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Abstract

Sweat loss monitoring is important for understanding the body’s thermoregulation and hydration status, as well as for com-
prehensive sweat analysis. Despite recent advances, developing a low-cost, scalable, and universal method for the fabrication
of colorimetric microfluidics designed for sweat loss monitoring remains challenging. In this study, we propose a novel laser-
engraved surface roughening strategy for various flexible substrates. This process permits the construction of microchannels
that show distinct structural reflectance changes before and after sweat filling. By leveraging these unique optical properties,
we have developed a fully laser-engraved microfluidic device for the quantification of naked-eye sweat loss. This sweat loss
sensor is capable of a volume resolution of 0.5 wL and a total volume capacity of 11 wL, and can be customized to meet
different performance requirements. Moreover, we report the development of a crosstalk-free dual-mode sweat microfluidic
system that integrates an Ag/AgCl chloride sensor and a matching wireless measurement flexible printed circuit board. This
integrated system enables the real-time monitoring of colorimetric sweat loss signals and potential ion concentration signals
without crosstalk. Finally, we demonstrate the potential practical use of this microfluidic sweat loss sensor and its integrated
system for sports medicine via on-body studies.
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Introduction

Sweat sensors capable of noninvasively monitoring patient
health on the molecular level have attracted significant atten-
tion in the field of wearable electronics, since they would
be highly valuable for personalized and precision health
care [1-4]. Recently, advanced wearable sweat sensors for
continuous and real-time monitoring of biomolecules have
permitted the identification of a large number of sweat com-
ponents (e.g., electrolytes [5], hormones [6], amino acids
[7], and proteins [8]) that can serve as biomarkers of specific
physiological conditions [9, 10]. In addition to molecular-
level concentration indicators, the real-time monitoring of
dynamic sweat indicators (i.e., the volume and rate of sweat
loss) can be important for various applications. For exam-
ple, sweat dynamic indicators can provide estimates of water
loss that can be used to quantitatively assess the body’s
thermoregulation and hydration status [11]. More impor-
tantly, the simultaneous measurement and analysis of sweat
dynamics and concentration indicators can provide infor-
mation regarding mechanisms of molecular partitioning and
transport [12, 13] and act as a comprehensive health surveil-
lance system for the concentrations of various sweat-soluble
nutrients [14, 15]. For instance, recording individual sweat
profiles during exercise and heat stress can facilitate the
development of personalized fluid replacement strategies
capable of improving body performance and preventing
adverse conditions caused by excessive water and/or elec-
trolyte loss [ 16, 17]. To do so, current research on multimodal
sweat sensors involves assessing how to compatibly inte-
grate sweat loss monitoring modules with existing biosensing
technologies via new designs and scalable manufacturing
technologies.

Currently, there are several wearable platforms for sweat
loss quantification. These can be divided into three categories
according to structure, including hygrometer-, absorbent-
material-, and microfluidics-based frameworks [11, 18].
Hygrometer-based platforms are generally difficult to wear
and integrate with biosensors, and therefore, we do not
discuss them further in this paper. Regarding absorbent-
material-based platforms, it can be convenient to collect
sweat from the skin using absorbent materials for sweat
loss monitoring, but associated colorimetric measurement
technologies often have low resolution [19, 20], and elec-
trical measurements can be easily affected by the electrolyte
concentration of sweat samples [21]. Furthermore, these plat-
forms cannot avoid the mixing of old and new sweat, which
results in integrated biosensors being disposable and replace-
able, thereby increasing cost [22]. In contrast, microfluidic
devices are more suitable for both sweat loss monitoring
and integration with biosensors due to their ability to con-
tinuously sample, route, and refresh microliters of sweat.
In general, electrical measurements (e.g., admittance and

capacitance) have notable advantages, including relatively
high accuracy, high resolution, and good compatibility with
electrochemical biosensors [23-29]. However, they also
face unavoidable development bottlenecks caused by system
complexity; these include but are not limited to electrical
signal crosstalk between concentration and sweat volume
signals. They also present challenges related to decoupling
processes, manufacturing complexity, and difficulty in inter-
preting signal readouts [30].

Another microfluidics-based method involves the colori-
metric measurement of sweat loss. This method shows strong
user acceptance in the commercial market due to the simplic-
ity by which sensors are manufactured as well as the fact that
this method generates convenient visual readouts that can be
read by the user’s naked eye or a portable device [31, 32].
This method is commonly implemented using water-soluble
dyes for irreversible colorimetric reactions in or near the inlet
or within the microchannel. These reactions color the col-
lected sweat front and pass a fixed volume through the flow
channel [33-35]. The use of dyes has shown strong compat-
ibility and integration with colorimetric biosensors [36-38],
but dye dependence also results in irreversible contamina-
tion and depletion of the channel after first use. This makes
this method disposable, and reuse requires replenishment and
reassembly [39]. This reusability challenge can be effectively
addressed by creating a structural color effect [40, 41], which
can be achieved by roughening the surface of the flow chan-
nel to create observable differences in structural reflectance
before and after sweat filling. However, the design and fab-
rication of sweat loss sensors based on this principle remain
underdeveloped due to the scarcity of low-cost, universally
applicable approaches for roughening the surface structures
of microchannels. For example, existing methods generally
require expensive and complex soft lithography [41] or can
only be fabricated on specific substrates that can be laser-
carbonized [42]. Therefore, it remains a challenge to develop
a method to roughen flow channels on various flexible sub-
strates; however, resolving this challenge would facilitate the
large-scale manufacturing of microfluidics-based sweat loss
Sensors.

In this study, we developed a universal roughening strategy
that uses a simple and low-cost laser-engraved pitting mode
to ablate microscale pit arrays that are compatible with many
common microfluidic substrates. Subsequent analysis of the
roughened and visualized flow microchannels assembled
using laser-engraved micropits (LEPs) and laser-engraved
channels showed obvious changes in structural reflectance
before and after sweat filling. Based on this approach, we then
designed and fabricated a fully laser-engraved colorimetric
microfluidic device for naked-eye sweat loss quantification
by presetting and marking the volume of each discrete flow
channel. Due to its vertically and alternately assembled chan-
nel structure, this device has a volume resolution that can
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vary by adjusting the width and length of the channel while
maintaining a small footprint (i.e., a resolution of 0.5 pL
was achieved for 11 wL of total volume over a demonstra-
tion area of 1.25 cmx1.30 cm). By integrating this system
with a chloride sensor and a matching flexible printed circuit
board (FPCB), the resulting wearable microfluidic system
enabled continuous and dual-mode monitoring of sweat loss
and chloride concentration without complications related to
crosstalk. We conducted a practical application demonstra-
tion of this design by successfully detecting differences in
sweat loss levels for several subjects during exercise. Finally,
we demonstrated that the integrated system is capable of real-
time dual-mode sweat analysis, thereby enabling it to track
the sweat profiles of individuals. We anticipate that this will
be useful for sports health surveillance and management.

Methods
Materials

NaCl, FeCls, and methanol were purchased from Innochem
(Beijing, China). Polyvinyl butyral (PVB), multiwall car-
bon nanotubes (MWCNTs), and block polymer PEO-PPO-
PEO (F127) were purchased from Sigma-Aldrich (Shanghai,
China). Chrome tungsten and silver wires for thermal evap-
oration were purchased from ZhongNuo Advanced Material
(Beijing) Technology Co., Ltd. (Beijing, China). Polyethy-
lene terephthalate (PET), polyimide (PI), and polyethylene
naphthalate (PEN) were purchased from Huanan Xiangcheng
Technology Co., Ltd. (Yiyang, China). Double-sided tape
(100 pm thick, 7982) was purchased from Crown New Mate-
rials Technology Co., Ltd. (Zhongshan, China).

Microfluidic module fabrication

The six layers of the microfluidic module, each of which had
specific patterns, were fully fabricated via laser engraving
using an yttrium aluminum garnet (YAG) laser cutter (Suzhou
Inngu Laser, Suzhou, China). The universal roughening strat-
egy used for the top layer of the flow channel also relied on
the laser cutter. Specifically, we used the laser-engraved pit-
ting mode of the laser cutter to produce a patterned periodic
array of ablated pits with a width of about 32 wm (LELPs). By
cutting cross marks on each layer for alignment and position-
ing, the original two-dimensional (2D) layers were vertically
stacked and assembled into a leak-free, multilayered, three-
dimensional (3D) architecture composed of two layers of
alternating interconnected flow channels. Specifically, the
PET surfaces of the first and third layers of the microflu-
idic module were roughened via laser-engraved pitting to
produce the periodic LEWP array. For these two PET layers
(i.e., those with LEuwPs), the outlet and vertical interconnect
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accesses (VIAs) were first cut out at designated locations
using the normal laser engraving mode. Second, two sections
of double-sided tape were cut via laser engraving with pat-
terned fluidic channels to act as the second and fourth layers
of the microfluidic module. Third, the PET and double-sided
tape layers were cut using laser engraving with large and
small inlets, respectively, to act as the fifth and sixth layers
of the microfluidic module. These were designed to attach to
the skin to collect sweat. These were the final functional lay-
ers of the microfluidic module to be processed. Accordingly,
all six layers were then etched by laser engraving with cross
hollow marks to facilitate vertical stacking and layer-by-layer
assembly. Finally, the assembled microfluidics-based sweat
loss sensor was trimmed by the laser cutter to form a preset
rectangular pattern (1.25 cmx1.30 cm).

To fabricate a crosstalk-free dual-mode sweat microflu-
idic system, subsequent integration with the electrochemical
module required only additional processing of the top PET
layer, as discussed in the next section.

Electrochemical module fabrication

Next, we constructed the electrochemical module. First, a
pair of Ag electrodes were thermally evaporated from Cr/Ag
(10 nm/150 nm) onto a PET surface covered with a laser-
engraved mask pattern. Next, this pair of Ag electrodes were
chlorinated into Ag/AgCl electrodes by immersion in a 0.1
mol/L. FeCl3 solution for 20 s. Finally, one Ag/AgClI elec-
trode was left as the working electrode for the potentiometric
chloride sensor, while the other was coated with 0.8 WL PVB
solution to act as the reference electrode. The PVB solution
was prepared by dissolving 79.1 mg PVB, 50 mg NaCl, 2 mg
F127, and 0.2 mg MWCNTs in 1 mL methanol.

Sensor characterization

The basic performance of the chloride sensors was then
characterized by taking open-circuit potential measurements
in solutions of 20, 40, 80, and 160 mmol/LL NaCl using a
CHI 760E electrochemical workstation (CH Instruments,
Shanghai, China). Sweat loss sensors were characterized
by injecting different flow rates of a NaCl solution using
a syringe pump (Longer Precision Pump Co., Ltd., Baoding,
China). These results showed that the real-time sweat loss
volume could be directly and visually read by the naked eye.
Moreover, the sweat rate could be calculated by accounting
for the time elapsed. Characterization for dual-mode mea-
surements taken by the integrated system was performed as
above for both sensors, which were then operated simultane-
ously.
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Optical reflectance measurements

An ultraviolet—visible (UV/VIS) spectrophotometer with an
integrating sphere module (Shimadzu, Japan) enabled diffuse
reflectance measurements of microfluidic flow channels with
different structures. This included both empty and water-
filled channels with LEpwPs as well as a channel without
LEwPs on PET.

FPCB design

Open-circuit potential (OCP) measurements of the FPCB
were achieved using an AD8616ARMZ differential amplifier
and an instrumentation amplifier configuration. Specifically,
an ultra-low-power microcontroller (STM32F301K8U6)
with a built-in 12-bit analog-to-digital converter (ADC) was
used to measure the potential difference between the refer-
ence and working electrodes and to control the operation
of the circuit as a whole. The measured potential signals
were then wirelessly transmitted to the computer via a Blue-
tooth module (BT-11). The FPCB was powered by a small
rechargeable Li-ion battery (50 mAh) with an output voltage
of 3.7 V. A detailed circuit diagram of the FPCB is shown in
Fig. S2 (Supplementary Information).

On-body sweat monitoring during exercise

Constant-load exercise (i.e., cycling at a speed of 15 km/h
in the highest resistance gear of a magnetic fitness bike)
trials were conducted for three subjects in a room at a con-
stant temperature (25 °C) and relative humidity (about 50%
RH). Before sensor or system application, subjects’ forearm
and abdominal areas were rinsed with deionized water and
wiped dry with an electrolyte-free gauze. The integrated sys-
tem along with the FPCB was then attached to the skin of
the subjects using pressure-sensitive double-sided tape. The
real-time sweat loss volume could then be visually read and
recorded using a mobile phone camera to calculate sweat rate.
Chloride concentration data were recorded using computer
interface software.

For the reference measurement method, a stacked
absorbent patch was prepared by laser-cutting the filter paper
(Whatman No. 1, GE Healthcare Life Sciences, Wauke-
sha, USA) to create the same area as covered by the sweat
loss sensor (1.625 cm?). A wound dressing (Tegaderm, 3M,
Paul, USA) was then used to fix the absorbent paper to
the skin surface of a test site. The number of absorbent
paper layers was determined according to the amount of per-
spiration at the measurement location. In general, placing
12 layers on the abdomen and five tablets on the forearm
was able to ensure that they remained unsaturated after
30 min of exercise. Absorbent patches were immediately sep-
arated from the skin using clean tweezers after the exercise

period; these were then placed in an airtight plastic bag for
weighing.

Results
System design for dual-mode sweat monitoring

The sweat microfluidic system comprises two parts: a main
microfluidic module for the monitoring of sweat loss and
an electrochemical module for chloride sensing. The laser-
engraved microfluidic module consists of six layers that
were vertically assembled into two nonoverlapping visual-
izable flow microchannels (Figs. 1a and 1b). The collected
sweat can flow forward alternately across these two chan-
nels through VIAs, and the user can directly read real-time
sweat loss information by noting the position of the sweat
front relative to the preset volume markers along the top of
the device (Fig. 1c). Here, the width of a single channel is
fixed at 500 wm, which corresponds to a volume resolution
of 0.5 pL. This provides a trade-off between the module’s
quantitative capability and the ease of visual observation. As
shown in Figs. 1d and le, the novel roughening strategy out-
lined in this paper relies on the laser-engraved pitting mode
producing a rough structure composed of a periodic and dis-
continuous arrangement of LEuPs along the flow channel
substrate. This strategy is low-cost and can be used by a wide
variety of substrate materials commonly used in microfluidic
design, including PET, PI, PEN, and even polydimethylsilox-
ane (PDMS) (Fig. S1 in Supplementary Information).

The electrochemical module comprises a potentiomet-
ric chloride sensor and a matching open-circuit potential
measurement FPCB (Fig. If and Fig. S2 in Supplemen-
tary Information). The chloride sensor is placed above the
microfluidic inlet to facilitate real-time detection of fresh
sweat. Importantly, this system generates almost no signal
crosstalk between the two sweat sensing modes since they are
based on two different detection methods, i.e., electrochem-
ical potentiometry and optical colorimetry (see below for
details). We also note that the sensor selection for the electro-
chemical module is not limited to the potentiometric chloride
sensor used here. For example, other mass-fabricated elec-
trochemical biosensors would also be suitable for integration
in the setup reported here [43—45]. However, the integrated
dual-mode sweat monitoring system using the two modules
reported here exhibits good overall flexibility and can be
comfortably attached to the skin in different areas of the body

(Fig. 1g).
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Fig. 1 Schematic of a microfluidic system for dual-mode sweat moni-
toring. a, b Structural diagram of the microfluidic system. ¢ Illustration
showing the flow path of sweat through the microfluidic module and
an optical image of LEuPs (scale bar: 100 pm). d Illustration showing
roughening created using laser-engraved pitting. e Photograph of the

Characterization of the microfluidic module
for monitoring sweat loss

The colorimetric microfluidics-based sweat loss sensor was
calibrated via syringe pump injection to simulate a wide
physiological range of sweat rates (Fig. 2a). Here, real-time
sweat volume can be easily determined by visual inspection
of the position of the sweat front in the alternating flow chan-
nels. The sweat rate can then be obtained by dividing this by
the corresponding time elapsed. Here, alternating and ver-
tically interconnected flow channels were assembled from
six layers that comprised two types of materials, PET and
double-sided tape (Fig. 2b and Fig. S3 in Supplementary
Information).

The PET layers on top of each channel were surface-
roughened with LEPs so that they displayed greater reflec-
tivity than the untreated channel. LEpWPs on the PET surface
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(d)

—_— — — —

FPCB (scale bar: 1 cm). f Photograph of the integrated system showing
its flexibility (scale bar: 1 cm). g Photographs of the integrated system
when attached to different parts of the arm (scale bar: 1 cm). LEuPs:
laser-engraved micropits; FPCB: flexible printed circuit board; VIA:
vertical interconnect access

were uniformly applied to defined patterned areas by laser
ablation (Fig. S4 in Supplementary Information) and showed
typical sputter-like pit microstructures (Fig. 2c). Figure 2d
shows a cross-sectional image of the microfluidic channel
that highlights the contoured geometry of the channel and the
VIA of the interconnected junction as well as the LEpPs on
the roughened PET surface. Due to these LEpwP microstruc-
tures, incident light is scattered more strongly at the solid/air
interface than at smooth interfaces, which results in a greater
proportion of light being reflected (i.e., higher reflectance).
By adjusting the dotting processing time (i.e., from 0.03
to 0.08 ms) in the laser-engraved pitting mode, we fabricated
fluidic channels that had different LEWP sizes and depths
(Figs. S5 and S6 in Supplementary Information). We then
measured their structural reflectance values before and after
water filling, and compared these values to smooth fluidic
channels without LEPs (Fig. 2e). Of all variants tested, the
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Fig.2 Schematic and characterization of the microfluidic module for
monitoring sweat loss. a Photograph of the experimental setup for char-
acterization (scale bar: 0.5 cm). b Cross-sectional structural diagram of
the microfluidic module. ¢ Scanning electron microscope images of
LEwPs at different magnifications (scale bars: 200 pm (cl), 50 pm
(c2), and 20 pm (c3)). d Optical cross-sectional image of the microflu-
idic device (scale bar: 100 pm). e Reflectance comparison of empty
and filled channels containing LEWPs, fabricated with different dot-
ting processing time (i.e., ranging from 0.03 to 0.08 ms). f Comparison

channel with a dotting processing time of 0.06 ms showed
the largest reflectance difference before and after water filling
(Fig. 2f). Therefore, this optimized laser dotting parameter
was used to fabricate subsequent microfluidic modules for
the accurate quantification of sweat loss.

As shown in Fig. 2g, larger structural reflectance values
enabled the optimized empty channel with LEWPs to dif-
fuse about 17% of incident visible light compared to only
about 3% in a similar channel without LEpLPs. When sweat
flows into the roughened channel and fills the LEWPs, the
reflections caused by these microstructures are effectively
eliminated due to the similar refractive indices of PET (about

of channel structural reflectance differences before and after water fill-
ing. g Comparison of the reflectance values of empty and filled channels
with and without LEpPs (n=3). h Changes in recorded volume marks at
different flow rates. i The relationship between measured and injected
flow rates. Error bars show standard deviation (n=18). r represents a
Pearson correlation coefficient. LEpPs: laser-engraved micropits; PET:
polyethylene terephthalate; VIA: vertical interconnect access; w/: with;
w/o: without

1.6) and sweat (about 1.3) [41]. Moreover, reflectance mea-
surements from three different batches of fluidic channels
showed little variation, thereby validating the repeatability
of our laser processing method (Fig. 2g). Quantitatively, the
roughened channel filled with sweat was found to reflect only
about 7% of incident visible light. Therefore, we observed
an obvious structural color change visible to the naked eye
at the sweat front of the flow channel (Fig. 2a).

For validation, the injected flow rate was set to differ-
ent values between 0.05 and 0.5 pL/min for the 9 mm?
sweat collection area to simulate different rates of perspi-
ration during exercise. At a constant (injected) flow rate, the
recorded number of volume marks increased linearly with

@ Springer



434

Bio-Design and Manufacturing (2024) 7:428-438

(@439 B (0) 439 (©) 130 1 -52 mV/Dec
mmol/L| 2
R \ 7 / a
N E <~ J/ Vg
N / N
2110_ 40 mmolL gﬂo- \*N,/ PET gﬂo \\E
5 i s S 5 "
€ 80 mmollL E RN = A
o 2 | 3 0] K
S 901 S 90 kN 5 90+ 1 NY
—— MR, ) N
Pt AN N
— ~3 ®
70 1 n=5 704 n=5 70{ n=5
0 50 100 150 200 20 40 80 160 20 40 80 160
Time (s) [CIF] (mmol/L) [CIF] (mmol/L)
(d) (e) (f)
114 <130 40mmoiLCr | S 1201 40 mmoliL o
S E
BREE % M0 — 2 e
> Q 2
E £ 5 g0 160 mmol/L
T 108 jpofat—blrpprpip?=— 0 90
< = =
% 105 E 04 |2e® . e Measured E ak
£ . S R
o _né 03 Injected :13; — oo - ® .
o ° 203
© .
e sommovLcr | 202 . g —Injected
2 01 y g e Measured
T T i 0.0
0.0 0.5 1.0 15 0 500 1000 1500 0 200 _ 400 600
Time (h) Time (s) Time (s)

Fig.3 Characterization of a potentiometric chloride sensor and the
crosstalk-free dual-mode measurement of the integrated system. a,
b Chloride sensor performance. Measurements were paused when the
testing solution was changed to a new concentration. ¢ Curve of the sen-
sor potential response fitted to different chloride concentrations ([C1™]).

time (Fig. 2h). The measured flow rate can then be obtained
by dividing the measured volume by the corresponding time
elapsed during the filling of each flow channel. The resulting
values calculated for the measured flow rates were consistent
with actual values injected by the syringe pump (Fig. 2i).
The relatively large measurement error at high flow rates
is due to the retardation of the liquid surface tension at the
VIA. Finally, we conducted repeated performance charac-
terizations of the six tested flow rates using two microfluidic
modules, whose structural color was regenerated after the
filled liquid evaporates and reused for the next measurement,
thereby demonstrating the reusability of this microfluidic
design.

Characterization of the electrochemical module
for chloride sensing

Next, we integrated the electrochemical chloride sensing
module with the microfluidic system to demonstrate that
our design was capable of dual-mode sweat monitoring. The
preparation of the chloride sensor is simple, which is con-
ducive to future large-scale and standardized manufacturing
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Error bars show standard deviation (n=5). d Long-term stability of the
chloride sensor. e, f Simultaneous measurement of [CI1~] and flow rate
by varying the injected flow rate and maintaining a constant [C1™] con-
centration (e), as well as by varying [C]1™ ] concentration and maintaining
a constant injected flow rate (f)

of this system. Its operation uses a pair of Ag/AgCl elec-
trodes, one of which is coated with a PVB layer to act as a
reference electrode with a stable potential (Fig. S7 in Sup-
plementary Information), while the other is directly used as
the chloride-sensitive material [46]. The prepared sensors
showed consistent performance in detecting a wide range
of physiological chloride concentrations from 20 to 160
mmol/L (Figs. 3a and 3b). For subsequent practical measure-
ments, we fitted the potential response curve of the sensor to
chloride concentrations. The equation of the fitted curve is

V(mV) = —52.01g([C1™ ] (mmol/L)) + 190.2,

and therefore showed a sensitivity of 52.0 mV/Dec, which is
similar to the near-Nernst response behavior (Fig. 3¢). More-
over, this chloride sensor showed good long-term stability
when used to sense a NaCl solution at a constant concentra-
tion (Fig. 3d).

To verify that this dual-mode sweat sensing platform
showed no crosstalk, we conducted two subsequent experi-
ments to investigate interactions between colorimetric sweat
loss and electrochemical concentration signals when they
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Fig.4 On-body sweat analysis during exercise. a Schematic of the sweat
loss sensor attached to two different locations. b Photographs of the
sensor attached to the abdomen of subject 2 during a standardized exer-
cise treatment used for sweat loss quantification (scale bar: 2 mm). c,
d Comparison of sweat loss volume (c) and rate (d) among three sub-
jects recorded at two different positions. e Comparison of sweat loss
volumes measured using microfluidic devices and absorbent paper for

were recorded simultaneously. Specifically, the chloride sen-
sor can maintain a stable potential response when the syringe
pump is used to vary the flow rate, and this change can also be
successfully measured in real time using the sweat loss sensor
(Fig. 3e). Similarly, when the concentration of the NaCl was
changed suddenly from 40 to 160 mmol/L under a constant
flow rate, the flow rate measured by the sweat loss sensor was
not affected by this abrupt shift in concentration and tracked
the actual injected flow rate well (Fig. 3f). Taken together,
these results verified that this dual-mode sweat monitoring
system was crosstalk-free.

On-body sweat analysis during exercise

Next, to evaluate the practicality of using our microfluidics-
based sweat loss sensor platform, we first recruited three

1015202530 10152025301015202530
Time (min)

0.0 02 0.‘4 02 0.‘4 0.16 0.‘2 0‘.40‘.60‘.8
Sweat rate (uL/min)

three subjects. f Photograph of the integrated system attached to the
abdomen of subject 3 during exercise (scale bar: 1 cm). g Changes in
sweat [C17] concentrations of the three subjects during exercise. Data
were extracted from continuous measurement data at 1-min intervals.
h Correlations between sweat [C17] levels and sweat loss rates among
three subjects. Data were recorded on the abdomen during exercise.
r represents a Pearson correlation coefficient

volunteers to ride a fitness bike at a fixed exercise intensity
(i.e., maintaining a cycling speed of 15 km/h at the highest
resistance gear). During this exercise period, microfluidics-
based sweat loss sensors were attached to the abdomens and
forearms of subjects to monitor sweat loss differences due
to differences in perspiration rates between these two loca-
tions (Fig. 4a). As shown in Fig. 4b, the sweat loss volume
for the abdomen of subject 2 was recorded in real time by
visually reading volume marks corresponding to the sweat
filling position. Similarly, the real-time sweat loss volume
and the calculated sweat loss rate at two different positions
for each of the three subjects during exercise were recorded;
these data are shown in Figs. 4c and 4d, respectively. As
expected, intraindividual comparisons showed that the sweat
loss volume and rate were both higher on the abdomen than
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on the forearm, and we also found clear interindividual differ-
ences in perspiration ability at the same location. We used the
absorbent sweat patch technique [47] as a reference method
to simultaneously measure sweat loss in the corresponding
area (Fig. S8 in Supplementary Information) to verify the
accuracy and reliability of our sensor measurement results.
These results showed no differences in sweat loss volumes
measured by either technique in any of the subjects (Fig. 4e).

Next, to demonstrate the applicability of the integrated
dual-mode sweat sensor platform, we applied sensors to the
abdomens and forearms of the three subjects to simultane-
ously monitor sweat loss and chloride concentration during
exercise in real time (Fig. 4f). Each of the subjects read the
real-time sweat loss volume and rates directly and visually,
while continuously reading the chloride concentration trans-
mitted by the FPCB on a computer (Fig. 4g and Fig. S9
in Supplementary Information). All measured chloride con-
centrations were within the normal physiological range [13].
More importantly, for all subjects, sweat chloride concen-
trations were strongly and positively correlated with sweat
rates (Fig. 4h), since the reabsorption of chloride ions by
the eccrine duct was reduced at high sweat rates [13]. Here,
we were also able to detect differences in correlations that
corresponded to differences in physical fitness among the
three test subjects; our platform is therefore able to detect a
considerable degree of interindividual variability [48]. These
findings agree with previous investigations [14, 16, 46], and
demonstrate the practicality of using the dual-mode sweat
sensing capability of this platform, as well as its potential
practical value.

Conclusions

In this paper, we propose a novel and universal roughen-
ing strategy based on laser-engraved pitting that can be used
for various flexible microfluidic substrates. This low-cost
strategy is particularly suitable for constructing roughened
microfluidics that show obvious reflectance contrasts before
and after liquid filling. Based on this idea, we developed
a fully laser-engraved microfluidic device for quantifying
sweat loss using only the naked eye. The resulting colori-
metric sweat loss sensor exhibited a volume resolution of
0.5 nL and a total volume capacity of 11 pwL, which is
sufficient for daily exercise use. Moreover, this adjustable
microfluidic design can be further tailored to meet differ-
ent performance needs. To demonstrate its effectiveness,
we tracked sweat loss in real time on the forearms and
abdomens of three test subjects. Furthermore, we developed
a crosstalk-free dual-mode sweat microfluidic system that
integrates an Ag/AgCl chloride sensor and matching FPCB-
based measurements. A pilot on-body sweat analysis using

@ Springer

this integrated system demonstrated the utility and com-
mercialization potential of this dual-mode sweat monitoring
method for fitness and sports use cases.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-024-00294-2.
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