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Sweat rate is an important health marker that provides infor-
mation about hydration state, stress and physical exertion1–3. 
The resulting insights can be used to develop optimized 

strategies for fluid intake4–7. Sweat rates are typically measured 
using the whole-body wash method8, which requires strictly con-
trolled laboratory conditions. Alternatively, absorbent pads can 
yield regional sweat rates9,10, but they also require laboratory-based 
analysis and do not provide real-time information. Skin-interfaced 
device platforms have recently been developed that exploit optical 
and/or electrochemical methods and can monitor sweat loss and 
sweat chemistry11–13 by means of individualized, real-time measure-
ments14,15. Microfluidic systems that use lab-on-a-chip technolo-
gies and colour-responsive chemistries are particularly powerful 
because of their ability to provide visual readout of a range of key 
information related to sweat16,17. Nevertheless, for certain applica-
tions (including worker safety, military training and contact sports), 
protective equipment limits visual inspection of such devices.

Emerging techniques, such as wearable conductivity sensors18, 
enable real-time monitoring of sweat rate, but they rely on contact 
of the electrodes with sweat, which can be affected by salt build-up 
in the chamber, contamination and corrosion, as well as other det-
rimental phenomena. Systems that use calorimetric sensing for 
determining sweat rates have also been developed19,20, but they also 

require direct electrical interfaces to the sweat, as well as high levels 
of power consumption (~80 mA at 5 V (ref. 19) and 3.3 V (ref. 20)). 
Such approaches demand careful cleaning and sterilization between 
cycles of use, and they require large batteries, which limits their 
re-use and comfort.

In this Article, we report a skin-interfaced platform that can 
wirelessly monitor the flow rate, cumulative loss and temperature of 
sweat in real time. The platform captures sweat as it emerges from 
the surface of the skin, using a short, straight fluid passage. The 
method thus avoids the need for complex microfluidic networks and 
it isolates the electronics from the surrounding biofluids. The plat-
form uses a non-invasive flow sensor consisting of a power-efficient 
thermal actuator and a collection of precision thermistors, all ther-
mally coupled to the sweat but not in direct contact with it. The 
approach can measure and wirelessly transmit sweat rates across the 
physiologically relevant range (from 0 to 5 μl min−1)16 in a manner 
that minimizes sensitivity to environmental fluctuations (air cur-
rents/convection) and changes in body temperature over a practi-
cal span (such as 25 °C to 35 °C). For automatic and continuous (up 
to 200-Hz sampling rate) updates to user-friendly portable devices, 
we integrate a Bluetooth Low Energy (BLE) system-on-a-chip 
(SoC) wireless platform that combines Wheatstone-bridge circuits  
with reference thermistors and variable gain amplifiers (VGAs).  
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In contrast to other systems16–18, the active components remain sep-
arated from the body and the sweat, and operation does not impose 
limits on the measurable volumes of sweat. On-body measurements 
across different body locations, at different body temperatures and 
during exercise and while at rest, demonstrate the key capabilities. 
The system can also be integrated with advanced microfluidic sys-
tems for colorimetric detection of pH as well as the concentrations 
of chloride, glucose and creatinine.

Non-invasive, miniaturized flow sensors
The sensor incorporates a thermal actuator with two thermistors 
(Fig. 1a) that measure the temperature upstream and downstream 
relative to the flow direction. These components are laminated on 
top of a thin, elastomeric structure that interfaces with an open-
ing (inlet) where sweat enters the system from the surface of the 
skin before passing under the sensor to a corresponding outlet. A 
double-sided, skin-safe adhesive with a hole (of radius r) aligned 
to the inlet provides a robust, water-tight seal and determines the 
sweat collection area (πr2). As in the design highlighted in Fig. 1b,  
the actuator (diameter of 2 mm) consists of eight resistors 
(8 × 35.6 Ω) in series. Applied current generates a constant thermal 
power density (Pd = 9.07 mW mm−2) at the top surface of the struc-
ture and, by thermal diffusion, delivers heat to the flowing sweat 
below (width, height and top layer thicknesses of 500 μm, 125 μm 
and 70 μm, respectively). The flow transports heat from the actua-
tor directionally downstream, thereby creating a difference between 

the temperature at the locations of the downstream (THDN) and 
upstream (THUP) thermistors. For the device reported here, the 
thermistors (width and length of 0.3 mm and 0.6 mm, respectively) 
lie at positions 1.7 mm downstream and upstream from the centre 
of the actuator. The results of computational modelling connect the 
temperature difference ∆T to the flow rate f, given the geometrical 
features of the system and the constitutive properties of the materi-
als. Figure 1c shows computational predictions for the temperature 
distribution for flow at a rate of 4 μl min−1, which is representative 
for sweating on the forearm for male participants riding a station-
ary bike. The inset presents the results of finite-element analysis 
(FEA), which establishes a simple, linear empirical relationship, 
∆T = 0.18 × f, with R2 = 0.997, that is applicable across the full range 
of physiologically relevant rates of sweating during exercise for  
the particular system described here (see Supplementary Note 1  
for details).

To illustrate and visualize the thermal physics, Fig. 1d shows 
images of a test structure formed in poly(dimethylsiloxane) (PDMS) 
mixed with a thermochromic powder that changes colour from 
black to pink at temperatures above 25 °C, for the cases of heat off/
flow at 0 μl min−1 and heat on/flow at 0, 4 and 8 μl min−1 (from top 
to bottom). Here, the continuous flow of water from an inlet on the 
left (white circle) through a fluid passage (dashed lines) to the right 
introduces a corresponding skew in the shape of the pink region. 
The geometry of the thermal actuator and sensors, along with 
the dimensions of the passage and the thermal properties of the  
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constituent materials, all affect the sensitivity of the measurement, 
as defined in detail in the following section.

Thermal physics associated with the flow sensors
Benchtop studies (for details see Methods and Supplementary 
Fig. 1) and computational predictions serve to validate the mod-
els of thermal transport and to allow for optimized selection of 
the design parameters. The heat transfer characteristics depend 
mainly on certain design parameters: the distance L between the 
centre of the thermal actuator and thermistors THUP and THDN, the 
thermal actuation power P, the diameter of the actuator D and the 
height h, width w and thickness of the top layer (ttop) of the passage  
(Fig. 2a). The insets in Fig. 2a show a cross-sectional microscope 
image of a passage (top) and an image of a heater and radially equi-
distant thermistors (bottom). Figure 2b presents infrared images 
(top) and FEA results (bottom) of anisotropic temperature dis-
tributions aligned to the direction of flow at rates (f) of 0, 2 and 

4 μl min−1 (from left to right). Here, the thermal actuator (D = 2 mm, 
P = 28 mW) and associated thermistors are mounted on the surface 
of a structure (w × h = 500 μm × 125 μm, ttop = 70 μm) that rests on 
a hot plate at a surface temperature (Ts) of 34 °C, comparable to 
that of skin under ambient conditions. The infrared camera (FLIR 
Systems, a6255sc) captures the temperature profiles, T(L), across 
the heater located at L = 0, where L ranges from −6 mm to 6 mm 
along the direction of flow (Fig. 2c). The profile (inset) is sym-
metrical with respect to the heater located at L = 0 for f = 0 μl min−1 
(black dashed line) and skews toward the downstream direction 
(+L direction) at f = 4 μl min−1 (blue line). The temperature differ-
ence, T(L) − T(−L) = ∆T, for L ranging from 1.00 to 9.00 mm (with 
increments of 0.25 mm) has a small value (~0.0 °C) for f = 0 μl min−1 
and reaches a maximum (~0.9 °C) at L = 1.75 mm for f = 4 μl min−1. 
The values of ∆T determined by FEA for f = 0, 1, 2, 3 and 4 μl min−1 
at five different L values of 1.4, 1.7, 2.0, 3.0 and 3.5 mm are provided 
in Supplementary Fig. 2. Increasing the thermal actuation power 
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Fig. 2 | Experimental studies and FEA of key characteristics of the thermal flow sensor. a, Schematic of the geometry of a thermal actuator with upstream 
and downstream thermistors THUP and THDN resting on the top outer surface of a fluid passage with design parameters for benchtop studies and FEA: 
diameter of the thermal actuator (D), distance between the actuator and a thermistor (L), width (w) and height (h) of the passage, and thickness of the 
top layer (ttop). b, Infrared images and FEA results for the temperature distribution of an actuator mounted on a passage placed on a hot plate with surface 
temperature of 34 °C. c, Linear temperature profile (inset) within the passage as a function of the distance from the actuator, for flow of 0 and 4 μl min−1, 
and the temperature difference, T(L) − T(−L), which reaches a maximum for L = 1.75 mm. d–h, The temperature difference (∆T) measured (symbols) and 
determined by FEA (line) between the thermistors for different design parameters: the electrical power (P) consumed by the heater (d), D (e), h (f), w (g) 
and ttop (h). i, Measurement (square data points) and FEA (diamonds and rules) results for ∆T for a constant flow of 1 μl min−1 as a function of normalized 
design parameters: h/h0, w/w0, ttop/ttop,0 where h0, w0 and ttop,0 denote 125 μm, 500 μm and 70 μm, respectively. Data are presented as mean values 
(squares) ± s.d. (vertical error bars) measured over a 1-min averaging window (sample size = 6).
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(P) or the power density (Pd = P/πD2) increases ∆T for a constant 
flow rate (∆T/f), but also increases the current consumption and 
therefore decreases the battery life. For L = 1.75 mm, Fig. 2d,e shows 
wireless measurements (symbols) and FEA results (lines) for ∆T, 
for P = 13.3, 20.8, 27.9 and 34.0 mW (Fig. 2d) and D = 1.37, 2.00 and 
3.16 mm (Fig. 2e), respectively. The black dashed lines show changes 
in flow rate. The value of ∆T/f increases with increasing P or Pd, 
and the values of ∆T/f/P (with f = 1 and 2 μl min−1 and P = 13.3, 
20.8, 27.9 and 34.0 mW) are constant at 7.1 ± 0.1 °C (μl min−1)−1 W−1 
(FEA results) and 6.8 ± 0.8 °C (μl min−1)−1 W−1 (wireless measure-
ments). Selection of P = 27.9 mW and D = 2.00 mm yields a sen-
sitivity of 0.2 °C (μl min−1)−1 with a top surface temperature of the 
thermal actuator that remains less than 40 °C (Fig. 2c). The data 
in Fig. 2f–h correspond to wireless measurements and FEA results 
for the time dependence of ∆T for changes in flow rate with differ-
ent design parameters of the fluid passage: h (Fig. 2f; w = 500 μm, 
ttop = 70 μm), w (Fig. 2g; h = 125 μm, ttop = 70 μm) and ttop (Fig. 2h; 
w × h = 500 μm × 125 μm). Figure 2i presents the measurements and 
FEA results for ∆T for a constant flow of 1 μl min−1 as a function 
of normalized design parameters: h/h0, w/w0, ttop/ttop,0, where h0, w0 
and ttop,0 are 125 μm, 500 μm and 70 μm, respectively. Decreasing 
h or ttop corresponds to increasing the flow velocity, v = flow (f)/
cross-sectional area of the fluid passage (w × h) for a given f, or the 
heat flux between the heating elements/sensors and the flowing 
fluid, respectively. The result increases ∆T for a constant flow of 
f = 1 μl min−1. Because decreasing w increases the flow velocity but 
decreases the heat flux, this parameter has a relatively small effect 
on sensitivity.

Additional studies focus on the reliability of the measurement 
under various conditions relevant to practical use—that is, different 
temperature conditions, levels of airflow and mechanical vibrations, 
and use over extended periods (1 h) during gradual changes in flow 
ranging from 0 to 2 μl min−1 (for details see Supplementary Note 2 
and Supplementary Figs. 3–5). The results indicate stable operation 
across 10 °C changes in temperature, airflow rates of 1.5 m s−1 from 
the top, mechanical oscillations at 5 Hz with an amplitude of 2 mm, 
and for 1 h of testing.

Variables that influence the temperature difference (ΔT), in 
addition to the sweat flow rate f, include thermal conductivity k, 
heat capacity c, and density ρ of the fluid (subscript ‘F’) and the 
solid PDMS passage (subscript ‘p’), as well as the geometric param-
eters of the device (w, h, ttop, D and L) and the power density of the 
actuator (Pd) (Supplementary Fig. 6 and Supplementary Table 3). 
Combining steady-state heat transfer equations and FEA (for details 
see Supplementary Note 3 and Supplementary Figs. 7 and 8), a lin-
ear analytical scaling law can be obtained between the normalized 
temperature difference kFΔT

LPd  and the normalized flow rate fρFCF
DkF  as

kFΔT
LPd

=

fρFcF
DkF

g
(

L
D , ttoph , kpkF

)

The function in this scaling law depends on only two 
non-dimensional geometric parameters and one non-dimensional 
thermal property: L/D and ttop/h represent the effect of heat transfer 
along the flow direction and the depth direction, respectively, and 
kp/kF represents the effect of thermal conductivity. Reducing L/D, 
ttop/h and kp/kF can increase the device sensitivity, which is shown as 
the slope of the normalized temperature difference with respect to 
the normalized flow rate (Supplementary Fig. 9).

Circuit designs and operating principles
The device in Fig. 3a is a wireless, non-invasive, reusable system for 
continuous, real-time measurements of the flow of sweat between 
an inlet and outlet, in a platform designed for real-world use and 
without any direct contact with sweat, based on considerations 
from thermal physics and engineering design, as highlighted in 

the previous section. The width, length, height and weight of the 
device, excluding the button cell battery (MS621FE), are 11.2 mm, 
24.8 mm, 1.2 mm and 203.0 mg, respectively. The inset presents a 
side view. The wireless platform consists of a thermal flow-sensing 
module (TFM) and a BLE SoC for control and wireless commu-
nication (Fig. 3b). A key feature of the TFM is that it uses a refer-
ence thermistor as one leg of a Wheatstone-bridge circuit, followed 
by differential amplifiers cascaded by VGAs, with gain automati-
cally controlled by the central processing unit (CPU) of the BLE 
SoC depending on the temperature measurements. The reference 
thermistor (THREF) resides outside the fluid passage but at the same 
distance from the thermal actuator as THUP and THDN. The changes 
in environmental temperature affect this THREF in the same manner 
as the other thermistors, thereby naturally eliminating the effects 
of these changes (for example, due to variations in the skin and/or 
the surrounding air). A VGA, subsequent to the Wheatstone-bridge 
circuit, amplifies the voltage outputs from the bridge, with an adap-
tive gain (for example, from 1/6 to 4) to maximize the accuracy of 
the measurements of resistance (for example, from 0.22 Ω to 0.01 Ω) 
within the required dynamic range.

Figure 3b presents circuit and block diagrams of the TFM and 
BLE SoC for wireless communication to an external user interface 
(smartphone). A software toggle switch enables a BLE connection 
to the device and activates a general-purpose input/output pin to 
source a predetermined current (~10 mA) into the resistive heater. 
As described above, the TFM consists of a thermal actuator (Joule 
heating through 8 × 35.6 Ω resistors), Wheatstone-bridge circuits 
include the three thermistors (THUP, THDN and THREF) with a 
known resistor (R) on each bridge, and two differential amplifiers 
(AMPs). Each AMP amplifies the differences between the voltages 
on THUP and THDN and the voltage on THREF to eliminate the effects 
of temperature differences due to environmental changes, as men-
tioned previously. The subsequent variable gain amplifiers (VGAs) 
buffer the outputs of the AMPs to the following analogue-to-digital 
converters (ADCs). The three-channel ADCs monitor the bridge 
voltages (upstream (VUP), downstream (VDN) and reference (VREF) 
values) and control the gain of the VGAs before each ADC to 
achieve the highest resolution within the input voltage range. A 
central processing unit (CPU) executes digital signal processing 
on the ADC-sampled data (VUP, VDN and VREF) to filter out noise. 
Wireless transmission occurs over the BLE radio to the user inter-
face, where algorithms convert the voltages into corresponding  
temperature values.

Figure 3c provides an exploded-view illustration of the con-
stituent layers and components: silicone encapsulation layers, 
the Li-polymer battery, mini-magnets, insulation foam electron-
ics, a PDMS structure to define separated inlets and outlets, and  
adhesives. The electronics uses thin, flexible circuit traces that  
interconnect the BLE SoC, amplifiers, bridge resistors, thermis-
tors and thermal actuator. Figure 3d shows photographs of an  
encapsulated device adhered to the skin with and without an  
encapsulated battery mounted mechanically and electrically via 
matching magnets.

On-body measurements
A key feature of this platform is that its operation does not rely on 
an elaborate microfluidic structure, but only on a short, straight 
flow segment between an inlet interface to the skin and an outlet 
to the surroundings. A photograph of a device with this simple 
design is presented in Fig. 4a, where it is shown mounted on the 
forearm but with an extended configuration that also includes a ser-
pentine microfluidic channel to allow for manual readout of sweat 
rate and volume as the basis for validating the flow measurements. 
A water-soluble dye (blue) located at the inlet of this serpentine 
channel imparts colour to the incoming sweat, thereby producing 
an easily identifiable filling front. Our studies of the wireless and 
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manual measurements of sweat rate involved the deployment of 
devices on the forearms of two healthy volunteers (Fig. 4b): the right 
forearm for participant 1 and both forearms for participant 2. The 
system performs temperature measurements at a sampling rate of 
200 Hz and transmits an averaged value every 0.1 s (10 Hz) to a user 
interface. Software applications save the wireless readings (10 data 
per second) into the memory of the smartphone and display the 
averaged value every minute, synchronized with manual reading of 
the position of the filling front by capture and analysis of digital 
images of the device (right, Fig. 4b). Calibration involves a constant 
flow of liquid (deionized water) established with a syringe pump 
over a 1-min measurement period. For flow rates (f) of 0, 1, 2, 3 
and 4 μl min−1, the temperature differences are 0.03, 0.19, 0.40, 0.59 
and 0.81 °C, respectively (Fig. 4c). As f increases, ∆T increases pro-
portionally such that the calibration factor C of the measured ∆T 
over f is Cmeas = ∆T/f = 0.20 °C (μl min−1)−1 (R2 = 0.998). The results 
of FEA (diamond-shaped markers in Fig. 4c) indicate a calibration 
factor of 0.18 °C (μl min−1)−1 (R2 = 0.997) for a range of flow rates 
(0 μl min−1 < f < 4 μl min−1). The wireless measurements (red linear 
fit line) are in good agreement (~90%) with the FEA results.

Figure 4d–f shows the results of manual readings of f (purple, 
blue and red symbols, respectively) and wireless measurements 
of ∆T (black markers) as a function of time (min), from the right 
forearm of participant 1 (Fig. 4d) and both forearms of participant 
2 (Fig. 4e,f), while cycling and at rest. During the session labelled 
‘Cycle’, ∆T and f increase and reach a constant value, and then 
decrease to values approaching zero during the session labelled 
‘Rest’. The data exhibit a strong correlation between physical activ-
ity and sweat rate. Vertical error bars (grey) on the graphs represent 
the s.d. of ∆T measured over a 1-min averaging window. Errors in 
the flow rate, fe = f − ∆T/Cmeas, as a function of time are summarized 
in Supplementary Fig. 10. The results from the right forearm of 
participant 1 and the left and right forearms of participant 2 have 
mean values of fe,mean = 0.04, −0.40 and −0.16 μl min−1, respectively, 
with s.d. of fe,s.d. = 0.48, 0.33 and 0.36 μl min−1. Figure 4g–i shows 
plots of cumulative ∆T (Σ∆T, diamonds) and local sweat loss (Σf; 
squares) as a function of time measured from the forearm of par-
ticipant 1 (Fig. 4g) and the left (Fig. 4h) and right (Fig. 4i) forearms 
of participant 2. Manual readings of the collected sweat multiplied 
by the calibration factor (C × Σf; circles) correspond to the summed 
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values of wireless measurements of ∆T with an average error of 
e = (Σ∆T/C − Σf)/Σf = 0.13.

Multifunctional systems
The types of non-contact, digital wireless measurements of sweat 
flow rates and total sweat loss described in the previous sections can 
be easily combined with measurements of sweat chemistry using 
microfluidic platforms and colorimetric reagents and also with 
assessments of skin temperature using additional components in 
the electronics module. For the former, demonstrations focusing 
on concentrations of chloride and glucose in sweat provide indi-
cations relevant to cystic fibrosis (in newborns and infants21) and 
diabetes22, respectively. Sweat creatinine23–26 also has potential as a 
screening marker for kidney dysfunction27. The pH of sweat is an 
indicator of metabolic alkalosis, where the pH shows elevated values 
relative to the normal range (7.35–7.45) due to decreased hydro-
gen ion concentration and associated increased concentrations of  

bicarbonate28,29. A simple platform that addresses these needs 
exploits the corresponding colorimetric chemical reagents (pH30,31, 
glucose30, chloride30 and creatinine31) loaded into a skin-interfaced 
microfluidic system designed to allow reversible integration with 
the wireless platform introduced in the previous sections. As illus-
trated in Fig. 5a, the system supports (1) colorimetric analysis of 
sweat chloride/glucose/creatinine/pH levels, as well as (2) wireless, 
digital evaluation of sweat rate and volume. The latter quantities are 
often critically important in interpreting the former, as sweat chem-
istry is known to depend on sweat rate and total sweat loss1,4,15,32,33.

Sweat fills the inlet ports of the device and passes through a short 
fluid passage (width and height of 500 μm and 125 μm, respectively) 
from inlet a (inset, Fig. 5a) or enters into a series of microscale res-
ervoirs (μ-RVs; volume of 10 μl) from inlets b–e. The μ-RVs from 
inlets b–e contain chemical or enzymatic assays for colorimet-
ric detection of pH and the concentrations of chloride, creatinine 
and glucose, respectively. Each μ-RV fills in a sequential manner 
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(from #1 to #4, Supplementary Fig. 11) due to the action of capillary 
bursting valves (CBVs)30, thereby allowing for the measurement of 
changes in the concentrations of these species in sweat as a func-
tion of sweat loss. The exploded-view illustration of the system in  
Fig. 5b highlights the multilayered structure: the reusable wireless 
platform, the colour reference layer, a capping layer with a short fluid 
passage, colorimetric assays, microfluidic networks (μ-NETs; a ser-
pentine channel and a collection of μ-RVs separated by CBVs) and 
an adhesive layer. A biomedical adhesive (3M 1524) with five open-
ings that define the sweat collection areas (19.6 mm2) at the inlet 
ports provides a water-tight seal and strong bond to the skin. The 
microfluidic layers of PDMS consist of (1) a capping layer (thickness 
of ~450 μm) with a short fluid passage (blue) for measuring sweat 
rate and loss and (2) μ-NETs (thickness of ~700 μm) that include a 
serpentine microchannel for the capture/storage (volume of ~40 μl) 
of sweat as it emerges from the outlet of the segment of the capping 
layer where digital flow measurements take place (Supplementary 
Fig. 12) and four separate sets of connected, circular μ-RVs for 
chronological measurements of pH and of concentrations of sweat 
glucose, chloride and creatinine. Colour reference markers printed 
on a thin (25 μm) polyester adhesive film allow precise extraction 
of colour information by digital image analysis using a smartphone 

camera, as in previously published reports30,31. An illustration and a 
picture of the full assembled system are provided in Supplementary 
Fig. 13. Figure 5c shows pictures of the reference markers for each 
assay (left; also Supplementary Fig. 14) and images of colour devel-
opment in each μ-RV for samples of artificial sweat with pH lev-
els and chloride, creatinine and glucose concentrations within 
physiologically relevant ranges (right). On-body trials with healthy 
volunteers demonstrate measurements of sweat chloride, creati-
nine, glucose and pH levels using these platforms, across regions 
of the body with different shapes and curvatures. Image analysis 
at three different locations from each μ-RV provides an averaged 
colour value that yields, after calibration to the reference markers, 
quantitative information for each biomarker. Supplementary Fig. 
15 highlights a specific example for the measurement of chloride 
concentration. Supplementary Fig. 16 shows results (sweat chloride, 
creatinine, glucose and pH levels) from two male participants while 
cycling. All values are within the normal range30,31. Additional tests 
(Supplementary Fig. 17) demonstrate the capabilities for chronolog-
ical sampling from a device mounted on the forehead while home 
training. The data show increases in the concentration of chloride 
and the pH level during exercise that are comparable to the results 
of previous studies32,34.
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Further testing during cycling and at rest demonstrates multi-
modal sensing of sweat rate and loss, as well as sweat chloride, glu-
cose and pH levels. Figure 5d shows the sweat rate (f, red) and loss 
(Σf; Supplementary Fig. 18), measured wirelessly every 1 min, and 
chloride (purple), glucose (yellow) and pH (orange) on filling each 
μ-RV, from a device mounted on the forehead. The error bars repre-
sent the s.d. values for the measurements of sweat rate over a 1-min 
averaging window (grey), and of chloride, glucose and pH levels at 
three different locations for each assay (black). The sweat volume (Σf) 
reaches 11.1, 20.7 and 31.63 μl after ~10, 14 and 23 min of exercising, 
respectively. The concentrations of chloride are measured to be 61.7, 
62.3 and 64.5 mM after ~8, 14 and 26 min of exercising, respectively. 
These values are within the normal range4, and the times for filling 
each μ-RV (volume, 10 μl) are consistent with those obtained using 
the flow-sensing platform. The increase in pH during exercise is 
consistent with the results of previous studies34,35, originating from 
the anatomy of sweat glands and their operation. The measurements 
of glucose concentration are 39.2 and 70.6 μM after ~14 and 23 min 
of exercising, respectively. Given the reported correlation between 
glucose concentration in blood and sweat, the increase in glucose 
level might be related to release of the stress hormone cortisol during 
intense exercise36–39, which causes an increase in blood glucose40 and 
consequently glucose in sweat5,41,42. Additional details concerning 
the results are presented in Supplementary Note 4.

A final example of the versatility of the platform is its capability for 
measuring skin temperature, a critical parameter that is complemen-
tary to sweat in the context of cutaneous heat loss, body heat content 
and central thermoregulatory control43. A simple extension of the 
device platform involves using an additional thermistor connected 
in a voltage divider circuit with a known resistor (Supplementary 
Fig. 19a) to provide an accurate means for measuring temperature. 
Figure 5e shows the results of manual readings of oral (Toral, purple), 
axillary (Taxillary, pink), temporal (Ttemporal, green) and skin (Tskin,IR, 
blue) temperatures using basal (for Toral and Taxillary) and infrared (for 
Ttemporal and Tskin,IR) thermometers, as well as wireless measurements 
of sweat (Tsweat, black) and skin temperatures (Tskin, red) as a function 
of time (min) using the platform in Supplementary Fig. 19b (bot-
tom), mounted on the forearm of a male participant (Supplementary 
Fig. 19c) while cycling and at rest. During the session labelled ‘Cycle’, 
Tsweat and Tskin steadily decrease and reach a constant value during 
the session labelled ‘Rest’. The difference between Tsweat and Tskin 
(Supplementary Fig. 20a) increases steadily from 0.2 to 0.5 °C dur-
ing cycling, and then decreases and reaches a constant value (0.0 °C) 
during ‘Rest’, exhibiting a strong correlation with physical activity 
and with Taxillary, which increases from 35.4 to 35.9 °C during cycling 
and decreases and reaches a constant value while resting. Tskin,IR 
depends strongly on cooling effects associated with the evaporation 
of sweat and, as a consequence, shows large fluctuations, decreas-
ing as evaporative cooling increases and then returning back to the 
baseline after exercise. Toral increases and reaches a constant value 
(mean ± s.d. = 37.1 ± 0.2 °C) after 10 min of exercise, and Ttemporal is 
relatively constant (mean ± s.d. = 35.4 ± 0.5 °C). The error bars in 
Supplementary Fig. 20b represent the s.d. of Tsweat and Tskin measured 
over a 1-min averaging window. Additional tests demonstrate the 
capabilities for measuring sweat rate and skin temperature using 
the device shown in Supplementary Fig. 19b (top), mounted on the 
wrist during exercise (Supplementary Fig. 21).

Conclusions
We have reported soft, wireless platforms for the accurate and 
reproducible analysis of sweat rate and loss, as well as skin tem-
perature. The technology exploits a flexible circuit that combines a 
thermal sensing module for sweat monitoring with BLE function-
ality for wireless data transfer. The system requires only indirect  
contact with sweat, thereby preserving its sensitivity, accuracy and 
reusability for applications in practical conditions. Our platform 

can provide real-time information on sweat rate and loss, without 
the need for visual user engagement or complex, single-use micro-
fluidic channels.

Our approach has the potential to be used in personalized hydra-
tion strategies, with additional promise for monitoring and man-
aging health disorders. For example, the device can be configured 
to activate alerts to remind users to respond appropriately to avoid 
heat stress and the risks of dehydration, or to provide prompts to 
inform rehydration protocols in working or training environments 
that involve high heat stress conditions or heavy personal protective 
equipment. Additional potential lies in the continuous monitor-
ing of patients during normal activities to diagnose sweat-related 
disorders and to assess associated treatments. Scaling laws for the 
effects of the thermal conductivity, heat capacity and density of the 
sweat and the packaging materials used around the sensor compo-
nent should aid in the optimization of designs for these and other 
applications.

For clinical applications of these devices, an improved under-
standing is required of the correlations between sweat-related 
parameters and physiological status, including variabilities among 
patients. In particular, monitoring sweat rate and loss in patients 
with hyperhidrosis and anhidrosis, before and after alcohol con-
sumption and in cases of insensible sweating, are interesting direc-
tions for future research. Another possibility lies in determining 
relationships between regional and whole-body sweat rates and 
electrolyte concentrations. Variations exist among and within indi-
viduals, including day-to-day variabilities, in models that predict 
whole-body values from regional measurements8. Research using a 
wearable unit with high temporal resolution, such as the platform 
introduced here, could be a valuable component in future studies.

Our modular system can be integrated with various microflu-
idic technologies, as well as colorimetric chemical or enzymatic 
reagents, to provide accurate colorimetric estimates of chloride 
concentration, pH and biomarkers such as creatinine and glucose. 
Other options include microfluidic technologies for drug deliv-
ery44–46 or devices for the measurement of the pulse wave velocity 
of macrovascular and microvascular blood flow near the skin sur-
face47, with potential for continuous, non-invasive monitoring of 
blood pressure48. In particular, integration of thermal flow sensing 
platforms with drug delivery systems can also serve as a basis for 
control over the delivery process, through real-time measurements 
of release rate and exact dosages. Such technology could organize 
doses of medication by day and time, and assist caregivers and fam-
ily members in tracking a medication schedule.

Methods
Finite-element analysis. The FEA commercial software Fluent was used to 
study the thermal response of the device to thermal actuation. The analysis was 
three-dimensional and transient, accounting for heat transfer in the fluid and 
solid at the ambient temperature, 25 °C. The fluid in the passage was discretized 
by refined hexahedron elements to ensure computational accuracy, and the 
properties of water (specified in Fluent) used in the simulations were viscosity 
vF = 0.001 kg m−3 s−1, thermal conductivity kF = 0.6 W m−1 K−1 and thermal diffusivity 
αF = 0.14 mm2 s−1. The flow rate, which changes with time as in experiments, was 
specified at the inlet of the fluid passage. The initial temperature of the fluid was the 
same as the ambient temperature, 25 °C. As shown in Fig. 3c, the device, attached 
on the tissue surface, consisted of the PDMS passage, PDMS encapsulation, and 
electronics involving polyimide (PI) and copper. (The model did not include a 
Li-polymer battery because of its large distance from the actuator and sensors.) All 
solid components were discretized by tetrahedral elements. The relevant material 
properties were kp = 0.27 W m−1 K−1 and αp = 0.16 mm2 s−1 for the PDMS passage, 
kPI = 0.21 W m−1 K−1 and αPI = 0.11 mm2 s−1 for PI and kCu = 387 W m−1 K−1 and 
αCu = 113 mm2 s−1 for copper. A constant temperature of 32 °C was imposed on the 
bottom surface of the device in most studies, although 25 °C and 35 °C were also 
imposed to study the effect of this temperature.

Fabrication of the electronics. A thin, flexible film (AP8535R, Pyralux, DuPont) 
of copper/PI/copper (thicknesses of 18 μm, 75 μm and 18 μm) served as a substrate. 
An ultraviolet laser cutter (Protolaser U4, LPKF) ablated the copper to define 
conductive traces, bond pads and through-hole vias, resulting in a flexible printed 
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circuit board (fPCB). A silver conductive paint (cat. no. Z05001, SPI Supplies) 
created conductive plugs between the top and bottom patterned copper layers 
through the vias when heated at 90 °C using a heat gun (AOYUE Int866). Soldering 
paste (TS391LT, Chip Quik) was used to join the various surface-mounted 
components, including the BLE SoC (nRF52832, Nordic Semiconductor), antenna 
(2450AT18A100, Johanson Technology), amplifier (INA333, Texas Instruments), 
reference and heater resistors (each with a width of 0.3 mm, a length of 0.6 mm 
and a height of 0.25 mm; RMCF0201FT, Stackpole Electronics) and sensor 
components (NTC, NCP03XH, Murata), onto the fPCB by heating at 180 °C. Soft 
silicone materials including Silbione (RTV 4420, Bluestar Silicones) and PDMS 
(Sylgard 184, Dow Corning) were moulded and cured at 100 °C to form a robust 
encapsulating structure.

Fabrication of the flow sensing module. Fabrication of the moulds began with 
photolithographically defined patterns of photoresist (KMPR 1010, Microchem) 
formed by spin casting at 2,000 r.p.m. for 30 s on silicon wafers (thickness of 1 mm), 
followed by baking on a hot plate at 100 °C for 5 min, exposure to ultraviolet light at 
a dose of 600 mJ cm−2, post-exposure baking on a hot plate at 100 °C for 5 min and 
immersion in developer (AZ 917MIF, Integrated Micro Materials) for 7 min. Deep 
reactive ion etching (STS Pegasus ICP-DRIE, SPTS Technologies) formed relief 
structures in the silicon to depths of 125 ± 5 µm to define a flow sensing passage. 
A layer of polymethylmethacrylate (PMMA; 3,000 r.p.m. for 30 s, curing at 180 °C 
for 2 min on a hot plate) spin cast on these moulds facilitated release of the PDMS 
after casting and curing. Spin-casting PDMS (Sylgard 184, Dow Corning; mixing 
ratio of base to curing agent of 10:1) on the PMMA-coated mould at 200 r.p.m. for 
30 s, followed by degassing the sample under vacuum to remove the air bubbles, 
then baking on a hot plate at 150 °C for 5 min, produced a solid replica of the 
etched features. After release from the Si mould, a mechanical punch tool defined 
an inlet hole. For benchtop and body testing as shown in Figs. 2 and 4, spin-coating 
a layer of PDMS (10:1 mixing ratio) on PMMA-coated unpatterned silicon wafer 
at 1,000 r.p.m., followed by baking on a hot plate at 150 °C for 3 min, yielded an 
~70-μm-thick (ttop) flat capping layer. This capping layer was bonded to the passage 
structure using oxygen plasma treatment, to complete the fabrication. For on-body 
testing, a CO2 laser (Universal laser system) formed the outline of a medical-grade 
acrylate adhesive (1524; 3M; thickness of 60 μm). The adhesive was bonded to the 
bottom surface of the device after ultraviolet–ozone (UVO) treatment for 4 min to 
achieve water-tolerant adhesion.

Measurements of current consumed by the device. A Power Profiler Kit (PPK) 
board (NRF6707, Nordic Semiconductor) served as a current measurement 
tool for the device. The PPK supplied power to the device under test and used 
its ADC to measure a voltage drop across a series measurement resistor. The 
current consumed by the device is given by I = measured voltage drop (V)/
resistor value (Ω). Through an nRF52 development kit board (nRF52-DK, Nordic 
semiconductor), the PPK board was connected to a computer with the PPK 
application, which provided a real-time display of the current measurements. 
Measurements of the current consumed by the device allowed estimations of 
battery life. With use for 1 h per day with flow measurements every minute and 
a 20% duty cycle of heating (heat on for 12 s before each measurement), the 
replaceable battery (Li-polymer battery, GMB351223; 70 mAh) in Fig. 3d (bottom) 
has an expected lifetime of two weeks.

Flow sensing integration with a colorimetric microfluidic module. The process 
includes fabrication of (1) a capping layer with a short fluid passage and (2) μ-NETs 
(a serpentine channel and μ-RVs separated by CBVs). Spin-casting PDMS (10:1 
mixing ratio) on a microchannel (width × height of 500 µm × 125 µm) mould at 
400 r.p.m., followed by baking on a hot plate at 150 °C for 5 min, produced a solid 
replica of the etched features. After release from the Si mould, a mechanical punch 
tool (1 mm in diameter) defined an inlet for entry of sweat, which then flows 
through a passage and then to an outlet that couples to the inlet of the serpentine 
channel in the μ-NETs. Bonding a 70-µm-thick flat capping layer using oxygen 
plasma treatment completed the fabrication of the structure of the short fluid 
passage. A silicon wafer (thickness of 1 mm), patterned using the above-mentioned 
processes, served as a mould for the μ-NETs, with relief structures to depths of 
600 ± 5 µm. Spin-casting PDMS (10:1) mixed with white silicone dye (Reynolds 
Advanced Materials) at 3 wt% on the mould at 200 r.p.m., then baking on a hot plate 
at 150 °C for 3 min, allowed release of a microfluidic network layer. A mechanical 
punch tool was then used to define five inlet holes to couple to the skin (inlets a–e 
in Fig. 5a). After loading each colorimetric assay in each μ-RV, spin casting a tacky 
layer of PDMS (50:1 mixing ratio) at 1,000 r.p.m., then baking at 150 °C for 3 min, 
yielded a 75-μm-thick bonding layer between the capping layer with fluid passage 
and μ-NETs, in a manner aligned with the interconnect hole, through gentle contact 
at room temperature. A transparent polyester film with adhesive on the back side 
(THERMLfilm SELECT 10852, FLEXcon; thickness of 25 μm) was mounted on the 
top of the device with colour reference graphics for each assay. Finally, the adhesive 
was bonded to the bottom surface of the device after UVO treatment.

Heat distribution measurement and visualization. Images collected with an 
infrared camera (FLIR Systems, a6255sc) revealed the spatial distributions of 

surface temperature. A microfluidic module formed with PDMS mixed with a 
thermochromic pigment (temperature-activated thermochromic bi-colour powder 
pigment, Atlanta Chemical Engineering) that changes in colour from black to 
pink above 25 °C provided an additional means to visualize the temperature 
distribution.

Benchtop study. The experimental set-up and wireless electronics platform for 
measurements with flow rates of 0, 1, 2, 3 and 4 μl min−1 (set using a syringe 
pump, NE-300, New Era) are presented in Supplementary Fig. 1. The sensors and 
associated electronics were mounted on the top surface of a structure that defined 
a passage with inlet/outlet ports sealed to polyethylene (PE) tubing (A-M Systems, 
801300). A BLE SoC configured with analogue front-end circuits controlled 
power to the thermal actuator and transmitted the responses of the thermistors 
to a BLE-enabled smartphone, for real-time graphical display and storage of 
the time-dependent differences in temperature between upstream (THUP) and 
downstream (THDN) locations.

Colorimetric assay. For chloride measurements, the assay solution used 50 mg 
of silver chloranilate (MP Biomedicals) dispersed in 200 μl of 2% pHEMA 
(poly(2-hydroxyethyl methacrylate)). Spotting 2.5 μl of this solution into the 
μ-RVs, followed by drying in a vacuum chamber for 1 h, prepared the system 
for measurements. For pH measurements, a strip of commercial indicator paper 
(Whatman, 2614-991) served as the assay for pH measurement. The paper was cut 
with a razor blade into an octagonal shape to facilitate insertion into the μ-RVs. 
For glucose measurements, combining the glucose substrate mix and glucose 
assay buffer yielded the glucose substrate solution. Spotting 0.5 μl of this substrate 
solution onto μ-RVs and drying under vacuum in a desiccator for 1 h produced the 
glucose assay. Next, spotting 0.5 μl of enzyme mixed with deionized (DI) water at 
an adjacent location, followed by drying in a vacuum chamber for 1 h, completed 
the process (Glucose Colorimetric Assay Kit II, #K686, Biovision). For creatinine 
measurements, solutions of creatininase, creatinase and enzyme were thoroughly 
mixed in a 1:1:1 ratio to yield the assay. Spotting 1.25 μl of the solution into the 
μ-RV, followed by drying in a vacuum chamber for 1 h, then spotting 0.75 μl of the 
creatinine probe at an adjacent location, followed by drying in a vacuum chamber 
for 2 h, completed the process (Creatinine Assay Kit, Sigma-Aldrich).

Standard colour development and colour reference marker preparation. Mixing 
sodium chloride, d(+)-glucose and l(+)-lactic acid (Sigma-Aldrich) in DI water 
yielded standard test solutions. Mixing 0.2 M sodium phosphate and 0.1 M citric 
acid produced pH buffer solutions with pH ranging from 4.5 to 6.5 defined by a 
pocket ion-sensitive field-effect transistor pH meter (Model 24004, DeltaTrak). 
The colorimetric devices were placed on a hot plate set at ~32 °C to mimic skin/
body temperatures, to receive pipetted standard solutions into the μ-RVs for colour 
development. The reactions proceeded for 25 min for the chloride, creatinine and 
glucose assays and 5 min for the pH assay. A digital SLR camera (EOS 6D, Canon) 
captured images of the device. Corona treatment (Electro-Technic Products) of a 
polyester film for 30 s allowed efficient bonding prior to printing colour reference 
markers with a colour laser printer (Color image CLASS MF726Cdw, Canon) to 
match those determined using the methods described above. After attaching this 
printed polyester film on the device, a smartphone camera (iPhone 11, Apple) was 
used to take additional images.

Human-participant trials in practical scenarios. The experimental protocols 
for the on-body studies were approved by the Institutional Review Board 
of Northwestern University (STU00208494), and all participants provided 
their consent prior to test. Healthy adult volunteers (age 28–40 years, male 
healthy individuals) performed normal stationary cycling with no additional 
human-participant risk, following the provided study guidelines. Cleaning the 
relevant body locations with an alcohol swab enhanced adhesion by removing 
contaminants from the skin before device application. During cycling, a 
smartphone camera (iPhone 11, Apple) was used to take pictures of the  
devices for subsequent analysis of the digital images. Non-contact infrared  
(Fisher Scientific), digital (Fisher Scientific) and oral (BBT-113Ai, IProven) 
thermometers were used to manually measure the temperatures of the different 
body locations.

Digital image analysis for the evaluation of sweat concentrations. The 
PowerPoint Eyedropper tool defined RGB values from three random points in 
each μ-RV and the associated reference marker in the images. Mean normalized 
RGB values (R for chloride, G for pH and creatinine and B for glucose) from 
the references and from μ-RVs determined the range of a discrete set of known 
concentration points and the analyte concentration by linear interpolation 
(Supplementary Fig. 15), respectively.

In vitro microfluidic test and bursting pressure calculation. The bursting 
pressure (BP) of a CBV49 is given by

BP = −2σ

( cos θ∗

1
w +

cos θA
h

)
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where σ is the surface tension of the liquid, θA is the critical advancing contact angle 
of the fluid passage, θ∗

1 = min(θA + β, 180◦) and β is the diverging angle of the 
passage, and w and h are the width and height of the diverging section, respectively. 
The surface tension of water is 0.072 N m−1 at the ambient temperature, and the 
advancing contact angle of water on PDMS is 125° ± 2° (ref. 50).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Supporting data are available from the corresponding author upon reasonable 
request. Source data are provided with this paper.

Code availability
Custom-developed firmware for BLE SoCs and Android applications (user 
interfaces) for use on smartphones are available from the corresponding author 
upon reasonable request. All requests for source code will be reviewed by the 
corresponding author to verify whether the request is subject to any intellectual 
property or confidentiality obligations.
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