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Abstract
Reliable electromechanical integration between disposable soft sensors and rigid hardware is crucial for wearable
devices, yet physically fragile interfaces often cause severe motion artifacts and contact failures during exercise. To
overcome this challenge, this study presents a mechanically robust sweat analysis platform featuring plug-and-play
interconnects. Diverging from vulnerable printed inks, a scalable Flexible Printed Circuit Board (FPCB) was engineered
with Electroless Nickel Immersion Gold (ENIG) terminals reinforced by a 0.1-mm Polyimide (PI) stiffener. This design
ensures highly stable metal-to-metal contact under physical strain. To mitigate chloride corrosion while maintaining
the high geometrical consistency of ENIG finishes, a hierarchical architecture was developed utilizing surface-modified
carbon as the electrochemical transducer. The system enables accurate detection of lactate (5–80 mM, 0.04046 μA/
mM), Na⁺ (12.5–200 mM, 119.59 mV/decade), and equivalent impedance-based sweat rate ( < 0.23 μL/min). Crucially,
these robust interconnects facilitated 51 min of uninterrupted monitoring during vigorous aerobic and anaerobic
exercises. Based on the acquired data, a proof-of-concept framework mapping sweat rate against lactate
concentration was established for personalized exercise intensity zoning, offering a mass-manufacturable paradigm
for precision sports physiology.

Introduction
Wearable sweat sensing systems have garnered sig-

nificant attention in recent years1–8. Sweat, as an easily
accessible biofluid, contains not only water but also a
variety of physiological biomarkers, such as electrolytes
(Na⁺, K⁺), metabolites (lactate, urea), and proteins6,9,10.
The concentration changes of these components can
reflect the physiological state, providing critical insights
for health monitoring11–13. For instance, the detection of
chloride concentration in sweat has been established as
the gold standard for diagnosing cystic fibrosis14–16.

However, the application of sweat detection in exercise
monitoring is particularly noteworthy. Lactate levels serve
as a key indicator for evaluating athletes’ aerobic and
anaerobic capacities, offering valuable insights for opti-
mizing training intensity and recovery strategies11,17–19.
Previous studies have shown that sweat lactate can
increase during exercise and that the sweat lactate
threshold is correlated with the blood lactate threshold20.
Additionally, the levels of ions and sweat rate can be used
to assess hydration status and the severity of fluid loss,
thereby enhancing athletic performance and preventing
dehydration risks21–23. In particular, sweat Na⁺ con-
centration and sweat rate can be combined to estimate
sweat Na⁺ loss and fluid loss, which is important for
guiding fluid/electrolyte replacement during exercise24.
Therefore, the development of a wearable device capable
of real-time, continuous monitoring of multiple bio-
markers in sweat holds significant importance for exercise
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science. By accurately monitoring physiological changes
during exercise, athletes can better design training pro-
grams, improve performance, and reduce the risk of
sports-related injuries.
Electrochemical sensing technology has become the

mainstream method for detecting sweat biomarkers due
to its high sensitivity and selectivity25–29. Recent advances
in large-area integrated sensing and computing devices
have demonstrated the importance of scalable fabrication,
device-level uniformity, and system-level integration for
next-generation intelligent devices30–32. However, the
transition from laboratory prototypes to reliable wearable
products is severely hindered by unstable electro-
mechanical integration. Currently, most flexible sensors
rely on laser etching3,33,34, inkjet printing2,35,36, and screen
printing8,37,38. While these methods are effective for fab-
ricating sensing arrays, connecting these soft substrates to
rigid hardware lacks standardized specifications. Con-
ventional connections, such as mechanical clamps or
conductive adhesives, are physically fragile and prone to
disconnection. During intense physical exercise, con-
tinuous skin deformation often leads to poor electrical
contact at these interfaces. Furthermore, the printed
conductive inks can easily crack or peel off under inter-
face friction. Ultimately, these issues cause extreme fluc-
tuations in contact resistance and massive motion
artifacts, directly compromising the reliability of con-
tinuous physiological monitoring.
To address the physical fragility of conventional soft

sensors, Flexible Printed Circuit Board (FPCB) technology
has emerged as a robust alternative. As a flexible evolution
of traditional Printed Circuit Boards (PCBs), FPCB retains
established industrial manufacturing capabilities while
utilizing a compliant polyimide (PI) substrate. This
architecture introduces mature industrial interface engi-
neering to achieve highly reliable electromechanical
connections. In circuit manufacturing, a widely adopted
surface finish is Electroless Nickel Immersion Gold
(ENIG). The ENIG process deposits a robust nickel dif-
fusion barrier topped with a thin immersion gold layer
over the copper traces, providing an exceptionally flat,
highly conductive, and oxidation-resistant surface. For
electromechanical integration, these ENIG-plated pads
are commonly designed as parallel “gold fingers”. Because
the flexible substrate is prone to buckling during hard-
ware connection, a localized stiffener—typically a rigid PI
plate—is routinely laminated to the back of the gold finger
region. This structural reinforcement precisely adjusts the
thickness of the flexible tail, transforming it into a robust
insertion plug. Consequently, it enables a simple but
secure connection with standard receptacles, creating a
highly stable metal-to-metal contact. Importantly, this
architecture enables a mechanically stable and reusable

electrical interface between the disposable sensing front-
end and the wearable electronic module.
Beyond providing a stable physical interface, benefiting

from standardized electronic manufacturing, PCB/FPCB
architectures have also been widely utilized as highly
reliable electrochemical sensing electrodes. Existing lit-
erature firmly establishes their viability for high-
performance analysis. For instance, Dutta et al. devel-
oped a commercially fabricated Lab-on-PCB electro-
chemical glucose sensor, achieving a 10 μM–9mM
detection range (10 μM limit of detection in static con-
ditions), with sensitivity improving at higher flow rates39.
Liu et al. achieved the detection of 10 mM–160mM Na⁺
and 1mM–16 mM K⁺ using a PCB-based ion-selective
electrode, with the initial potential deviation of Na⁺ and K⁺
sensors after repeated tests eliminated by 20 and 40 mV,
respectively40. Notably, Mansor et al. reported that gold-
coated PCB sensors exhibited superior quasi-reversible
electrochemical behavior and higher charge transfer
resistance compared to flexible PET-based counterparts41.
Nandeshwar et al. developed a low-cost ENIG-finished
PCB electrochemical sensor for myeloperoxidase (MPO)
detection in blood plasma, with a limit of detection of
15.79 ng/mL42.
Building upon these combined mechanical and elec-

trochemical advantages, this study proposes a scalable,
multi-modal wearable platform to address the critical
need for continuous exercise physiology monitoring.
While the pristine ENIG interface provides an excep-
tionally consistent and highly conductive geometric
template, the direct exposure of these standard gold sur-
faces to chloride-rich sweat inevitably leads to chemical
corrosion43. To resolve this conflict between geometric
precision and chemical vulnerability, a hierarchical elec-
trode architecture is introduced. Specifically, the photo-
lithographically defined ENIG layer functions strictly as a
current collector, while a surface-modified carbon layer
serves as the electrochemical transducer, effectively
shielding the underlying gold. By combining this sensing
front-end with microfluidic sweat collection technology, a
dual two-electrode detection system featuring a shared
reference electrode was developed. This configuration
ensures reliable signal transmission from the soft sensing
interface to the integrated potentiostat chip, which serves
as the electrochemical core of the hardware. Conse-
quently, the system enables the simultaneous monitoring
of multiple biomarkers: lactate via chronoamperometry
(CA), Na⁺ via open-circuit potential (OCP), and sweat rate
via equivalent impedance analysis. Furthermore, relying
on the continuous data acquired through these metal-to-
metal interconnects, a proof-of-concept framework cor-
relating sweat rate with lactate concentration is demon-
strated. By identifying individual physiological thresholds
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rather than relying on generic population standards, this
method offers a novel perspective for personalized exer-
cise intensity zoning. Ultimately, this work not only
expands the application of FPCB in wearable sensing but
also establishes a scalable technical pathway for the mass
manufacturing of precision sports physiology monitors.

Experimental section
Chemicals and materials
Lactate, Glutaraldehyde, Prussian blue, Sodium chloride

(NaCl), Tetrahydrofuran (THF), Poly(vinyl chloride)
(PVC), Ascorbic acid, Urea, Calcium chloride anhydrous
(CaCl2), Magnesium chloride hexahydrate (MgCl2),
Ammonium chloride, 99.5% (NH₄Cl) were obtained from
Innochem (Beijing, China). Glucose, Potassium chloride
(KCl), Ethanol, Tetraethyl 4-tert-Butylcalix[4]arene-
O,O’,O”,O”‘-tetraacetate (Sodium ionophore X), Bis(2-
ethylhexyl) sebacate (DOS), Sodium tetrakis[3,5-bis(tri-
fluoromethyl)phenyl]borate were obtained from Aladdin
(Shanghai, China). Lactate Oxidase was obtained from
Psaitong (Beijing, China). Uric acid was obtained from
Macklin (Shanghai, China). Distilled water was obtained
from Hunan BKMAN Holding Co., Ltd. Artificial sweat
(ISO 3160-2 standard, pH 7.4) was purchased from
Shanghai Yuanye Bio-Technology Co., Ltd. Carbon-
Prussian blue ink was obtained from Guangdong Silver
Well Trading Co., Ltd., model number C2070424P2.
Carbon ink was obtained from LOCTITE, model number
LOCTITE EDAG 423ss. Silver/silver chloride ink was
obtained from Shanghai Julong Electronic Technology
Co., Ltd., model number JLL-20. Artificial sweat (ISO
3160-2 standard, pH 7.4) was purchased from Shanghai
Yuanye Bio-Technology Co., Ltd.

Microchannel design and simulation
The microchannel structure was designed using Auto-

CAD and exported as an STL format file. The simulation
of sweat flow behavior in the serpentine channel and arc
collection zone was conducted using Fluent 2023. Before
the simulation, the microchannel model was imported
into ICEM CFD software for meshing, and the mesh file
was subsequently imported into Fluent 2023 for simula-
tion. Since the primary component of sweat is water
(accounting for 99%), water was selected as the simulation
medium. In the VOF (Volume of Fluid) simulation, the
inlet flow rate with a radius of 1 mm was set to 0.25 μL/
min, and the inlet flow rate with a radius of 2 mm was set
to 1 μL/min. Transient simulations were performed at
different time intervals.

Fabrication of the microchannel patch
The fabrication of the microchannel patch was carried

out using the MAKEX M-One Pro 30 DLP (Digital Light
Processing) 3D printer, with the M-FC model of flexible

material employed for printing. Initially, the microchannel
model designed in AutoCAD was imported into the
MAKEX supporting software, with the shrinkage rate set
to 99.65%, layer thickness to 20 μm, light intensity to
medium, and exposure time to 4.5 s. After printing, the
printing platform was cleaned with ethanol. Since the
cured material is not dissolved by ethanol, the micro-
channel patch remained intact and was thoroughly
cleaned. Subsequently, the ethanol on the surface of the
patch was blown dry using nitrogen, and the patch was
further cured for 3 min using a UV curing lamp.

Device characterization
All electrochemical measurements were conducted

using a Chi 660E electrochemical workstation. Scanning
electron microscopy imaging was performed on a CIQ-
TEK DB550 FIB-SEM. High-precision multimeter mea-
surements were carried out using a FLUKE 116 C model.
The voltage source employed was an ATTEN TPR32-5A
model, with a voltage output accuracy of 0.01 V. The
soldering station used was an ATTEN 8865 model.

Electrochemical measurement conditions
Unless otherwise specified, all in vitro electrochemical

measurements were conducted under controlled room-
temperature conditions of 25 ± 2 °C. These measurements
included cyclic voltammetry, chronoamperometric lactate
sensing, open-circuit potential measurements for Na⁺
sensing, and impedance-related characterization. The
sensors and test solutions were allowed to equilibrate to
room temperature before measurement. For on-body
exercise measurements, the experiments were performed
in an indoor environment at approximately 26 ± 3 °C, and
the participant was allowed to acclimate to the testing
environment before data collection.

Electrochemical measurement parameters
For cyclic voltammetry (CV) characterization of FPCB

electrode reproducibility, the initial potential was −0.6 V,
with upper and lower vertex potentials of 0.6 V and
−0.6 V, respectively. The final potential was set to 0 V.
The initial scan polarity was negative, the scan rate was
0.1 V/s, the sampling interval was 0.001 V, the quiet time
was 2 s, and the number of scan segments was 8. For CA
lactate sensing, the initial potential was 0 V, and the
detection potential was set to −0.3 V. The initial step
polarity was negative, the pulse width was 60 s, the sam-
pling interval was 0.003 s, and the quiet time was 0 s. The
current response was used to quantify lactate concentra-
tion. For OCP measurement of Na⁺, the measurement
time was 60 s, and the sampling interval was 0.1 s. The
high and low potential limits were set to 1 V and −1 V,
respectively. The OCP response was used to quantify Na⁺
concentration.
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Hydrophilic treatment
The microchannel patch was subjected to hydrophilic

treatment using Huaxia Jiahe Q100 hydrophilic nano-
coating. The specific procedure was as follows: a pipette
gun was used to precisely dispense the hydrophilic coating
onto the areas requiring treatment (e.g., sweat inlet, ser-
pentine channel, and arc collection zone). The coated
patch was then left to stand at room temperature for 24 h,
allowing the coating to completely dry and form a stable
hydrophilic surface.

Fabrication of sensing electrodes
The Voltera Nova High Performance & Maskless Flex-

ible Microelectronics Printer was employed for the pre-
cise deposition of electrode materials on FPCB substrates.
Carbon ink and silver/silver chloride ink were accurately
dispensed onto the working and reference electrodes,
respectively, utilizing the printer’s advanced capabilities,
including a probe accuracy of <3 μm, an optimal line
width of <100 μm, and an alignment precision of 100 μm.
The process parameters were configured as follows: print
speed 120mm/min, dispense pressure 5000, minimum
raise height 5 μm, dispense threshold 50%, nozzle dia-
meter 50 μm, print height 75 μm, relief pressure 4000, and
pre-temperature 25 °C. For material selection, a Prussian
blue -free carbon ink was used for the sodium ion working
electrode, while a Prussian blue-containing carbon ink
was applied to the lactate working electrode. Following
deposition, a two-stage drying protocol was implemented:
initial curing at 72 °C for 30min, succeeded by an increase
to 121 °C for an additional 30 min. This methodology
ensured precise material application and effective curing,
thereby establishing a robust foundation for consistent
electrochemical performance.

Fabrication of lactate sensor
A 5 wt% aqueous solution of glutaraldehyde (1.3 μL/

mm²) was dispensed onto the working electrode and
allowed to dry at room temperature for 1 h. Subsequently,
a solution of lactate oxidase with a concentration of 1 KU/
ml (1.6 μL/mm²) was applied to the working electrode and
left to dry at room temperature for 1.5 h.

Fabrication of sodium sensor
A mixture consisting of 1 wt% Na⁺ ionophore X, 0.55 wt

% sodium tetrakis[3,5-bis(trifluoromethyl)phenyl] borate
ion exchanger, 33 wt% PVC, and 65.45 wt% DOS was
prepared, with a total mass of 100 mg. Subsequently, the
mixture was completely dissolved in 660 μL of THF to
form a homogeneous solution for the Na⁺ selective elec-
trode. The prepared solution was then uniformly drop-
cast onto the surface of the Na⁺ working electrode (1.3 μL/
mm²) and left to stand at room temperature for 2 h to
form a uniform Na⁺ selective membrane. Finally, 40 μL of

a solution containing 100mM Na⁺ was evenly applied to
the surface of the Na⁺ sensor and incubated at room
temperature for 1 h.

On-body measurement methods
For aerobic and anaerobic sweat sensing, the participant

wore the device on their wrist, with FPCB electrochemical
sensing electrodes and microfluidic channels adhered to
the skin. Data collection began approximately 5 min
(aerobic) and 9min (anaerobic) after the start of exercise.
During aerobic exercise, the participant first completed
13min of activity, followed by 5min of stretching and
rest, then performed 22min of aerobic exercise, ending
with 11min of stretching and rest. For anaerobic exercise,
the participant completed 15min of initial activity, fol-
lowed by 5min of stretching and rest, then performed
13min of anaerobic exercise, followed by 12 continuous
minutes of anaerobic activity, concluding with 6 min of
stretching and rest. Sweat lactate and sodium ion con-
centrations were recorded every minute, while sweat rate
and body temperature were sampled every 3 min. Data
was collected through the customized APP. Origin was
used for data analysis and visualization, including graph
plotting, data calculations, and extraction of relevant
parameters.

Results and discussion
Schematic diagram of the multimodal wearable sweat
sensing system
Figure 1 illustrates the overall schematic of a wearable

sweat biochemical indicator detection system. The device
assesses aerobic/anaerobic exercise by analyzing sweat
biomarkers. The principle and design are shown in Fig. 1a.
The system uses a microfluidic patch to collect sweat
samples. It incorporates FPCB sensing electrodes for
monitoring Na⁺, lactate concentrations and sweat flow
rate. The device is also equipped with a BLE module,
enabling connectivity with the customized APP for visual
data analysis and convenient management. Figure 1b
presents the sensing front-end of the system. The layered
schematic of the sensing front-end is depicted in Fig. 1b
(i), showing the structure from top to bottom: the FPCB-
based electrochemical Sensing Electrode, Microchannel,
and Skin, with a 5-pin magnetic connector on the right.
Figure 1b (ii) details the FPCB-based electrochemical
sensing electrode, which features a substrate treated with
ENIG surface modification. The electrode is divided into
three parts. The upper section features a serpentine
impedance detection area made up of two parallel curved
conductive lines connected to the leftmost two pins. This
area measures sweat equivalent impedance to analyze the
sweat flow rate. The middle section, the electrochemical
detection area, contains three circular electrodes. The left
and right ones act as working electrodes for Na⁺ and
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lactate detection, respectively, while the center upper
electrode serves as a common reference electrode. The
electrochemical sensing electrode is based on an FPCB,
and the three circular electrodes are connected to the
rightmost three electrochemical pins. To establish a
highly reliable electromechanical link with the hardware,
the terminal end of the FPCB is laminated with a rigid PI
stiffener. This structural reinforcement transforms the
flexible PI tail into a robust “gold finger” insertion plug.
Unlike fragile conductive adhesives or printed inks, this
rigid-flex architecture provides a highly stable, low-
impedance physical interface that easily withstands repe-
ated mating cycles. After post-processing and electro-
chemical modification, they form a dual two-electrode
electrochemical detection system. The lower section
includes sweat outlets, corresponding to the outlets of the
microfluidic patch, for discharging collected sweat. The
sensing electrode integrates equivalent impedance detec-
tion and electrochemical analysis through optimized
structural design.
The microfluidic patch, fabricated via light-curing 3D

printing, is shown in Fig. 1b (iii). The size and shape of the
microfluidic patch correspond to the FPCB electro-
chemical sensing electrode. The patch consists of a Ser-
pentine Microchannel, Sweat Collection Zone, inlets, and
outlets from top to bottom. The Serpentine Microchannel
collects sweat for equivalent impedance measurement,
while the Sweat Collection Zone gathers sweat for elec-
trochemical detection. Sweat enters the system through
designated inlets. A single 2-mm-radius inlet directs sweat
into the serpentine microchannel for flow rate measure-
ment. Meanwhile, an array of four 1-mm-radius central
inlets guides sweat into the main collection zone for
electrochemical analysis. The two outlets on the micro-
channel align in size and position with the outlets on the
FPCB sensing electrode for discharging collected sweat.
Figure 1c depicts the hardware system of the device.
Figure 1c (i) and Fig. 1c (ii) show the layered schematic
and the core circuit (MCU, Hardware circuit board) of the
hardware system, respectively. The layered schematic
illustrates the structure from top to bottom: Top Shell,
Hardware Circuit Board, MCU (Seeed Studio XIAO
nRF52840), FPC Connector, and Bottom Shell. The
hardware system connects to the sensing front-end via a
5-pin magnetic interface, enabling a detachable sensor
design that enhances user convenience.

Characterization of the FPCB electrochemical sensor
FPCB technology provides a standardized and com-

mercially scalable platform for constructing flexible elec-
trochemical electrodes. Under the IPC-6013B framework,
the electrode patterns, conductive traces, and connection
terminals are fabricated through mature industrial pro-
cesses, including photolithography, etching, surface

finishing, and lamination. These standardized processes
allow accurate control of the electrode area, trace width,
and terminal spacing. Compared with manual patterning
or low-resolution printing, the FPCB process can reduce
device-to-device geometric variation and improve fabri-
cation consistency. In addition, FPCB fabrication is sui-
table for array-based production, where multiple sensing
electrodes can be processed on the same flexible substrate
under identical manufacturing conditions. The ENIG
surface finish provides a uniform metal contact region,
while the PI stiffener reinforces the connection tail for
reliable plug-in integration. These features support
reproducible fabrication and standardized integration of
the FPCB sensing electrodes with wearable electronics.
Unlike traditional screen-printed electrodes (SPES)

limited by mesh resolution, the underlying ENIG layer is
defined by photolithography, serving as a high-precision
geometric template and current collector with a standard
immersion gold thickness of 2 μ“ (0.05 μm). To prevent
the inevitable chloride-induced corrosion of bare gold
during sweat analysis, a carbon-based interfacial layer was
strategically introduced over the working electrodes. This
intermediate layer acts simultaneously as an electro-
chemical transducer and a hermetic barrier. As illustrated
in the layered modification diagrams (Fig. 2a), this hier-
archical architecture is specifically tailored for each target
analyte: For the common reference electrode, Ag/AgCl
ink is deposited directly onto the pristine ENIG surface.
For the Na⁺ working electrode, a plain carbon paste layer
shields the ENIG substrate, followed by the coating of a
Na⁺-selective membrane to enable highly specific poten-
tiometric detection via the OCP method. For the lactate
working electrode, the protective carbon matrix is doped
with Prussian blue, acting as an efficient electron med-
iator to facilitate redox charge transfer. Subsequently, an
enzymatic membrane comprising lactate oxidase and
glutaraldehyde is cross-linked onto this transducer,
ensuring robust specificity for amperometric detection. In
this configuration, the carbon ink ensures excellent con-
ductivity, while the enzyme layer guarantees high speci-
ficity. Figure 2b (i) shows the EDS layered image of ENIG
(500× magnification), and Fig. 2b (ii) presents the electron
image of ENIG (500× magnification). The EDS spectrum,
shown in Fig. S1, indicates a mass fraction of 62.4% Ni and
37.6% Au. Detailed elemental analysis and additional EDS
layered images can be found in Table S1 and Fig. S2.
The FPCB electrochemical sensor was designed using

EDA software and fabricated through a standard FPCB
manufacturing process. This digital design workflow
allows the electrode geometry, trace routing, terminal
spacing, and array layout to be readily modified by
updating the layout file. After design modification, the
revised layout can be directly transferred to the industrial
FPCB fabrication process without preparing a new screen
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under unbent, longitudinal bending, and transverse bending conditions (lactate concentration: 50 mM, fixed potential: −0.3 V). i Eight repeated CA
tests of the same lactate sensing electrode under identical conditions (test duration: 60 s, lactate concentration: 50 mM, fixed potential: -0.3 V),
showing current values and relative responses (normalized to the mean of eight measurements). j Fitting curves of four lactate sensing electrodes
modified under the same conditions, tested in lactate solutions ranging from 5mM to 80mM (fixed potential: −0.3 V). Inset: Sensitivity (slope) and
RSD of the four electrodes. k Anti-interference performance of the lactate sensing electrode (baseline solution: 35 mM lactate, fixed potential: −0.3 V).
l Reaction mechanism of Na⁺ sensing using OCP. m OCP voltage responses of the Na⁺ sensing electrode in NaCl solutions with concentrations of
12.5 mM, 25 mM, 50 mM, 100 mM, and 200mM. Inset: Linear fitting results of voltage values corresponding to different NaCl concentrations. n OCP
tests of the same Na⁺ sensing electrode under unbent, longitudinal bending, and transverse bending conditions (Na⁺ concentration: 50 mM).
o Nineteen repeated OCP tests of the same Na⁺ sensing electrode under identical conditions (test duration: 60 s, NaCl concentration: 50 mM),
showing voltage values and relative responses (normalized to the mean of 19 measurements). p Fitting curves of four Na⁺ sensing electrodes
modified under the same conditions, tested in NaCl solutions ranging from 12.5 mM to 200 mM. Inset: Sensitivity (slope) and RSD of the four
electrodes. q Anti-interference performance of the Na⁺ sensing electrode
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or mask for each design iteration. Figure 2c displays the
physical image of the FPCB electrochemical sensor. Fig-
ure 2c (i) shows the shape and dimensions of a single
FPCB electrochemical sensor, with the sensing section
measuring 21mm in width and 23mm in length, and the
lower pins measuring 36 mm in length. The sensor has
five pins with a spacing of 1 mm between them. More
detailed dimensions are provided in Fig. S3, which
includes annotations for the working and reference elec-
trodes, pin sizes, wire lengths and widths, and sweat outlet
dimensions. Figure 2c (ii) shows the FPCB electro-
chemical sensor array, with detailed dimensions, includ-
ing the number of electrodes, electrode sizes, spacing, and
array dimensions, provided in Fig. S4. The array-format
layout further demonstrates that multiple identical sen-
sing electrodes can be designed and fabricated simulta-
neously on a shared flexible substrate panel, which is
beneficial for improving fabrication throughput and
reducing device-to-device geometric variation. Figure 2c
(iii) demonstrates the bendability of FPCB, which, due to
its flexible nature, allows it to conform closely to the skin,

meeting the requirements of wearable devices. The above
array-format fabrication also provides potential advan-
tages for practical production and cost reduction. Multi-
ple FPCB sensing front-ends can be fabricated together in
one batch, which may improve fabrication efficiency and
reduce the cost of each replaceable sensing unit at larger
production scales. In addition, the sensing front-end can
be replaced after use, while the electronic module can be
reused. This separated design may further reduce the cost
per measurement in practical use.
To experimentally validate the mechanical superiority

of the rigid-flex interconnects under dynamic strain,
continuous contact resistance was monitored during
electrode bending (Fig. 2d). Prior to testing, the sensing
regions of both electrode types were short-circuited using
conductive silver paste to ensure identical measurement
conditions. The detailed electromechanical connection
configurations for both electrode types are visually pre-
sented in Figure S5. As depicted in the top panel of
Fig. 2d, traditional SPE (SUNJEEN D-SPE 301) exhibited
an inherent baseline resistance exceeding 4 kΩ. While
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stable in a stationary state, the SPEs exhibited clear
resistance variations corresponding to the up-and-down
bending motions. More critically, this dynamic process
was accompanied by catastrophic motion artifacts, with
transient resistance spiking drastically (visually demon-
strated in Supplementary Video S1). As further detailed in
the expanded-scale relative fluctuation plot (Fig. S6), the
motion-induced resistance error of the SPEs could even
exceed 100%. Notably, after just a single insertion-
extraction cycle (red curve), the severity of these
motion-induced spikes exacerbated significantly. In stark
contrast, the FPCB electrode (Fig. 2d, bottom) demon-
strated an ultra-low inherent resistance of 7.3 Ω. Cru-
cially, whether during the initial insertion (black curve) or
after repeated mating cycles (blue curve), the FPCB
maintained an exceptionally flat and stable electrical
interface during continuous bending (see Supplementary
Video S2 for real-time monitoring).
The plugging/unplugging durability of the interface was

further evaluated over 1–300 cycles. As shown in Fig. S7,
the SPE interface exhibited progressively more visible
mechanical wear with increasing cycle number, whereas
the FPCB interface only showed minor localized inden-
tation marks after repeated contact. The corresponding
resistance evolution is summarized in Fig. S8. The contact
resistance of the FPCB interface remained highly stable,
changing only slightly from 7.3 Ω to 7.2 Ω over 300
cycles. In contrast, the SPE interface remained at the kΩ
level throughout the test. These results demonstrate the
superior interconnection stability of the FPCB-based
plug-and-play structure under 1–300 plugging/unplug-
ging cycles, fully validating its reliability for repeated use
scenarios. Further statistical analyzes of measurement
errors are detailed in Fig. S9.
To further evaluate the stability of the FPCB electrode

under sweat-related conditions, the FPCB electrode was
immersed in artificial sweat (pH 7.4) prepared according
to the ISO 3160-2 standard. The artificial sweat contained
NaCl, NH₄Cl, urea, acetic acid, and lactic acid, with the
pH adjusted to 7.4 using NaOH. As shown in Fig. S10, no
obvious macroscopic corrosion, delamination, or struc-
tural damage was observed after immersion for 12 h. The
small marks on the electrode surface were caused by the
multimeter probe during resistance measurement, rather
than corrosion after artificial sweat immersion. The
resistance values measured at five representative posi-
tions, including two serpentine conductive traces and
three electrochemical electrodes, remained nearly
unchanged during the immersion test (Table S2), sug-
gesting that the FPCB electrode maintained electrical
continuity under the tested artificial sweat condition. It
should be noted that this test only evaluated the short-
term stability of the FPCB electrode in artificial sweat at
pH 7.4. Real sweat may have different pH values and

compositions. Therefore, longer-term reliability under
more complex wearing and sweat-exposure conditions
still requires further evaluation. Considering the possible
influence of chloride ions in sweat, the carbon layer on the
working electrode and the Ag/AgCl layer on the reference
electrode remain necessary for stable electrochemical
sensing.
To systematically evaluate the electrochemical repro-

ducibility of the FPCB sensors, cyclic voltammetry (CV)
tests were conducted in a mixed electrolyte system con-
taining 5mM potassium ferricyanide, 5 mM potassium
ferrocyanide, and potassium nitrate. The tests used an
external Ag/AgCl reference electrode, with a potential
scan range of −0.6 V to 0.6 V, a sampling interval of
0.001 s, and a scan rate of 0.1 V/s. Each electrode under-
went four CV scans. Figure 2e shows the CV curves of the
last scan for six FPCB electrodes. The curves are highly
overlapping, indicating consistent electrochemical beha-
vior among different electrodes. The inset summarizes the
oxidation and reduction peak currents (absolute values)
obtained from the six electrodes. The oxidation peak
current, shown in dark blue, exhibited a relative standard
deviation (RSD) of 1.19%, while the reduction peak cur-
rent, shown in orange, showed an RSD of 2.38%. These
low RSD values further confirm that the standardized
FPCB fabrication process enables reproducible electrode
geometry and stable electrochemical responses, which are
important for scalable production and reliable calibration
of wearable sensing electrodes. The complete four scans
are shown in Fig. S11, and the detailed oxidation and
reduction peak voltages and currents of the six FPCB
electrodes are provided in Table S3. Together with the
stable electromechanical connection demonstrated above,
these results show that the FPCB platform provides both
interface reliability and electrochemical reproducibility
for wearable sweat sensing.
Figure 2f illustrates the reaction mechanism of lactate

CA sensing. Lactate oxidase is immobilized on the elec-
trode surface, catalyzing the reaction of lactate with
oxygen to produce pyruvate and hydrogen peroxide
(H₂O₂). Prussian blue efficiently reduces H₂O₂, releasing
electrons (e⁻) and generating a current signal. The CA
response of the lactate sensor at a fixed potential of
−0.3 V in lactate solutions with concentrations is shown
in Fig. 2g. The sensor demonstrates excellent linearity
(calibration curve: y= -0.04046x - 1.81057, R² > 0.99)
across a concentration range of 5 mM to 80 mM, covering
the typical lactate concentration range in human
sweat11,44.
To evaluate the impact of bending on the sensor, CA

tests were conducted on the same lactate sensor in a
50mM lactate solution under unbent, longitudinal
bending (radius of curvature: 1 cm), and transverse
bending conditions (radius of curvature: 1 cm). The

Xue et al. Microsystems & Nanoengineering          (2026) 12:321 Page 9 of 22



absolute current values of the last second are shown in
Fig. 2h. The results show that bending does not sig-
nificantly affect the steady-state CA current value. Fig-
ure 2i demonstrates the repeatability of the lactate sensor,
with eight CA tests conducted under the same conditions
(60 s test time, 50 mM lactate solution). The current
values and relative responses (normalized to the mean of
eight measurements) are recorded. The experimental
results demonstrate a measured current of −3.14 μA ±
0.09 μA, with relative responses consistently maintained
at approximately 100%, reflecting exceptional reproduci-
bility across repeated experimental trials. Figure 2j shows
the fitting curves of four lactate sensors modified under
the same conditions, tested in lactate solutions ranging
from 5mM to 80 mM. The four fitting curves are highly
consistent. The inset displays the sensitivity (slope) of the
four sensors, with an RSD of 7.89%, indicating high con-
sistency among the lactate sensors. Table S4 provides the
CA data for the four lactate sensors, including current
values and sensitivities at different concentrations. Fig-
ure 2k evaluates the anti-interference performance of the
FPCB-based lactate sensor using CA. The baseline is
established in a 35mM lactate solution, with interference
substances added at 60 s (0.5 mM uric acid), 90 s (10 mM
urea), 120 s (0.5 mM ascorbic acid), and 150 s (1 mM
glucose). Finally, 65 mM lactate is added at 180 s. The
results show that the current signals remain stable when
interference substances are added. Only high-
concentration lactate causes significant changes, demon-
strating the sensor’s excellent anti - interference to
common sweat components.
Figure 2l illustrates the working principle and calibra-

tion curve of Na⁺ sensing, using valinomycin (ionophore
X) in the sodium ion-selective membrane for selective Na⁺
recognition. OCP measurement results are presented in
Fig. 2m, where the Na⁺ sensor demonstrates high sensi-
tivity to changes in Na⁺ concentration. The sensor
demonstrates excellent linearity (calibration curve:
y= 0.11959x+ 0.05462, R² > 0.99) across the 12.5 mM to
200mM concentration range, fully encompassing the
typical Na⁺ concentration range in human sweat (15 mM
to 70 mM)45. Figure 2n evaluates the impact of bending
on the Na⁺ sensor, with OCP measurements conducted in
a 50mM NaCl solution under unbent, longitudinal
bending (radius of curvature: 1 cm), and transverse
bending (radius of curvature: 1 cm) conditions. The
results show no significant effect of bending on the OCP
voltage response. Figure 2o demonstrates the repeatability
of the Na⁺ sensor, with 19 OCP tests conducted under the
same conditions (60 s test time, 50 mM Na⁺ solution). The
voltage values and relative responses (normalized to the
mean of 19 measurements) are recorded. The results
show an OCP of 0.27 V ± 2.96 mV, with relative responses
maintaining a stable range within proximity to 100%,

demonstrating high reproducibility and consistency
across repeated experiments. Figure 2p shows the
repeatability test results of different Na⁺ sensors, with four
sensors modified under the same conditions tested in
NaCl solutions ranging from 12.5 mM to 200mM. The
inset displays the sensitivity (slope) of the four sensors,
with an RSD of 2.68%, indicating high consistency among
the Na⁺ sensors. Table S5 provides the OCP data for the
four Na⁺ sensors, including voltage values and sensitivities
at different concentrations. Figure S12 provides detailed
characterization of the four Na⁺ sensors at different con-
centrations, including fitting curves with error bars
(Fig. S12a), box plots of OCP distributions (Fig. S12b), and
RSD calculations of OCP at different concentrations
(Fig. S12c). Na⁺ selectivity tests (Fig. 2q) were conducted
by measuring OCP responses in 10 mM NaCl (back-
ground), followed by sequential addition of interfering
ions (5 mM KCl, 5 mM NH₄Cl, 0.5 mM MgCl₂, 0.5 mM
CaCl₂). A final 10 mM NaCl addition confirmed Na⁺-
specific response.

Testing and characterization of microchannels
Figure 3 illustrates the testing and characterization of

the microfluidic patch. This design employs a microfluidic
channel patch fabricated using a light-curing 3D printer,
featuring intricate microstructures. The 3D model of the
microfluidic patch is shown in Fig. 3a, where Fig. 3a (i)
presents the front view schematic and Fig. 3a (ii) presents
the back view schematic. The patch adopts a dual-
functional zone design, dedicated to equivalent impe-
dance measurement and electrochemical detection of
sweat, respectively. Specifically, the patch consists of a
serpentine channel and an arc-shaped sweat collection
zone: the serpentine channel is primarily responsible for
collecting sweat for equivalent impedance measurement,
while the arc-shaped zone collects sweat samples for
electrochemical detection. The patch surface is equipped
with five sweat inlets, including four 1 mm-radius inlets
for electrochemical detection and one 2mm-radius inlet
for equivalent impedance measurement. Notably, the total
area of the four small inlets equals that of the single large
inlet, ensuring consistent sweat intake efficiency for both
detection methods. Detailed dimensions and parameters
of the microfluidic patch can be found in Fig. S13. Fig-
ure 3b (i) shows a physical image of the microfluidic
patch. Figure 3b (ii) further demonstrates the patch’s
bendability, as it is made of flexible material that can
undergo varying degrees of deformation under different
external forces. This flexible design ensures that the patch
can conform closely to the skin surface, providing a
comfortable wearing experience while enabling efficient
sweat collection.
Figure 3c presents a side view of the microfluidic patch

combined with the FPCB sensing electrode. The patch has
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Fig. 3 Testing and characterization of microchannels and flow performance. a 3D model of the microchannel patch. (i) Schematic of the front view
of the microchannel patch. (ii) Schematic of the back view of the microchannel patch. b (i) Physical image of the microchannel patch, showing its physical
structure and design details. (ii) Images of the patch at different bending angles, demonstrating its flexibility. c Side view of the microchannel patch, including
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an overall thickness of 0.6 mm, with the serpentine
channel height at 0.4 mm and the arc-shaped collection
zone height at 0.15 mm. The inlets of the microfluidic
patch are designed to be fully open, allowing direct col-
lection of sweat secreted from the skin. The outlets align
with those of the FPCB electrochemical electrode, form-
ing a “bottom-in, top-out” sweat collection mechanism:
the outlets expel air when the microchannels are not filled
with sweat and expel sweat once the channels are full. To
optimize sweat flow performance, the inlets, serpentine
channel, and arc-shaped collection zone were treated with
a hydrophilic coating, while the outlets remained
untreated to ensure sweat fully fills the channels and
collection zone before being expelled. The side view
clearly shows the hydrophilic-treated regions, while
Fig. S14 provides a top-down view with detailed annota-
tions. The blue areas indicate hydrophilic-treated inlets,
serpentine channel, and arc-shaped collection zone, while
red areas indicate untreated outlets. This zonal treatment
design effectively guides the directional flow of sweat,
ensuring collection efficiency. Figure 3d presents contact
angle test results, verifying the effectiveness of the
hydrophilic treatment. As shown in Fig. 3d (i), the
untreated patch has a contact angle of 63°. In Fig. 3d (ii),
after hydrophilic treatment, the contact angle significantly
decreases to 17°, indicating a substantial improvement in
surface hydrophilicity.
Figure 3e shows the simulation results of the patch, with

the sweat intake rate set at 0.5 μL/min for the 1 mm-
radius inlet and 2 μL/min for the 2 mm-radius inlet,
resulting in a total intake rate of 2 μL/min for the four
inlets. The serpentine channel has a total capacity of
41.8 μL, while the arc-shaped collection zone has a
capacity of approximately 9.67 μL. The simulation results
demonstrate that the microfluidic patch effectively facil-
itates sweat flow and collection in the serpentine channel,
with the serpentine channel taking about 21min to fill
and the arc-shaped zone taking about 5 min. The
experimental results of the filling process in the serpen-
tine channel are shown in Fig. 3f, and those for the arc-
shaped collection zone are shown in Fig. 3g. The experi-
mental results closely match the simulation results, vali-
dating the feasibility and accuracy of the design. These
findings indicate that the design performs well in sweat
collection and flow control, providing a reliable basis for
the practical application of the microfluidic patch.
Although the microfluidic patch provided directional

sweat collection and transport in experiments, several
potential error sources should still be considered during
practical use. In the current design, hydrophilic patterning
(Fig. S14) was used to guide sweat transport and facilitate
directional flow in the microchannel. However, at low
sweating rates, sweat renewal in the channel may be slow,
which can increase the response delay and make the

measured biomarker concentration more susceptible to
local evaporation. At high sweating rates, rapid flow may
shorten the residence time of sweat in the sensing region
and, under extreme conditions, may cause overflow or
unstable sampling. In addition, bubbles, dust, and skin
debris may partially block the microchannel or inlet,
leading to discontinuous sweat transport and possible
detection errors. These effects may influence the accuracy
of sweat flow rate estimation and biomarker concentra-
tion measurement. Future work will further improve the
microfluidic sampling reliability by using a more enclosed
low-evaporation structure, anti-blocking inlet design, and
flow-rate calibration under different sweating conditions.

Characterization of the hardware system
The performance of the hardware system determines

the reliability of the sensing backend. Figure 4a illustrates
the specific shape and dimensions of the hardware system,
with a comparison to a coin for size reference. The block
diagram of the hardware system in Fig. 4b outlines the
acquisition pathways and processing flow for biochemical.
The electrochemical signals are transmitted to the
potentiostat chip (LMP91000), while the equivalent
impedance signals are sent to the impedance measure-
ment chip (AD5933). Subsequently, the data is transferred
to the MCU, which then transmits the signals via BLE to a
custom-developed mobile application. The APP enables
real-time data display and graphical visualization. Fig-
ure 4c demonstrates the OCP method for electrochemical
detection of Na⁺ in sweat. Figure 4d illustrates the CA
method for electrochemical detection of lactate in sweat,
whereby CA measures the current to determine the lac-
tate concentration. Fig. 4e presents the method for mea-
suring sweat equivalent impedance. Sensor 1 and Sensor 2
represent the two serpentine traces in the equivalent
impedance measurement region, connected to two elec-
trode interfaces. When sweat flows into the serpentine
channel, it comes into contact with the two traces. The
more sweat in the channel, the lower the equivalent
impedance between the two traces. By precisely measur-
ing the equivalent impedance of the channel using elec-
trochemical impedance analysis, the volume of sweat in
the channel can be indirectly determined before the ser-
pentine channel for impedance measurement is fully fil-
led. Dividing this sweat volume by the duration of the test
yields the sweat secretion rate.
Due to the small amplitude of the collected signals such

as voltage and current, the measurement accuracy of the
hardware system is crucial. Therefore, it is essential to
comprehensively verify the accuracy of the hardware
system’s OCP, CA and impedance measurement func-
tions. The OCP performance verification involves apply-
ing a known fixed voltage to the OCP pins using a
calibrated voltage source. The hardware system’s output
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values are then read via a serial port and compared with
high-precision multimeter measurements to assess accu-
racy and stability. (Fig. 4f). For OCP performance ver-
ification, the voltage source output ranges from 0.1 V to
0.6 V (with a step size of 0.05 V). The voltage source

output pins are connected to the OCP measurement pins
of the device, and the voltage read by the device is output
via the serial port at a rate of one data point per second.
Each voltage is tested for 1000 s. Simultaneously, a high-
precision multimeter is connected to the voltage source
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output pins to record the actual output voltage, which
serves as the true data. When the voltage source outputs
0.1 V, 0.2 V, and 0.3 V, the actual output voltages mea-
sured by the multimeter are 104.9 mV, 202.9 mV, and
305mV, respectively. When the voltage source outputs
0.4 V, 0.5 V, and 0.6 V, the actual output voltages mea-
sured by the multimeter are 403.1 mV, 505.3 mV, and
603.1 mV, respectively. Figure 4g shows the comparison
between the voltage values measured by the hardware
system over 1000 s and the actual applied voltage values at
these six voltages. The red dashed line in the figure
represents the actual voltage values, while the solid line
represents the voltage values measured by the hardware
system. Figure 4h presents a box plot analysis of the
deviation between 100 sets of measured data and the true
voltage values. The horizontal line in the plot indicates the
median of the deviations, and the circles represent the
mean distribution. The maximum deviation is 6.31 mV,
occurring at the 0.2 V measurement point, with a calcu-
lated maximum relative error of 5.24%. Table S6 lists the
complete voltage measurement values for the OCP ver-
ification of the hardware system, including the mean,
standard deviation, maximum, and minimum values for
voltages from 0.1 V to 0.6 V (with a step size of 0.05 V).
The 1000 data points for each voltage from 0.1 V to 0.6 V
(with a step size of 0.1 V) are averaged every 10
points, resulting in 100 data points per voltage. Figure 4i
shows the linear fitting of the average of 1000 measure-
ments by the hardware system against the true voltage
values measured by the multimeter for applied voltages
ranging from 0.1 V to 0.6 V (with a step size of 0.05 V).
The fitting curve equation is y= 1.0046x – 1.28901,
achieving a linearity of R² > 0.99, indicating a strong linear
relationship between the measured values and the true
voltage values, thus verifying the accuracy of the OCP
measurement.

Figure 4j illustrates the functional verification and
measurement method for CA. The CA performance ver-
ification involves connecting the CA pins of the device to
a resistor to measure the loop current, which is then
output via the serial port. The current measurement
values output by the hardware system should match the
theoretically calculated values (applied voltage/resis-
tance), thereby verifying the accuracy of the CA mea-
surement. Therefore, the CA performance verification is
conducted in two ways: the first method involves fixing
the applied voltage and changing the resistance connected
to the CA pins to measure the loop current, verifying the
effect of load resistance variation on the loop current; the
second method involves fixing the resistance connected to
the CA pins and changing the applied voltage to measure
the loop current, verifying the effect of applied voltage
variation on the loop current. The voltage applied to the
CA pins of the hardware system can be modified via the
microcontroller’s internal code. Figure 4k shows the var-
iation in the loop current measured over 500 s at a fixed
voltage of 198mV with resistances of 10 kΩ, 20 kΩ, 30
kΩ, 50 kΩ, and 100 kΩ connected to the CA pins. By
comparing the measured current values with the calcu-
lated current values (fixed voltage/resistance), the accu-
racy of the current measurement can be determined. The
maximum percentage error of the CA current measure-
ment is calculated to be 2.46%. Table S7 lists the complete
current measurement data for the CA verification of the
hardware system with a fixed voltage of 198 mV applied to
the CA pins. In addition to comparing the currents, the
applied voltage can be inversely calculated (measured
current * resistance) and compared with 198 mV. In
Fig. 4l, the orange dashed line represents 198mV, show-
ing that the calculated voltages for different resistances
are consistent with 198mV. Figure 4m shows the linear
fitting of the calculated resistance values (198 mV/

(see figure on previous page)
Fig. 4 Performance characterization of the hardware system. a The physical dimensions of the hardware system (compared to a one-yuan coin
for size reference). b A system-level block diagram illustrating the signal conversion, processing, and wireless transmission from biochemical signal
sensors to the user interface. c Schematic diagram of the electrochemical detection method for sweat Na⁺ using OCP. d Schematic diagram of the
electrochemical detection method for sweat Na⁺ using CA. e Schematic diagram of the sweat impedance detection method. f Functional validation
and measurement methodology of the OCP mode in the hardware system. g Comparison of voltage values measured by the hardware system over
1000 seconds at different potentials versus the actual applied voltage values measured by a high-precision multimeter. The red dashed line
represents the actual voltage values, while the solid line represents the measured voltage values. h Box plot of the voltage difference (ΔVoltage)
between the measured and actual voltages within the applied voltage range of 0.1 V to 0.6 V. i Linear fitting of the average values from 1000
measurements by the hardware system versus the true values measured by the multimeter, with applied voltages ranging from 0.1 V to 0.6 V in 0.05 V
increments. j Functional validation and measurement methodology of the CA mode in the hardware system. k Current values measured over
500 seconds by the hardware system in CA mode with a fixed applied voltage of 198 mV, while varying the resistance connected to the CA pin.
l Comparison of the voltage derived from the measured current and actual resistance versus the fixed voltage of 198 mV. The orange dashed line
represents 198 mV. m Linear fitting of the resistance values calculated from the measured current (198mV / measured current) versus the actual
resistance values. n Functional validation and measurement methodology of the impedance measurement mode in the hardware system. o Scatter
plot of the hardware system’s impedance measurement results across different load impedance levels (620 Ω, 1 kΩ, 5 kΩ, 10 kΩ, and 20 kΩ) (sample
size, n= 55). p Percentage error of the hardware system’s impedance measurements under different load impedance conditions. q Linear fitting of
the impedance values measured by the hardware system versus the actual resistance values
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measured current) against the actual resistance values.
The fitting curve equation is y= 0.98617x – 0.09234,
achieving a linearity of R² > 0.99, indicating a strong linear
relationship between the calculated resistance values and
the true resistance values.
Figure 4k, Fig. 4l, and Fig. 4m comprehensively verify

the accuracy of the CA measurement of the hardware
device from the perspectives of current, voltage, and
resistance. The loop current can also be measured by
fixing the resistance and changing the applied voltage.
Figure S15 specifically shows the data measured when the
voltage is changed and the resistance is fixed at 20 kΩ.
Figure S15a and Figure S15b show the current responses
measured by the hardware device under forward and
reverse bias, respectively. Table S8 lists the complete
current measurement data for the CA verification of the
hardware system with a fixed resistance of 20 kΩ and
varying voltages applied to the CA pins. The “Actual
Voltage (mV)” in the table is the voltage across the CA
pins measured by the high-precision multimeter. The
resistance can be calculated (applied voltage/measured
current) from the measured current and the actual
applied voltage. Figure S15c shows the comparison
between the measured resistance and the actual 20 kΩ
resistance, with the dashed line representing the actual
resistance value. Figure S15d shows the linear fitting of
the voltage values inversely calculated from the current
and the 20 kΩ resistance against the actual applied vol-
tage. The fitting curve equation is y= 0.99234x+ 9.61081,
achieving a linearity of R² > 0.99.
To validate the equivalent impedance detection func-

tion of the hardware system, this study employs standard
resistors as references, characterizing its performance
through resistance measurements. As shown in Fig. 4n,
the measurement method involves connecting known
resistors to the two pins of the impedance sensing device,
reading the resistance values via the serial port, and
comparing them with the actual resistance values to
assess measurement accuracy. First, the measurement
conditions are determined based on the range of equiva-
lent impedance. According to the capacitive measurement
results of artificial sweat in the serpentine channel in
Fig. S16, under a 200 Hz AC voltage and a flow rate of
2 μL/min, the capacitance reaches a maximum value of
0.807 μF at 1250 s, indicating that the channel is fully

filled with 41.8 μL of artificial sweat. Using the equivalent
impedance calculation formula:

XC ¼ 1
2πf C

ð1Þ

the maximum equivalent impedance is calculated to be
986.6 Ω, corresponding to the minimum capacitive
reactance. Therefore, the minimum equivalent resistance
value (620 Ω) selected for the verification experiment is
lower than this value. Additionally, based on the 41.8 μL
of artificial sweat corresponding to 0.807 μF capacitance,
1 μL of artificial sweat corresponds to 19.31 nF capaci-
tance, resulting in an equivalent impedance of 41.25 kΩ at
200 Hz. To ensure the device’s resolution for sweat
volume is less than 1 μL, the maximum measured
resistance value should exceed 41.25 kΩ. At this
frequency, an equivalent impedance of 60 kΩ corresponds
to a capacitance of 13.26 nF, approximately equivalent to
0.69 μL of sweat volume. Thus, selecting 60 kΩ as the
upper limit ensures the device’s resolution for sweat
volume is less than 0.69 μL. Furthermore, by calculating
the proportional relationship between the device’s detec-
tion area and the area of human sweating skin, the overall
sweat secretion during exercise can be estimated. This
method provides a reliable quantitative basis for assessing
body fluid loss during exercise or in high-temperature
environments. Figure 4o shows the measurement results
of the hardware system for resistances of 620 Ω, 1 kΩ, 5
kΩ, 10 kΩ, and 20 kΩ at 200 Hz (the scatter plot for the
60 kΩ resistance is presented in Fig. S17). Each resistance
is measured 55 times, and the data points are tightly
clustered, indicating high repeatability. Figure 4p further
illustrates the percentage measurement error under
different load impedance conditions. The results show
that within the range of 620 Ω to 60 kΩ, the maximum
percentage error of the equivalent impedance measure-
ment of the hardware system is 5.89%, verifying the high
precision of the equivalent impedance measurement.
Notably, since the system is calibrated using a 20 kΩ
resistor, the measurement error is minimized and most
concentrated at this impedance value. Table S9 lists the
complete resistance measurement values for the impe-
dance verification of the hardware system, including the
mean, standard deviation, maximum, and minimum

Table 1 Power consumption of the wearable device under different operating modes

Operating mode Recording time Min current Max current Average current Estimated power

BLE advertising 20 min 12.8 mA 13.9 mA 13.2 mA 48.8 mW

BLE connected without sensing 20 min 12.6 mA 12.8 mA 12.7 mA 47.0 mW

Continuous sensing and BLE transmission 20 min 9.1 mA 15.4 mA 13.5 mA 50.0 mW
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values for 55 measurements at each of the six impedance
values. Figure 4q presents the linear fitting results of the
equivalent impedance values measured by the hardware
system against the actual resistance values. The fitting
curve equation is y= 1.0041x+ 0.01252, achieving a
linearity of R² > 0.99, fully demonstrating the accuracy
and linear relationship of the impedance measurement.

Power consumption was further evaluated to assess the
practical deployment capability of the wearable device. A
1 Ω sampling resistor was connected in series with the
positive terminal of the lithium battery, and the voltage
drop across the resistor was measured using a digital
multimeter. The current consumption was calculated
according to Ohm’s law. Each operating mode was
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recorded for 20min using the MIN/MAX/AVG recording
mode of the multimeter. The current consumption under
three operating modes is shown in Fig. S18, and the
detailed current records and estimated power consump-
tion are summarized in Table 1. The average current was
13.2 mA in BLE advertising mode, 12.7 mA after BLE
connection without sensing, and 13.5 mA under con-
tinuous sensing and BLE transmission. Under continuous
sensing and BLE transmission, the estimated average
power consumption was approximately 50.0 mW, calcu-
lated using the nominal battery voltage of 3.7 V. With a
500mAh lithium battery, the estimated battery endurance
was approximately 37.0 h under continuous operation.
The battery voltage changed from 3.907 V to 3.877 V
during the measurement, indicating stable power supply
during the test. These results suggest that the wearable
device can support long-term sweat monitoring during
typical exercise sessions.

Practical human sweat detection
The practical human sweat detection study was

approved by the Medical Ethics Committee of Tianjin
Medical University General Hospital. Figure 5 demon-
strates the application of the FPCB-based sweat detection
system in real aerobic and anaerobic exercise scenarios.
The wearable state of the device on the arm is shown in
Fig. 5a. The device adopts a watch-like design, with the
sensing electrodes reliably connected to the hardware
system via magnetic interfaces. The FPCB-based sensing
electrodes are fixed to the skin surface using adhesive,
with perforations in the adhesive layer over the sweat
pores to ensure smooth sweat excretion. Figure 5b pre-
sents the internal structure of the device, including the
lithium battery that powers the system and the PCB board
connected to the 5-pin magnetic interface via an FPC
connector. Figure 5c provides an enlarged view of the

connection, the electromechanical coupling between the
FPCB sensors and the processing unit is secured via a
5-pin magnetic interface. The side view of the hardware
device is shown in Fig. S19, with Fig. S19a displaying the
Type-C interface for connecting the device to a host
computer for debugging, and Fig. S19b showing the 5-pin
magnetic interface for connecting to the sensing electro-
des. Figure 5d illustrates the interface of the self-
developed mobile APP, which wirelessly receives data
from the hardware system via BLE module and enables
real-time data display and plotting.
Longitudinal profiling of sweat biomarkers (lactate,

Na+ ), sweat rate, and body temperature was conducted
to validate the system’s stability over extended durations.
The stability of the electromechanical interconnection
was specifically validated through this long-term on-body
trial. Throughout the 51-min continuous monitoring
session involving running and rapid arm swinging, the
system maintained uninterrupted data transmission and
stable baseline currents. The absence of significant
motion artifacts or signal dropouts, which are typically
associated with contact failure in modular connections,
confirms the reliability of the rigid-flex architecture under
dynamic physiological strain. Figure 5e presents the high-
density temporal data acquired during aerobic (i) and
anaerobic (ii) sessions. The system successfully captured
the onset of sweating (defined as the 0-min mark) and
maintained continuous operation for 51min in both
scenarios. Lactate and Na⁺ concentrations are recorded at
1-min intervals, while sweat rate and body temperature
are sampled every 3 min. Although the in vitro electro-
chemical calibrations were performed under controlled
room-temperature conditions, the local temperature at
the skin-adhered sensing interface during on-body exer-
cise may differ from the in vitro condition. Future studies
will incorporate temperature-dependent calibration and

(see figure on previous page)
Fig. 5 Individualized physiological profiling during aerobic and anaerobic exercises. a Image of the system worn on the arm. b Internal view of
the hardware device. c Enlarged view of the magnetic interface connecting the hardware device to the FPCB-based sensing electrode. d Interface of the
self-developed mobile APP, which receives data from the device via Bluetooth and displays and plots the data. e Real-time monitoring of sweat lactate
concentration (yellow, 1-min interval), Na⁺ concentration (blue, 1-min interval), sweat rate (black, 3-min interval), and body temperature (red, 3-min
interval) during 51min of aerobic exercise (i) and 51min of anaerobic exercise (ii) after the onset of sweating. f Initial, peak, and final values of sweat lactate
concentration (yellow dots), Na⁺ concentration (blue dots), sweat rate (black dots), and body temperature (red dots) during 51min of aerobic (light color)
and anaerobic (dark color) exercises after the onset of sweating. Dashed lines indicate the average values of the four monitoring indicators. g Scatter
distribution and fitting curves of Na⁺ and lactate concentrations during 51min of aerobic exercise, divided by exercise phases. Data from the first 8 min of
aerobic training are shown in blue, data from the second aerobic phase (18–40min) are shown in green, and data from the rest phases (13–18min and
40–51min) are shown in gray. h Scatter distribution and fitting curves of Na⁺ and lactate concentrations during 51min of anaerobic exercise, divided by
exercise phases. Data from the first 11min of anaerobic training are shown in red, data from the second and third anaerobic phases (20–45min) are
shown in yellow, and data from the rest phases (15–20min and 45–51min) are shown in gray. i Comparison of peak times for sweat lactate concentration,
Na⁺ concentration, sweat rate, and body temperature during aerobic (blue) and anaerobic (red) exercises. j Correlation plot between sweat rate (3-min
interval) and lactate concentration (1-min interval) during aerobic (blue) and anaerobic (red) exercises. Missing sweat rate data points are filled using linear
interpolation. Based on exercise intensity characteristics, the graph is divided into six regions: A (anaerobic zone), B1 (high-intensity anaerobic zone), B2
(high-intensity aerobic zone), C1 (low-intensity anaerobic zone), C2 (low-intensity aerobic zone), and D (aerobic zone). k Sweat loss during aerobic (blue)
and anaerobic (red) exercises. (l) Na⁺ loss during aerobic (blue) and anaerobic (red) exercises
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compensation to further improve quantitative accuracy
under real-world wearable conditions.
Since the equivalent impedance is set with an upper

limit of 60 kΩ to ensure a sweat volume resolution of less
than 0.69 μL, the resolution of sweat rate measurement
reaches 0.23 μL/min when the sampling interval is set to
3 min. The 0-min mark represents the time point when
the device successfully captures electrochemical data for
lactate and Na⁺ concentrations after sweating. Due to
physiological differences between aerobic and anaerobic
exercises, data collection begins at approximately 5 min
for aerobic exercise and approximately 9 min for anae-
robic exercise. From the successful data collection point,
both exercises are monitored continuously for 51min.
During aerobic exercise, the subject first completes a 13-
min segment, followed by a stretching break from 13 to
18min, then a second aerobic segment from 18 to 40min,
and finally a second stretching break from 40 to 51min.
During anaerobic exercise, the subject completes the first
segment before 15min, takes a stretching break from 15
to 20min, performs a second anaerobic segment from 20
to 33min, continues without interruption into a third
anaerobic segment from 33 to 45min, and concludes with
a second stretching break from 45 to 51min. Figure 5f
shows the initial, peak, and final values of sweat lactate
concentration, Na⁺ concentration, sweat rate, and body
temperature during the 51-min aerobic (light color) and
anaerobic (dark color) exercises, with dashed lines indi-
cating the average values of the four monitoring indica-
tors. Analysis of Fig. 5e and Fig. 5f reveals that exercise
type significantly affects sweat composition and flow rate.
For lactate concentration, both aerobic and anaerobic
exercises show an initial increase followed by a decrease,
but anaerobic exercise exhibits significantly higher lactate
concentrations (average: 30.58 mM, maximum:
38.56 mM) compared to aerobic exercise (average:
16.52 mM, maximum: 28.11 mM). In contrast, the average
and maximum Na⁺ concentrations show no significant
difference between the two exercise types. For sweat rate,
the two exercise modes exhibit distinct trends. Aerobic
exercise shows an initial increase followed by a decrease,
while anaerobic exercise maintains a high initial rate that
gradually declines. Notably, although the initial sweat rate
of anaerobic exercise (0.60 μL/min) is higher than that of
aerobic exercise (0.40 μL/min), its overall sweat rate is
lower (anaerobic: average 0.42 μL/min, maximum
0.65 μL/min; aerobic: average 0.78 μL/min, maximum
1.18 μL/min). This phenomenon may be related to the
longer time required for sweating during anaerobic
exercise, resulting in a higher initial sweat rate but a lower
overall flow rate. Body temperature gradually increases
during both exercise types, with no significant difference
in average or maximum temperatures, but the initial body
temperature is lower for anaerobic exercise. Detailed

initial, peak, final, and average values for sweat lactate
concentration, Na⁺ concentration, sweat rate, and body
temperature for both exercise types are provided in
Table S10.
During the 51-min aerobic exercise, the scatter dis-

tribution and fitting curves of sweat Na⁺ concentration
and lactate concentration are shown for different exercise
phases (Fig. 5g). Since aerobic lactate peaks at 8 min and
Na⁺ concentration peaks at 13 min, data from the first
8 min of rising lactate and Na⁺ concentrations are shown
in blue; data from the second aerobic phase (18–40min)
are shown in green; and data from the two rest phases
(13–18min and 40–51min) are shown in gray. The
results indicate a correlation between lactate and Na⁺
concentrations in each phase of aerobic exercise, with
significant differences in concentrations between phases.
While lactate concentration varies more widely within
each aerobic phase, Na⁺ concentration shows larger dif-
ferences between aerobic phases, with higher concentra-
tions in the second aerobic phase and rest phases
compared to the first 8 min. Similarly, during the 51-min
anaerobic exercise, the scatter distribution and fitting
curves of sweat Na⁺ concentration and lactate con-
centration are shown for different phases (Fig. 5h). Lactate
peaks at 11 min and Na⁺ concentration peaks at 16 min.
Data from the first 11 min of rising lactate and Na⁺ con-
centrations are shown in red; data from the second and
third anaerobic phases (20–45 min) are shown in yellow;
and data from the two rest phases (15–20 min and
45–51 min) are shown in gray. The lactate concentration
during the initial 11-min anaerobic phase is notably
higher than that in the second and third anaerobic phases,
while the Na⁺ concentration in the first 11 min is lower
compared to the second, third anaerobic phases, and the
recovery period. Additionally, the data points for the
initial 11-min anaerobic phase are more dispersed, indi-
cating greater variability in lactate and Na⁺ concentrations
during this stage. In contrast, the data points for the
second and third anaerobic phases are the most densely
clustered, suggesting minimal fluctuations in sweat lactate
and Na⁺ concentrations during these periods. Figure 5i
compares the peak times of sweat lactate concentration,
Na⁺ concentration, sweat rate, and body temperature
during aerobic and anaerobic exercises. Lactate, Na⁺, and
sweat rate peak earlier in aerobic exercise, while body
temperature peaks later. Lactate and Na⁺ peak earlier in
aerobic exercise, while sweat rate peaks earlier in anae-
robic exercise.
This study investigates the relationship between sweat

rate and lactate concentration during aerobic and anae-
robic exercises, proposing a two-parameter method for
interpreting exercise intensity based on their joint detec-
tion. Figure 5j illustrates the distribution of sweat rate and
lactate concentration during aerobic (blue) and anaerobic
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(red) exercises. Sweat lactate was used as a metabolic-
related indicator during exercise, while sweat rate reflec-
ted exercise-induced sweating and fluid loss. Based on
these two parameters, the exercise process was divided
into different intensity zones to provide a more intuitive
interpretation of the on-body sweat profiles. In this work,
the thresholds were derived from the observed distribu-
tion of the single-subject exercise data. Therefore, the
zoning model is intended as a proof-of-concept and
subject-specific analysis method, rather than a universal
exercise intensity classification standard.
Missing data points, resulting from the 3-min sweat rate

sampling interval and 1-min lactate sampling interval,
were interpolated using linear interpolation. Lactate
concentration and sweat rate thresholds of 25 mM and
0.5 μL/min, respectively, were used to divide the graph
into four primary regions (A–D). Further segmentation
along the diagonal direction allowed the identification of
six zones: A (anaerobic zone), B1 (high-intensity anaero-
bic zone), B2 (high-intensity aerobic zone), C1 (low-
intensity anaerobic zone), C2 (low-intensity aerobic zone),
and D (aerobic zone). Most anaerobic exercise data points
were distributed in Zone A, which was characterized by
high sweat lactate concentration and low sweat rate. In
contrast, aerobic exercise data points were mainly con-
centrated in Zone D, which showed low sweat lactate
concentration and high sweat rate. Data points in Zone C,
with low sweat lactate concentration and low sweat rate,
were associated with low-intensity exercise, while data
points in Zone B, with high sweat lactate concentration
and high sweat rate, were associated with high-intensity
exercise. The diagonal division further helped separate
aerobic and anaerobic states within these transition
regions.
The combined analysis of lactate, Na⁺, and sweat rate

provides complementary physiological information for
individualized exercise assessment. Sweat lactate mainly
reflects exercise-related metabolic stress and glycolytic
activity, while sweat rate reflects thermoregulatory
sweating and sweat gland activity. In addition, sweat Na⁺
concentration is closely related to electrolyte loss, and its
combination with sweat rate enables the estimation of
dynamic Na⁺ loss during exercise. Therefore, these three
parameters together describe metabolic response, fluid
loss, and electrolyte loss. Compared with a single sweat
biomarker, this multi-parameter profile provides a more
comprehensive view of the exercise process and helps
support personalized interpretation of exercise status and
hydration demand.
Beyond instantaneous biomarker levels, the platform

also enabled cumulative loss analysis. Figure 5k shows the
dynamic accumulation of total sweat volume during
exercise. The results showed that the cumulative sweat
loss gradually diverged between aerobic and anaerobic

exercise. Aerobic exercise led to higher cumulative sweat
loss, which may be related to sustained thermoregulatory
demand. By combining real-time Na⁺ concentration with
sweat rate, the total Na⁺ loss was further estimated, as
shown in Fig. 5l. The cumulative Na⁺ loss showed a
similar divergence trend, with aerobic exercise resulting in
greater total electrolyte loss. To further analyze the tem-
poral characteristics of electrolyte loss, the 51-min mon-
itoring period was divided into four phases: 0–15, 15–27,
27–39, and 39–51min. The phase-resolved analysis
showed that Na⁺ loss reached a peak during the
15–27 min interval for both exercise types, followed by a
gradual decrease in the later phase. These results suggest
that the simultaneous monitoring of sweat rate and Na⁺
concentration can provide useful information for indivi-
dualized fluid and electrolyte replenishment during
exercise.
In addition to sensing performance during exercise,

wearing comfort and skin compatibility are also important
for practical wearable applications46. In this work, the FPCB
sensor was fabricated on a thin PI substrate, the microfluidic
patch was fabricated using M-FC photocurable resin with a
MakeX M-One Pro 30 DLP 3D printer, and skin attachment
was achieved using a commercial PU-film medical adhesive
tape (Shanghai Hons Medical Technology Co., Ltd., China),
as shown in Fig. S18a and Fig. S18b. PI films have been
widely used in flexible electronic devices because of their
flexibility, chemical stability, and mechanical robustness47.
Gold-based conductive materials are also commonly used in
bioelectronic and wearable sensing interfaces because of their
good conductivity, chemical stability, and reported bio-
compatibility48. In addition, PU-film medical adhesive tapes
are widely used for skin-contact fixation in wound dressings,
wearable sensors, and medical patches49. These material
features provide a basis for the use of this sensing front-end
in short-term wearable applications.
To preliminarily evaluate wearing comfort, the assem-

bled sensing front-end was attached to the forearm skin
for 4 h using the medical adhesive tape (Fig. S18c). Skin
appearance was recorded before attachment (Fig. S18d),
immediately after removal (Fig. S18e), and 30min after
removal (Fig. S18f). As shown in Fig. S18e and Fig. S18f,
no obvious redness, swelling, discoloration, or skin
damage was observed after removal, and the slight
indentation caused by short-term attachment largely
disappeared after 30 min. No itching, pain, or burning
sensation was reported during the test. These results
provide preliminary evidence for short-term wearing
comfort. However, this observation cannot replace stan-
dardized skin irritation, sensitization, or cytotoxicity tests,
and longer-term skin compatibility still requires further
evaluation.
To further highlight the engineering features of the

present platform, representative wearable sweat sensing
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systems were compared in Table 2. The comparison
focuses on sensing targets, electrode substrate, replace-
able sensing front-end design, repeated plug-in testing,
and reliability evaluation. Recent studies have demon-
strated substantial progress in wearable sweat sensing
systems, including advances in flexible electrode fabrica-
tion, multimodal biomarker monitoring, device integra-
tion, and sweat sampling strategies. However, repeated
plug-in reliability between a replaceable sensing front-end
and an electronic module has rarely been reported. In this
work, the FPCB is not only used as a flexible electrode
substrate, but also as a mechanically reinforced plug-and-
play sensing front-end. The ENIG contact terminals and
PI-stiffened connection region provide a stable electrical
interface with the wearable electronics. Together with
contact resistance measurement, dynamic bending, 1–300
plugging/unplugging cycles, artificial sweat immersion,
and on-body exercise monitoring, these results suggest
that the proposed FPCB interconnection strategy can
provide a practical engineering route for improving the
reliability of wearable sweat analysis systems.

Conclusions
In summary, a scalable and mechanically robust sweat

analysis platform has been developed leveraging FPCB
technology. A unique hierarchical electrode architecture
was established, wherein the industrial ENIG layer func-
tions as a high-precision current collector and the
surface-modified carbon layer serves as a corrosion-
resistant transducer. To address the physical vulner-
abilities of conventional soft sensors, the platform utilizes
PI-stiffened ENIG gold fingers. This robust plug-and-play
interface effectively eliminates motion artifacts and severe
signal attenuation during dynamic exercise.
CA is employed for lactate sensing and the electrode

surface is functionalized to achieve a wide detection range
of 5 mM–80 mM, with a sensitivity of 0.4046 μA/
Lac(mM). For Na⁺ sensing, OCP is utilized, with a
detection range of 12.5 mM–200mM and a sensitivity of
119.59 mV/lg([Na⁺]/mM). Additionally, the system
achieves high-precision measurement with sweat volume
resolution below 0.69 μL and flow rate resolution below
0.23 μL/min. In terms of hardware system performance
verification, this study systematically evaluates measure-
ment errors. Within the tested detection range, the system
error of CA detection is controlled within 2.46%, the
device error of OCP measurement is below 5.24%, and the
system error of equivalent impedance measurement is
controlled within 5.89%. Beyond hardware optimization, a
proof-of-concept framework for personalized exercise
intensity zoning was demonstrated. By performing multi-
parameter fusion analysis of sweat rate and lactate con-
centration, a six-zone intensity model (Anaerobic A to
Aerobic D) was constructed based on individualTa
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physiological thresholds. This approach offers a quantifi-
able method to differentiate aerobic and anaerobic states,
shifting the paradigm from generic population standards
to precision subject-specific assessment. Additionally, by
analyzing sweat flow rate and Na⁺ concentration, the
system can monitor sweat loss and Na⁺ loss during
exercise in real time, providing scientific references for
hydration and electrolyte replenishment.
While this work establishes a solid technical pathway for

mass-producible wearable sensors, certain limitations
remain. The current microfluidic module utilizes 3D printing
for rapid validation, which will be transitioned to injection
molding in future mass-production iterations. Additionally,
the exercise zoning model presented here is based on a
longitudinal pilot study of a single subject. Future research
will prioritize large-scale clinical trials to develop robust,
population-level calibration algorithms and further validate
the universality of this personalized profiling strategy.

Supporting Information
Technical Details and Experimental Methods; processes

of the electrochemical sensing modules; the integration
workflow of the microfluidic chip; and the circuit design
details of the custom-developed potentiostat hardware.
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