitors
(Fig. 4 A). CIN1 and CIN2 pins measure the capacitance for the
SR sensor, and CIN3 and CIN4 measure the fixed capacitance for
evaluating sweat concentration. This FDC1004 is interfaced with the
Bluetooth transceiver nRF52832 to streamline the display of SR in the
Android phone (Fig. 4 B). The sensor is powered by a rechargeable
lithium-polymer battery (3.7 V, 80 mA), which can continuously be
used for 7 hours.

The design with three serpentine structures has been used for
measuring the calibration curve of SR measurement. Fig. 4 C shows
the experimental setup. We use an electroosmotic pump ( TAKASAGO
ELECTRIC, INC) to vary the rate of an artificial sweat and input
this into the channel inlet of our sensor. This artificial sweat is a
mixer of 10 𝑚𝑀 NaCl, 3 𝑚𝑀 KCl, 0.2 𝑚𝑀 CaCl2, and 0.02 𝑚𝑀

MgCl2 in DI water. Our sensor is connected to the PCB board which
measures the capacitance and send it to a phone application. Fig. 4
D represents the change in capacitance with time over different input
flow rates from 0.25 𝜇𝐿 𝑚𝑖𝑛−1 to 5.0 𝜇𝐿 𝑚𝑖𝑛−1. The calibration
curve of Fig. 4 E is determined by calculating the slope from the

This article has been accepted for publication in IEEE Sensors Letters. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/LSENS.2025.3579329

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Southern California. Downloaded on June 12,2025 at 20:44:46 UTC from IEEE Xplore.  Restrictions apply. 



0000000 VOL. X, NO. X, FEBRUARY 2025

A B

Upper bound

Lower bound

SR 

sensor 

patch

DC

Fig. 5. On-body SR measurement. (A) Dielectric constant depen-
dent calibration curve. (B) Continuous SR measurement while the
participant is exercising. (C) Sweat concentration from fixed dimension
capacitor. (D) Sweat concentration dependent continuous SR mea-
surement.

linear portion (0 to 60 s) of Fig. 4 D at each input rate. This SR
sensor can operate until the channel is filled.

B. On-body SR Measurement

Fig. 5 A shows the variation in the calibration curve using the
equation 1. The experimentally determined calibration curve is from
Fig.4 E. Here, 𝑑𝑑 = 850 𝜇𝑚, dielectric width, 𝑑𝑑 = 40 𝜇𝑚 and
thickness, 𝑡𝑐 = 164 𝜇𝑚 and 𝜖 𝑓 is varied from 30𝜖0 to 1000𝜖0. Fig. 4 E
coincides with the lower bound of the calibration curve. It coincides
with the lower bound because we used the lower physiological
range for the concentration of the sweat analytes in artificial sweat
solution. We use this sweat concentration dependent calibration curve
to measure the SR. A double-sided medical tape is used to wear the
SR sensor patch on the forehead, as shown in Fig. 5 B. For exercise,
a stationary bike is used. From the fixed dimension capacitor, the
sweat concentration is measured, and this value is used to choose
the calibration curve for SR measurement in Fig. 5 C and D. We
continuously measure the SR for 600 𝑠. Initially, it takes some
time for the participant to start sweating. The SR increases around
0.8 𝜇𝐿 𝑚𝑖𝑛−1 and starts to decrease at around 500 𝑠.

IV. CONCLUSION

We demonstrate a custom-made wearable sensor system that can
effectively account for the variation in sweat concentration while
measuring the SR. Our solution streamlines the changes in the designs
of the SR sensor patch depending on the application requirements.
The small and customized printed circuit board enables Bluetooth
communication with Android phones. Custom phone applications
display real-time SR data for the user’s convenience. We used only
the lower concentration artificial sweat to calibrate the SR sensor
patch. In the future, the ion concentration can be changed to get the
whole physiological range for the calibration curve. Overall, our sweat
concentration-dependent measurement paved the way for precise
measurement of SR for real-time human perspiration monitoring.
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