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A B S T R A C T   

Real-time, in-situ evaluation of sweat and electrolyte loss under heat stress is critical in preventing the risks of 
heat-related illnesses and maintaining individual’s physical performance for athletes or individuals working in 
extreme environments. Simultaneous monitoring of sweat rate and sweat chloride concentration via wearable 
device could provide an accessible route to assess the wastage of fluid and electrolytes. In this work, we report a 
low-cost, easy-to-manufacture epidermal microfluidic patch via entire laser-cutting scheme and transfer-printing 
operation. Sandwich-structured sweat rate sensor with trigger sites can induce a high pulse of electrode 
admittance for quantifying sweat rate when advancing sweat arrives at trigger sites, which favors the sensor 
inherent higher noise tolerance and independence of sensing on the change of ionic charge. Sweat chloride 
concentration is also quantificationally analyzed by measuring the admittance of interdigital electrode embedded 
in the microchannel, representing a simple, practicable, and stable alternative to colorimetric and ion-selective 
sensors. In-vitro and on-body experiments demonstrate the feasibility and accuracy of continuous measurement 
for sweat rate and sweat chloride concentration by admittance sensing method. This intrinsically robust, reliable 
sensing performance of the skin-interfaced microfluidic patch contributes to potential development of such 
device in personalized medicine.   

1. Introduction 

Perspiration is the main physiological mode of heat dissipation to 
maintain the body temperature in balance [1]. However, continuous 
exposure to high temperature or engagement in sustained, vigorous 
physical activities could cause excessive water loss of the body, which 
may compromise individual physical performance and increase the risk 
of heat-related illnesses, such as dehydration and hyperthermia [2–5]. 
Therefore, timely adequate fluid ingestion is essential to prevent the 
body fluid deficit during prolonged exercise or working in extreme 
environment [6]. However, excessive fluid intake can lead to hyper-
hydration that may degrade physical performance [7–9], even develop 
into life-threatening hyponatremia [10,11]. In order to maintain euhy-
dration state during continuous perspiration process, real-time moni-
toring of sweat rate is essential for customizing personalized fluid 
replacement strategies [8,12–15]. In addition, sweat electrolyte level is 

influenced by sweat rate due to the sweat secretion and reabsorption 
mechanism [16–21]. Thus, simultaneous measurement of both sweat 
electrolyte and sweat rate can provide comprehensive insight into sweat 
composition. Because of the considerable variation in sweat electrolyte 
losses within and among individuals and in different exercise events 
[22], personalized fluid replacement strategies based on both sweat and 
electrolyte loss are recommended. Consider that chloride ion is the most 
abundant anion in sweat [23], simultaneous monitoring of sweat chlo-
ride concentration with sweat rate is therefore conducive to develop 
appropriate rehydration strategy for maintaining well physical 
condition. 

Traditional sweat rate measurement is based on absorbent pads or 
gauzes, requiring post-collection analysis performed in conventional 
laboratory settings, which are impractical for real-time monitoring and 
ambulatory deployments [12,22,24]. Recently, colorimetric [12, 
25–29], volumetric [30,31], capacitive [32,33], impedance (or 
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admittance) [17,18,34–39], and calorimetric [40] sensing methods have 
been developed for in-situ measurement of sweat rate, but several 
challenges remain. Colorimetric and volumetric sensing methods 
require visual access to optical images which is inconvenient to auto-
matic monitoring. Impedance method allows continuous and real-time 
monitoring, but the variable salinity of sweat can confound measure-
ment accuracy of sweat rate, so the calibration with sodium ion con-
centration is usually required [17,34]. In addition, embedding two 
parallel microelectrodes into spiral or serpentine microchannel requires 
precise alignment operation [17,18,34,35]. Although the electronic 
based sweat rate sensor enables the monitoring of sweat rate without 
manual intervention, the continuous electrical signal output from sensor 
is susceptible to motion and ambience noise. By contrast, the use of 
pulse-style signal trigged by given sensing incident can effectively 
isolate the noise effects. For example, Francis et al. [37] and Yuan et al. 
[38] successively designed sweat rate sensors that could output pulse 
signal to characterize sweat rate. However, pre-calibration to individual 
sensing unit is still necessary [37], and the sensor performances of 
temporal resolution and noise tolerance need further improved [38]. 
Moreover, the sweat chloride concentration quantification using wear-
able device is reported based on colorimetric [12,25,29] or potentio-
metric [41,42] methods. Colorimetric method usually requires reference 
color mark for calibration of variable lighting conditions, while poten-
tiometric sensor usually requires multistep, time-consuming 
manufacturing procedures. 

In this work, we propose an integrated microfluidic patch with sweat 
rate sensor and sweat chloride concentration sensor (Fig. 1 and Fig. S1). 
A sandwich structure is used to construct the sweat rate sensor by 

arranging two electrodes on the upper and the bottom sides of micro-
channel layer (Fig. 1a). A trigger site array is defined at the intersections 
of microchannel and upper/bottom electrodes, as the black points 
illustrated in Fig. 1b, where sweat can simultaneously wet both elec-
trodes (Fig. 1c). The sweat rate sensor will create a high admittance 
pulse when advancing sweat arrives at each trigger site at specific po-
sition in microchannel (Movie S1). This admittance pulse-based sensing 
method can overcome the dependence of the sweat rate measurement on 
the change of ionic charge, and significantly enhance the noise tolerance 
of the sensor. The sandwich structure is conducive to produce greater 
admittance jump height, facilitating higher reliability and fidelity of the 
collected signal. Besides, an interdigital electrode for admittance-based 
sensing of sweat chloride concentration is integrated into sweat collec-
tion layer (Fig. 1d). The entire patch manufactured by laser-cutting and 
transfer-printing technology has a diameter of about 20 mm, smaller 
than a 1-yuan coin (Fig. 1e) and can be conveniently integrated with a 
flexible printed circuit board (FPCB) to form in-situ sweat sensing sys-
tem (Fig. 1f) which can easily accommodate to skin contour on different 
parts of the body, such as the forearm, forehead, and back (Fig. 1g), and 
perform reliable sweat collection (Fig. S2) and sensing signal acquisition 
via the FPCB. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.snb.2022.133213. 

Fig. 1. Overall design of the epidermal microfluidic patch for in-situ admittance sensing of sweat rate and sweat chloride concentration. (a) Schematic drawing of the 
patch in an exploded view format to illustrate the different layers. (b) Top view of sweat rate sensor to elaborate the component layout and the position of trigger site. 
(c) Illustration of the 3D structure of trigger site where sweat can wet two electrodes simultaneously. (d) Top view of sweat chloride ion sensor and sweat collection 
layer consisting of three sweat collection inlets, accumulation reservoir, and a pair of interdigital electrodes. (e) Photographic image of the microfluidic patch when 
comparing with a 1-yuan coin to visualize the size of the patch. (f) The microfluidic patch integrated with a FPCB (g) can be conveniently mounted on the skin surface 
of different parts of the body. 
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2. Material and methods 

2.1. Fabrication of the microfluidic patch 

The fabrication method and process of the microfluidic patch 
involved laser-cutting, transfer-printing, and assembling of each layer 
(Fig. S3). For electrode layer manufacturing, a flexible copper foil tape 
(50 µm in thickness, Double conductive copper foil tape, Shenzhen 
baojiasheng adhesive tape products factory, China) was first adhered 
onto a low adhesive tape (Youbisheng Adhesive tape, Hangzhou Co. 
LTD, China), letting the sticky side up (Fig. S4a). Then, a laser cutter 
(ultraviolet laser marking machine-3 W, Shenzhen Chao-Yue laser 
Intelligent Equipment Co., Ltd., China) was used to fabricate the outline 
of electrode (Fig. S4b), followed by removing the excess copper foil and 
only remaining electrode on low adhesive tape (Fig. S4c). During this 
process, the positions of low adhesive tape and electrode were fixed. 
Then a PET film (12 µm in thickness) was pasted on the sticky side of the 
electrode (Fig. S4d), and the outline of the film was shaped by laser- 
cutting (Fig. S4e). At last, the electrode and PET film were peeled off 
together from low adhesive tape (Fig. S4f), then an electrode layer was 
obtained. This transfer-printing scheme of the electrode in this work did 
not involve thermal release tape and water-soluble tape, and therefore it 
was rapid and low-cost when compared to previously reported strategies 
[43,44]. 

For microchannel fabrication and encapsulation, a silicone board 
(Taizhou Huayang Chemical Technology Co., Ltd, China) was first 
pasted onto the worktops of laser cutter, then double sided tape (9495LE 
300LSE, 3 M, USA) was pasted onto the fixed silicone board. Micro-
channel with 500 µm width was fabricated by laser cutting. Then the 
microchannel layer was transfer-printed from silicone board to PET film. 
The practicable transfer printing of electrode or microchannel layer was 
ascribed to the strong adhesion between PET film and transferred layers 
(Fig. S5 and Fig. S6). 

2.2. Characterization of the microfluidic patch dy of our device 

Electrode admittances of both sensors in in-vitro and on-body tests 
were measured via a FPCB (detailed designs in Fig. S7 and Fig. S8) after 
it integrated with the microfluidic patch (Fig. S9). The in-vitro test 
system was built as illustrated in Fig. S10 and Fig. S11. To characterize 
the response of sweat rate sensor under different injection rates, 40 mM 
NaCl solutions were injected into the sensor with the injection rate 
changing from 0.1 to 8 μL⋅min-1. The sensing ability of the sensor to 
different chloride ion concentrations was studied by injecting NaCl so-
lutions (10–100 mM) into the sensor with a constant rate of 0.5 μL⋅min- 

1. The quadrate sandwich structured sweat rate sensing patches with 
different numbers of trigger site were also fabricated to explore into the 
sensor capability of regulating temporal resolution. 

The sensing performance of sweat chloride ion sensor was charac-
terized by the electrochemical impedance spectroscopy (EIS) via the 
electrochemical workstation (CHI 660E, Shanghai Chenhua Instrument 
Co., Ltd, China) under different copper ion concentrations (50 mM NaCl 
solutions containing various copper ion) and different NaCl concentra-
tions (12.5–100 mM with 15 μM copper ion), respectively. The impacts 
of cations (NaCl, KCl and CaCl2) and injection rates (0.5, 1.0, 2.0 μL⋅min- 

1) on sensor performance were carried out by the admittance-based 
sensing method, respectively. 

2.3. On-body test of the microfluidic patch 

The on-body test of the microfluidic patch was carried out on six 
healthy young volunteers (Subject I to VI) at different body parts (chest, 
back, forearm and forehead) to study the regional variations in sweat 
rate and chloride concentration. Each volunteer had been given full, 
informed consent before participating in the test. Dyeing reagent was 
deposited at the inlet of the microfluidic patch to highlight the sweat 

entering microchannel. The microfluidic patches were attached to the 
volunteers’ skin by double-sided tape (9495LE 300LSE, 3 M, USA). 
Sweat was induced by performing stationary biking and being exposed 
to high temperature. The admittance information was recorded and 
saved by FPCB during the trials. Besides, three sweat absorbent patches 
as control for sweat rate measurement were also pasted to the adjacent 
locations of the microfluidic patch to verify its sensing performance. The 
absorbent patch was peeled off and weighed with a precision balance 
when sweat arrived at the first, fourth and seventh trigger site. The real 
sweat volume in microchannel was acquired by recording the optical 
image of the dyed sweat. The sweat rate calculated from image-based 
sweat volume was used as the reference to assess the accuracy of 
microfluidic sweat sensor. After on-body measurement of sweat rate and 
chloride concentration, the collected sweat in microchannel was 
extracted by a syringe and used to measure the average sweat chloride 
concentration with a commercial portable chloride meter (CLS-10B, 
Qingdao Lintuo Environmental Technology Co., Ltd, China). 

3. Results and discussion 

3.1. In-vitro characterization of the microfluidic patch 

3.1.1. Sensing principle and performance of the sweat rate sensor 
The section view of the partial microchannel of sweat rate sensor is 

illustrated in Fig. 2a. Narrow upper electrode determines the position of 
trigger sites where sweat can simultaneously wet both electrodes. In this 
way, electrodes and sweat together form a current path at the trigger 
site. An equivalent circuit model is illustrated in Fig. 2b to show the 
conduction mechanism at the trigger site, where Cd and Rct represent the 
double layer capacitance and charge-transfer resistance between the 
electrode-electrolyte interface, respectively. Rs and Zw are solution 
resistance and Warburg diffusion impedance, respectively. The equiva-
lent circuit at each trigger site can be reducible to an admittance. When 
sweat meniscus (the most anterior part of the sweat in the microchannel) 
arrives at a trigger site, an admittance is in parallel connected into the 
circuit between two electrodes (Fig. 2c), and the total admittance be-
tween two electrodes (abbreviated as electrode admittance) stepped 
increases meanwhile. When the sweat meniscus is between two adjacent 
trigger sites, the electrode admittance remains constant. Thus, electrode 
admittance presents a stepped curve when the sweat advances along the 
microchannel (Fig. 2d and Movie S1). The pulse of electrode admittance 
difference (abbreviated as admittance pulse) emerges once sweat 
meniscus arrives at a trigger site (Fig. 2e and Movie S2). The admittance 
pulse can serve as a stopwatch to stamp time-marking for each trigger 
site by recording the arriving moment of sweat meniscus. Time span 
between adjacent time-marking determines the mean sweat rate of this 
period (denoted as Qi-0.5), which can be calculated by. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.snb.2022.133213. 

The sensing performance of the microfluidic patch is tested by the 
self-built measurement platform (Fig. S10 and Fig. S11). NaCl solution is 
used as test solution due to the dominant concentration of chloride ion 
and sodium ions in sweat. The response of sweat rate sensor to different 
injection rates (from 0.1 to 8 μLmin-1) and different concentrations of 
NaCl solution (from 10 to 100 mM) which cover entire physiological 
rang were investigated, respectively. The measured electrode admit-
tance can be denoted as Y= [Y1, Y2, …, Ym, …]. The admittance changes 
under different injection rates are illustrated in Fig. 3a, Fig. S12a, 
Fig. S13a and Fig. S14a. The admittance difference sequence obtained 
by subtracting Yi from Yj (i < j) is denoted as ΔY= [ΔY1, ΔY2, …, ΔYm, 
…], where ΔYm=Ym-Ym+i-j and the value of (j-i) are denoted as differ-
ential step. The difference sequence contains a range of admittance 
pulses, as shown in Fig. 3b, Fig. S12b, Fig. S13b and Fig. S14b. It can be 
found that the pulse emerged more frequently at higher injection rates. 
The straight part in electrode admittance curve and the baseline in 
admittance difference curve mean that sweat meniscus is between two 
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adjacent trigger sites at that time, while the step and the pulse corre-
spond to the moment that sweat meniscus is passing through the trigger 
site. So admittance pulses can be used to stamp time-markings for every 
trigger sites. As it always takes a while to completely wet the upper 
electrodes at trigger sites, the change of admittance curve at the step 
presents gradual increase instead of sudden jump. The corresponding 
pulse is peaky curve with specific width rather than a single point im-
pulse and the width will be enlarged at lower injection rates (Fig. 3b and 

Fig. S12b). The measured injection rates can be obtained according to 
time-marking information stamped by admittance pulse. As Fig. 3c, 
Fig. S13c and Fig. S14c shown, this measured injection rate is consistent 
with the true injection rate, and the average measurement error is less 
than 4% at each injection rate (Fig. S15). The detection limit of the sweat 
rate sensor can be calculated to be 0.5 nL•min-1 in the case that the 
signal-to-noise ratio is 3 [45,46]. The step height of the electrode 
admittance curve is about 500 μS which is two orders of magnitude 

Fig. 2. Principle of sweat rate measurement based on a sandwich structured microfluidic sensor. (a) The section view of partial microchannel of the sweat rate 
sensor. (b) The equivalent circuit model between two electrodes at trigger site under sinusoidal excitation voltage. (c) The schematic of how admittance is suc-
cessively connected into the circuit of electrode. The Y in this drawing represents the equivalent admittance of the circuit in Fig. 2b at each trigger site. (d) Electrode 
admittance signal of the sweat rate sensor. (e) Admittance difference signal derived from total admittance signal. (f) Sweat rate obtained from Fig. 2e by Eq. (1). 

Fig. 3. Performance characterization of sweat rate sensor. (a) Electrode admittance in 40 mM NaCl solution at different injection rates, (b) corresponding admittance 
difference signals and (c) sweat rates derived from admittance difference information. (d) Electrode admittance of NaCl solutions with different concentrations at an 
injection rate of 0.5 μL‧min-1, and (e) corresponding admittance difference signals. (f) Calibration curve between electrode admittance and NaCl concentration in 
Fig. 3d illustrates linear increase in admittance magnitude with NaCl concentration. 
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larger than that reported in Reference [38,39], revealing the improved 
noise tolerance of our sensor due to the larger amplitude of output 
signal. In addition, the concentration of NaCl test solution only affects 
the pulse signal intensity of sweat rate sensor at a certain injection rate. 
Although both step heights of electrode admittance curve and admit-
tance pulse increase with electrolyte concentration, their frequencies 
remain constant (Fig. 3d-e). This demonstrates that the proposed 
approach of sweat rate measurement is unaffected by sweat conductivity 
change, highlighting the advantage of the pulse-type sweat rate mea-
surement when compared to previously reported continuous sweat rate 
sensors [17,34–36]. Fig. 3f shows that when test solution fills the 
microchannel, the electrode admittance is approximately proportional 
to electrolyte concentration, implying the dominant proportion of so-
lution conductance in the electrode admittance. Besides, to fully 
demonstrate the robustness of the sweat rate sensor, we also conduct the 
experiment of sweat rate sensing under different pH solution, the results 
indicate that the sensor based on copper electrode can perform stable 
sensing under acid and alkaline environments of sweat level (Fig. S16) 
and present good reproducibility (Fig. S17). This pulse-style measure-
ment method presents better stability because it can avoid adverse effect 
of output signal drift on sensing accuracy. Particularly, in the 
sandwich-structured sweat rate sensor, two electrodes are arranged on 
the upper and lower sides of the microchannel layer, in this case the 
conductance of the electrodes is 

Gs = κ
Aov

h
, (2)  

where κ is the sweat conductivity, h is the microchannel height, Aov is 
the area of overlapping parts between the electrodes and microchannel 
at the trigger site. As h is very small, the height of admittance step is 
large, which enables high noise tolerance and strong robustness. 

The sweat rate measured above is a mean value between two adja-
cent time-marking. We can enhance temporal resolution of sweat rate 
measurement by reducing the spacing of adjacent trigger sites. In order 
to intuitively demonstrate the scheme feasibility for flexible regulation 
of temporal resolution, we fabricated a square patch of sweat rate 
sensor, as illustrated in Fig. S18a. One of the electrodes in the sandwich 
structure is parallel to microchannel (called as parallel electrode), while 
the other electrode is perpendicular to microchannel (called as 
perpendicular electrode) (Fig. S18b). Arrayed trigger sites are con-
structed at the intersection of perpendicular electrode and microchannel 
(Fig. S18c). The amount of trigger site can be easily regulated by 
changing the numbers of cross line (from 1 to 4) in perpendicular 
electrode (Fig. S18d). Our results show that time interval between two 
pulses decreases with the increase of cross line numbers (Fig. S18f). The 
admittance is proportional to the amount of trigger sites (Fig. S18e and 
Fig. S18g), implying that the step height maintains constant when the 
temporal resolution increases. This means that this sweat rate sensor 
resolves the conflict between the resolution and noise tolerance of the 
sweat sensor in previously reported work [38], namely adding the 
number of the cross lines can increase multiple temporal resolution 
without the degeneration of noise tolerance. However, current response 
of electrode will increase with activating more trigger sites, which may 
lead to the overflow of AD converter. We can avoid the adverse result 
through choosing sinusoidal excitation signal with low amplitude or 
setting an in-phase amplifier circuit to reduce the amplitude of signal 
input to AD converter. 

3.1.2. Sensing performance of admittance-based sweat chloride ion sensor 
Chloride ion is the most abundant anion in sweat, so its concentra-

tion governs the sweat conductivity. We use sweat admittance to 
quantify chloride ion level in sweat. We first focus on the impact of 
chloride ion concentration and copper ion concentration on Rct by EIS 
measurement. The EIS Nyquist plot of the copper electrode in 50 mM 
NaCl solution with different copper ion concentrations is displayed in 

Fig. S19 (the curves with different chloride ion are plotted in Fig. 4a). 
The semicircle part in EIS curves corresponds to Rct. The smaller Rct is 
obtained at higher copper ion concentration or at lower chloride ion 
concentration. The change of copper ion concentration presents a more 
significant impact on Rct than chloride ion concentration. Considering 
the typical ion concentration in sweat (15 μM for copper ion and 25 mM 
for chloride ion), we can obtain theRct/2 = 0.6× 105Ω according to the 
EIS curves in Fig. 4a, and then the double-layer capacitance Cd is given 
as [47]. 

Cd =
1

ωBRct
, (3)  

where ωB = 7 Hz corresponds to the frequency at the vertex of an EIS 
semicircle. The capacitive reactance XC of Cd is 

Xc =
1

2πfcCd
, (4)  

where fc is the frequency of excitation voltage (100 kHz). Therefore, we 
can obtain Xc= 8.4 Ω. It can be found that Rct is far larger than Xc, 
implying that the vast majority of current passes through double-layer 
capacitance, while the electrochemical behavior is almost negligible. 
When chloride ion concentration is 25 mM, the impedance of chloride 
ion sensing electrodes is approximate 4.7 kΩ (according to Fig. 4b), 
which is far larger than the magnitude of the parallel impedance of Rct, 
Cd and Zw (illustrated in Fig. 2b). This indicates that solution resistance 
(or conductance) is the dominant component in the electrode impedance 
(or admittance). Solution conductance is proportional to electrolyte 
concentration, and sweat chloride concentration can almost represent 
the total anion concentration. This is why copper electrode can be used 
for admittance-based measurement of sweat chloride concentration. 
More detailed discussion about the feasibility of using copper electrode 
for admittance-based sweat sensing is displayed in Part II of Supple-
mentary information [48-52]. 

When different concentrations of NaCl solutions (from 5 mM to 
125 mM) were injected into chloride ion sensing channel at the rate of 
0.5 μL⋅min-1, and the electrode admittance at each concentration was 
measured continuously (Fig. 4b), which is proportional to chloride ion 
concentration (Fig. 4c) without the effect of cation type (Fig. 4d). The 
detection limit of the sweat chloride sensor can be calculated to be 
0.9 mM in the case that the signal-to-noise ratio is 3 [45,46]. The 
reproducibility of sweat chloride sensor was also studied by 10 sensors 
and calibrated with standard NaCl solutions. The sensors present good 
consistency in the response to different chloride concentrations 
(Fig. S20) and excellent selectivity to chloride ion (Fig. S21). Similarly, 
the measurement of chloride ion concentration in sweat level is scarcely 
influenced by copper ions of sweat level (Fig. 4e). Variable injection rate 
experiment indicates that the sensor is a rate-independent device 
(Fig. 4f), which is crucial to microfluidic based measurement of ion 
concentration. 

3.2. On-body sweat analysis of sweat rate and sweat chloride 
concentration 

To demonstrate on-body use of the microfluidic patch for in-situ 
sensing of sweat rate and sweat chloride concentration, we conducted 
sweat analysis trials on six volunteers’ forearm (Subject I to VI) for 
verifying the measurement accuracy of sweat rate sensor and sweat 
chloride sensor. A short break was scheduled for each trial. The sweat 
rate measured from optical method was used as the reference. Fig. S22 
illustrates the comparison of the sweat rate measured by admittance 
pulse-based method and image-based optical method via the micro-
fluidic patch. Sweat rate measured by the two methods has great cor-
relation (Fig. S23a) and small measurement error (Fig. S23b). The 
results display excellent agreement between the sweat rates obtained 
from both methods. The great accuracy of our sweat rate is attributed to 
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pulse-type measurement method which is based on the specific incident 
that sweat meniscus arrives at a trigger site, rendering the sensor 
excellent noise tolerance and noncumulative error when compared with 
reported continuous sensors [17,32]. In addition, the sandwich structure 
allows smaller spacing between the two electrodes (450 µm in micro-
channel height) than that in Reference [38,39], which will provide 
larger admittance step and pulse amplitude (about 100–1000 μS⋅step-1, 

as illustrated in Fig. 3d) than those reported in Reference [38] (about 
0.75–7.5 μS⋅step-1) and Reference [39] (about 0.6–6 μS⋅step-1). The 
larger amplitude of admittance pulse can significantly improve the noise 
tolerance of the sensor. More details about the advantages of our work 
compared with the previous studies are summarized in Table S1. Be-
sides, sweat rate measurement based on absorbent patch (Fig. S24) and 
sweat chloride measurement based on commercial portable chloride 

Fig. 4. Sensing performance of sweat chloride ion sensor. (a) EIS Nyquist plots of electrodes in different concentrations of chloride ion solutions with constant copper 
ion concentration of 15 μM. (b) Electrode admittance response to NaCl solutions with different concentrations from 5 to 125 mM. (c) Calibration curves of sweat 
chloride ion sensor. (d) Electrode admittance response to NaCl, KCl and CaCl2 solutions with 75 mM chloride ion. (e) Electrode admittance response to 75 mM NaCl 
solution with different copper ion concentrations. (f) Electrode admittance response to 100 mM NaCl solutions injected with different injection rates. 

Fig. 5. Regional sweat rate and chloride concentration at chest, back, forearm, and forehead of Subject I and Subject V, respectively.  
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meter (Fig. S25) are further conducted, demonstrating the accuracy of 
the two sensors. Notice that the gravity has little effect on flow rate of 
the fluid in skin-interface microchannel whatever the direction of the 
channels in the microfluidic patch. More details are shown in Fig. S26 
and Fig. S27 in Part IV in the Supporting information. 

The regional variations in sweat rate and chloride concentration 
were also studied when the microfluidic patch was attached to the chest, 
back, forearm, and forehead of Subject I and Subject V, respectively 
(Fig. 5). For Subject I, sweat chloride concentration decreases after onset 
of perspiration, and eventually tend to stabilize. Especially, chloride ion 
at the chest shows a significant drop, approximately from 75 mM to 
40 mM (Fig. 5b). By comparison, sweat chloride concentration of Sub-
ject V almost remains constant during entire trials (Fig. 5d). The dif-
ference in chloride ion concentration changes between two subjects 
reflects the individual variation. It can be found that sweat rate increases 
at the beginning of perspiration for the trials except at the forearm of 
Subject I (Fig. 5a and c), probably due to delayed perspiration to 
external stimuli. This trend is similar to the published works using other 
measuring approaches [17]. The forearm has the lowest sweat rate 
(2 μL⋅min-1⋅cm-2), while the sweat rate at chest (about 6 μL⋅min-1⋅cm-2) 
is higher than those at other sites in two subjects’ trials. For two subjects, 
the chloride ion levels are more concentrated at higher sweat rates, 
revealing some correlations between sweat rate and sweat chloride ion 
level, which is consistent with previous reports [12,17,18]. 

4. Conclusions 

In this study, we report a low-cost, easy-to-manufacture microfluidic 
patch capable of robustly, in-situ measuring sweat rate and sweat 
chloride concentration. Admittance pulse-based method provides a 
novel route to sweat rate measurement that is independent of electrolyte 
concentration. The sandwich structure in sweat rate sensor enables large 
admittance step height, which is a crucial parameter for high noise 
tolerance and excellent stability. The proposed admittance-based 
method for sweat chloride ion quantification represents a simple, reli-
able alternative to ion-selective electrode and colorimetric based 
methods, intrinsically preventing multistep, time-consuming sensor 
manufacturing procedures, and providing long-term stability and easy- 
to-storage features for the sweat chloride ion sensor. The high consis-
tencies in sensing method (admittance technology), electrode material 
(copper foil), and manufacturing technique (laser-cutting and transfer- 
printing) allow for easy fabrication of the skin-interfaced microfluidic 
patch for detection of sweat characteristics, indicating its potential 
application in Human health forecast and personalized medicine. 
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