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ABSTRACT: Monitoring sweat rate is vital for estimating sweat
loss and accurately measuring biomarkers of interest. Although
various optical or electrical sensors have been developed to
monitor the sensible sweat rate, the quantification of the
insensible sweat rate that is directly related to body thermo-
regulation and skin barrier functions still remains a challenge.
This work introduces a superhydrophobic sweat sensor based
on a polyacrylate sodium/MXene composite sandwiched
between two superhydrophobic textile layers to continuously
measure sweat vapor from insensible sweat with high sensitivity
and rapid response. The superhydrophobic textile on a holey
thin substrate with reduced stiffness and excellent breathability
allows the permeation of sweat vapor, while preventing the
sensor from being affected by the external water droplets and internal sensible sweat. Integrating the insensible sweat sensor
with a flexible wireless communication and powering module further yields a standalone sensing system to continuously
monitor insensible sweat rates at different body locations for diverse application scenarios. Proof-of-concept demonstrations on
human subjects showcase the feasibility to continuously evaluate the body’s thermoregulation and skin barrier functions for the
assessment of thermal comfort, disease conditions, and nervous system activity. The results presented in this work also provide
a low-cost device platform to detect other health-relevant biomarkers in the sweat (vapor) as the next-generation sweat sensor
for smart healthcare and personalized medicine.
KEYWORDS: MXene-sodium polyacrylate composites, superhydrophobic insensible sweat sensor, humidity and moisture monitoring,
body thermoregulation, skin barrier functions

1. INTRODUCTION
Stable core temperature homeostasis is essential for regulating
metabolic rates and functions of the major organ systems.1 Key
in the thermoregulation process, sweating with a large specific
heat capacity can absorb and transfer body heat to the
surrounding environment2,3 by evaporative cooling4−6 when
the core body temperature exceeds the hyperthermic threshold.
Compared with the sensible (liquid) sweat from the sweat
glands during intensive activities/exercise, insensible (vapor)
sweat is secreted through the skin at a much smaller rate under
mild conditions (e.g., resting or low-intensity exercise).7,8

Although skin-interfaced microfluidic devices with colorimetric
or electrical components have been developed to detect sweat
rate and loss,9−11 they are limited to working with sensible sweat
only and are not suitable for the insensible sweat in a vapor
state.12,13 Besides informing on the body’s thermoregulation

status, the insensible sweat rate and loss can also help evaluate
the skin barrier functions and nervous system activity.14,15 The
skin barrier function prevents excessive water evaporation to
keep the skin hydrated.16−18 Affected by emotional stimuli from
the activities of sympathetic excitation,19 the insensible sweat
can also be used to reflect underlying health status (e.g., chronic
psychological stress, anxiety, or pain).20 Therefore, monitoring
of the insensible sweat is of high interest to evaluate skin health,
disease conditions (e.g., atopic dermatitis and wound healing),
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Figure 1. Design and application of the wearable insensible sweat sensing device to wirelessly monitor insensible sweat. (a) Schematic showing
the applications of the insensible sweat sensor to evaluate the skin-barrier function, human thermal comfort, and emotional/gustatory
stimulations. (b) Exploded view of the sensing component and (c) optical image of the integrated sensing device consisting of the ( I )  sensing
composite, (II) FPCB, and (III) battery. (d) System-level block diagram showing signal processing and wireless transmission to the user graphic
interface. (e) Schematic showing the real-time insensible sweat monitoring and analysis with a smartphone.

and emotional or gustatory stimulation (e.g., psychological
stress, anxiety, and pain).7

Monitoring of insensible sweat can be achieved using a
humidity sensor to measure the change in relative humidity
caused by insensible sweat evaporation. Representative
examples include a series of works that combine a closed
chamber with a commercial humidity sensor to detect the
moisture collected from the skin during a given period of
time.6,21−23 However, the need to separate the device from the
skin for ventilating the chamber after each test makes it
challenging for continuous monitoring. The bulky and stiff
equipment is also not suitable for long-term wearable use.24−26

To address these challenges, efforts have been devoted to
developing a flexible humidity sensor with open chambers.27−32

Representative examples include a honeycomb-like MoS
nanotube array on perforated Ecoflex,31 sputtered Au on PVA
nanomesh,27 and MXene/silver nanowires on a silk textile.33

However, these humidity sensors only measure skin humidity
(not accurate for insensible sweat assessment), and they are also
susceptible to sensible sweat and external water (droplets or
moisture) to cause irreversible changes in conductive materi-
als.34 On the other hand, insensible sweat sensing critically relies
on the design of humidity sensors to detect moisture with a fast
and large response. With high conductivity, good hydrophilicity,
and abundant surface terminal groups (e.g., −F and −OH),
MXene has been widely adopted as a humidity-sensing
material.35 Introducing water-sensitive polymers such as poly-
(diallyldimethylammonium chloride) (PDAC),36     chitosan-
quercetin,37 or bacterial cellulose38 between the MXene layers
further increases the sensitivity. However, the resulting sensor
still cannot provide a large response and long-term stability.
Therefore, it is highly desirable to develop high-performance

wearable insensible sweat sensors for continuous monitoring in
all weather conditions.

This work introduces a polyacrylate sodium (PAAS)/MXene
composite on a holey polyethylene terephthalate (PET)
substrate sandwiched between two superhydrophobic textile
layers to yield a holey insensible sweat sensor with high
sensitivity and excellent breathability (Figure 1a). The low-cost
PAAS introduced between the MXene layers could significantly
swell after absorbing moisture due to repulsion between
carboxylate anions (−COO−) ,  increasing the sensitivity to
moisture by 8 times. The holey design provides the sensor with
high water permeability (96.87 g/m2/h) and reduced stiffness
for eficient detection of the insensible sweat under bending and
twisting. Thanks to the superhydrophobic textile, the sensor
performance is not affected by inside sensible sweat or outside
water for use in all weather conditions. Integrated with a flexible
electronic circuit board for signal transduction, processing, and
transmission, the sensing device can wirelessly detect the
insensible sweat at different body parts in real time. The
capabilities of the resulting sensing device have been
demonstrated for the evaluation of thermoregulation and skin
barrier functions, emotional health assessment, disease diag-
nosis, and monitoring of emotional or gustatory stimulations.
Considering the rich molecular-level information from bio-
chemical markers (e.g., metabolites and electrolytes) in sweat,
the wireless sweat sensing platform also provides opportunities
for noninvasive, real-time monitoring of human sweat
biomarkers from insensible sweat.

2. RESULT AND DISCUSSION
2.1. Design of the Insensible Sweat Sensor. The

insensible sweat sensor features a superabsorbent PAAS/
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Figure 2. Structural and moisture-sensing characterizations of the MXene/PAAS composites. (a) SEM image of layered MXene nanosheets. (b)
AFM image of the MXene nanosheet. (c) XRD patterns of the MXene (deep red), MXene/PAAS composite (light red), and PET substrate
(blue). (d) SEM and (e) EDS image of the MXene/PAAS composite surface. (f) Normalized relative resistance changes of the MXene/PAAS
composites with the PAAS mass fraction of 0, 0.1, 0.2, and 0.4 wt % as a function of the increasing RH from 7% to 80%. (g) Schematic showing the
mechanism of the thickness changes in the MXene/PAAs composites film and (h) the measured thickness changes in the MXene and
MXene/PAAs composites films as the RH increases from 45% to 80%.

MXene composite on a holey PET substrate sandwiched
between two superhydrophobic textile layers. A child-friendly
thin-film graphical overlay on the top encapsulates the sensor for
minimized anxiety in pediatric patients,39 and a double-sided
medical adhesive on the bottom provides a robust interface to
the skin for effective collection of insensible sweat (Figure 1b).
Both the top graphical overlay and bottom adhesive layer are
designed with a vent opening to allow the escape of sweat vapor
and moisture from the skin to the environment (Figure S1).
When designed to be superhydrophobic and waterproof, the
porous breathable textile layers can prevent the insensible sweat
sensor from being affected by inside sensible sweat or outside
water. Connecting the insensible sweat sensor to a reusable
flexible printed circuit board (FPCB) further provides the sensor
with signal processing and wireless transmission (Figure 1c).
The FPCB (length of 2.5 cm and width of 3 cm) with the block
system-level diagram shown in Figure 1d and the circuit diagram
shown in Figure S2 remains functional even upon severe
deformations (Figure S3). The signals acquired through voltage
dividers and the analog-to-digital converter (ADC) are wire-
lessly transmitted to the user graphic interface via Wi-Fi. The
determined insensible sweat rate from various body parts at
different ambient temperatures evaluates the health conditions,
skin barrier functions, and the thermal comfort of the human
body (especially for infants or others with aphasia) (Figure 1e).

2.2. Characterization of MXene/PAAS Composites for
Moisture Sensing. The fabrication of the MXene/PAAS

composite hydration sensors starts with the drop-coating of the
aqueous solution of MXene/PAAS composite onto the
commercially available PET substrate with copper electrodes
connected on both ends (Figure S4). In brief, selectively etching
Al in the MAX matrix with a mixed solution of hydrochloric acid
and lithium fluoride results in MXene (or Ti C  T  )  nanosheets
with layered structures, as shown in the scanning electron
microscope (SEM) image (Figure 2a). The thickness is
determined to be ca. 1.5 nm from the atomic force microscope
(AFM) image (Figure 2b). The disappeared 104 peaks (�39°)
and the downshift of 002 peaks from 9.5° to 6.18° in the X-ray
diffraction (XRD) also confirm the successful synthesis of the
MXene with increased interplanar spacing due to the introduced
functional groups and water (Figure S5, a).40 The Tyndall effect
of the resulting aqueous solution of the MXene nanosheets in
water indicates a homogeneous dispersion (Figure S5, b). Next,
the PAAS powders dissolved in the Ti C  T  dispersion are
sprayed on the PET surface to form the composite with the
PAAS molecules tightly attached to the stacked Ti C  T  sheet,
as confirmed by the SEM and corresponding EDS mapping
(Figure 2d,e). The resulting dispersion shows long-term stability
without precipitation after a month (Figure S6). The further
shifted 002 peaks of MXene−PAAS composites from 6.18° to
5.67° confirm the successful insertion of PAAS molecules
between the MXene layers as described in ref 41. The numerous
functional groups in the PAAS evenly distributed on the MXene
nanosheets enhance the adsorption of water molecules,42
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Figure 3. Performance evaluation of the humidity sensor. (a) Dynamic response and recovery curves of the sensor as the RH progressively
increases from 7% to 80% and returns. (b) Calibration curve of the humidity sensor. (c) Stability testing of the humidity sensor at the RH of
30%, 50%, and 70%. (d) Response and recovery times of the humidity sensor as the RH switches between 7% and 70%. (e) Performance
comparison in the response/recovery time and sensitivity between the humidity sensor from this study and others previously reported in the
literature. (f) Response curves of the humidity sensor at different bending states under 60% RH. (g) Cyclic reliability test of the humidity sensor
between the an RH of 7% and 80% over 1000 cycles. (h) Selectivity of the humidity sensor over various polar volatile organic compounds (7%
RH).

resulting in significantly enhanced responses to changes in the
relative humidity (RH) from 7% to 80% (Figure 2f). As the mass
fraction of the PAAS increases in the composite (from 0 to 0.4 wt
%), the normalized relative resistance change (ΔR/R )  of the
humidity sensor first increases and then decreases, with a peak
response at 0.2 wt %. The declined performance at higher mass
fractions results from the larger interlayer spaces and fewer
conductive pathways between MXene layers for excessive
molecules. As a result, the composite with the optimum 0.2 wt
% PAAS exhibits a much larger thickness change of 9.2% than
that of 2.4% from the MXene sheets alone, for the increased RH
from 45% to 80% (Figure 2g,h). Therefore, the composite with
0.2 wt % PAAS is selected in the following investigations unless
specified otherwise.

2.3. Nonholey and Holey Designs of the Insensible
Sweat Sensor. The current−voltage characteristics of the
composite on the nonholey PET in varying RH values exhibit
Ohm’s behavior, and the slope decreases with the increasing RH
due to increased resistance (Figure S7). The progressively
increased and then decreased RH from 7% to 80% characterizes
the adsorption and desorption process of water molecules in the
composite (Figure 3a). The almost symmetric shape in the
response curve and full recovery to its initial value demonstrate
reversibility and little hysteresis of the humidity sensor (Figure
S8). As the RH increases, the sensitivity (or the slope in the ΔR/

R vs RH curve) is initially small but is followed by a rapid
increase to achieve 33.06 in the RH range of 60% to 80% (Figure
3b). The exponential dependence of the sensor response ΔR/R
on the RH further yields a linear fit: log(ΔR/R ) = 0.023 × RH +
1.22, with a coeficient of determination of 0.994. The response
of the composite at different RH values (30%, 50%, and 70%)
exhibits high repeatability over five cycles (Figure 3c). The
response and recovery of the composite are also rapid, with a
response/recovery time of 2.2 s/1.05 s as the RH switches from
7% to 70% (Figure 3d). The composite with ultrahigh sensitivity
and rapid response/recovery to accurately and rapidly detect
humidity changes compares favorably to those reported in the
previous literature (Figure 3e and Table S1).36−38,43−58

Moreover, the use of the thin PET substrate with the composite
allows it to bend over hundreds of cycles (Figure S9)  with
negligible response changes. As a result, the sensor in four
different bending states (i.e., flat or with a radius of R = 10, 7.5, or
5 mm) can still accurately detect the humidity changes (Figure
3f). The long-term stability and durability of the sensor are also
confirmed as the RH is cycled between 7% and 80% (Figure 3g).
As the elevated temperature lowers the adsorption energy to
decrease the amount of adsorbed water molecules, the sensor
response is reduced as the temperature increases from 19 to 45
°C (Figure S10). However, the temperature variation at the skin
surface is small and usually within 37−40 °C, so the change in
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Figure 4. Performance characterizations of the nonholey and holey insensible sweat sensors. (a) Schematic showing the commonly used
insensible sweat detection strategies (i.e., open and closed chamber) and the corresponding diffusion process of water molecules from the
simulation. (b) Normalized relative resistance changes of holey and nonholey insensible sweat sensors at different temperature-induced water
evaporation rates. Comparisons of (c) bending and (d) twisting stiffnesses between holey and nonholey device designs, with the deformed
geometries and stress distributions in the PET substrate from the simulation shown in the insets. (e) Normalized relative resistance changes of
holey and nonholey sensors during the repeated bending for a bending radius of 10 mm. (f) Schematic showing the artificial skin based on the
wet-cup method. (g) Calibration curve of the holey insensible sweat sensor for the sweat rate from 9.64 to 309.01 g/m2/h. (h) The time-
dependent response from the sensor for stepwise increased and decreased sweat rates (18.902, 55.272, and 104.806 g/m2/h).

sensing performance from the temperature is negligible
compared to the changes caused by the RH. Furthermore, the
excellent selectivity of the sensor is confirmed by its significantly
higher response to water molecules (80% RH) over a wide range
of other interfering polar volatile organic compounds, including
ethanol, acetone, ethyl acetate, and hexamethylene (7% RH)
(Figure 3h).

The use of nonholey PET toward a closed-chamber design is
challenging for continuous long-term insensible sweat monitor-
ing due to quick saturation.7 In contrast, the holey PET substrate
prepared by CO laser cutting (Figure S11)  allows moisture
exchange with the environment to create a relatively steady
concentration gradient of water molecules for long-term
monitoring (Figure 4a). In the simulated sweat vapor experi-
ment with evaporation rate controlled by the temperature (30,
35, and 40 °C), the nonholey insensible sweat sensor shows a
large and rapid increase, but it quickly saturates and cannot
distinguish the different water evaporation rates (Figure 4b). In
contrast, the holey insensible sweat sensor exhibits a response
that clearly depends on the evaporation rate. The holey design
also reduces the effective bending stiffness by 60.15% (from 12.8
to 5.1 N mm/rad, Figure 4c) and twisting stiffness by 31.11%
(from 13.5 to 9.3 N mm/rad, Figure 4d), improving the level of

comfort and reducing mechanically induced skin irritation.59

Compared with the nonholey one, the holey design shows
reduced resistance change affected by mechanical deformation
such as bending (e.g., 1.2% vs 2% for a bending radius of 10 mm)
(Figure 4e). An artificial skin (beaker with water covered with a
semipermeable membrane and placed on the hot plate) was used
to simulate the skin sweating process based on the wet-cup
method (Figure 4f). By changing the water temperature and
thickness of the semipermeable membrane, the artificial skin can
mimic the insensible sweat at a rate (r) from 9.64 to 309.01 g/
m2/h. The change in the normalized relative resistance of the
holey insensible sweat sensor increases linearly with the
increasing insensible sweat rate according to ΔR/R = 6.46r
(Figure 4g). The stable and reversible change in the sensor
response with the initially increased and then decreased
sweating rate also highlights the excellent dynamic sensing
performance (Figure 4h), with small variations from the fan
cooling process.

2.4. Superhydrophobic Fabric Encapsulation for
Waterproof and Breathable Performance. To avoid
performance degradation in hydrated environments such as
inside sensible sweat or outside water, the insensible sweat
sensor is encapsulated by the superhydrophobic fabric (Figure
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Figure 5. Waterproof and breathable insensible sweat sensors. (a) Schematic showing the sensing composite sandwiched between two
superhydrophobic fabric layers. (b) SEM image of the superhydrophobic fabric. (c) Comparison of the evaporation rate between the open vial
and holey insensible sweat sensor encapsulated with superhydrophobic fabric. (d) Liquids with different surface tensions (i.e., water, sweat, tea,
cola, milk, and juice) on the superhydrophobic fabric, with the contact angle (CA) labeled (scale bar: 2 cm). (e) Cleaning of solid particles on the
superhydrophobic fabric placed at an inclined angle with water droplets (scale bar: 1 cm). (f) The change in the CA of the water droplet on the
superhydrophobic fabric as a function of tape-peeling, bending, and twisting cycles. Resistance responses of the hydration sensor with or
without superhydrophobic fabric encapsulation during (g) water dropping and (h) human sweating. (i) Effect of washing cycles on the sensor
response.

5a). The dip-coated silica (SiO )  nanoparticles on the surface of
the fabric provide micro/nanostructures with low surface
energy, and further modification with poly(dimethylsiloxane)
(PDMS) over SiO increases the stability (Figure S12). The
SiO and PDMS coatings do not change the porous structure of
the fabric (Figure 5b and Figure S13), and the super-
hydrophobic fabric still exhibits excellent breathability of
106.6 g/m2/h (80% of 145.27 g/m2/h from the completely
open structure) (Figure 5c). After the integration of the
superhydrophobic fabric with the holey sensor, the permeability
of 96.87 g/m2/h is still much higher than the maximum
insensible sweat rate of 90 g/m2/h.7,60 A large contact angle
(CA) is observed for various liquids (e.g., water, cola, juice, milk,
tea, coffee, and sweat) on the superhydrophobic fabric, with a
slightly smaller value for sweat due to the skin lipids in it (Figure
5d). The blue-dyed water droplets easily roll off the super-
hydrophobic fabric, so the solid particles can be eficiently
removed by water for self-cleaning (Figure 5e). Because of the
increased stability of the micro/nanostructures and robust
hydrophobicity under mechanical deformation from the PDMS
coating,61,62 the fabric maintains a stable CA of >150° during
repeated tape-peeling, squeezing, and twisting for 50 times
(Figure 5f). The sensible sweat or water droplets not only easily

wet the hydrophilic fabric but also penetrate into the functional
layer to rapidly and irreversibly increase the resistance of the
sensor (Figure 5g,h, blue). In contrast, the sensor with the
superhydrophobic fabric encapsulation exhibits only a negligibly
small relative resistance change after washing with water
droplets from the outside (Figure 5g, red). Furthermore, the
drastically reduced penetration of sensible sweat only leads to a
small but reversible increase in the resistance response, which
easily allows the sweat to completely evaporate for avoiding
irreversible damage (Figure 5h, red). The superhydrophobic
sensor is also not affected by washing cycles (Figure 5i),
demonstrating robust performance in various hydrated environ-
ments.

2.5. Evaluation of Body Thermoregulation and Skin
Barrier Functions. Connecting the breathable, superhydro-
phobic sweat sensor with a flexible wireless communication and
powering module yields an integrated device with a small
footprint to detect the insensible sweat from various human
body parts (e.g., arm, forehead, and palms) (Figure 6a).
Although differences exist among the three tested human
subjects (Figure 6b), the insensible sweat rate from the arm
(6.62, 8.84, 15.32 g/m2/h) is much smaller than those from the
forehead (38.36, 33.98, 29.81 g/m2/h) or palms (67.71, 72.16,
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Figure 6. Integrated sweat sensing device system for real-time monitoring of insensible sweat. (a) Photographs showing the placement of the
integrated device on different body parts for insensible sweat monitoring. (b) Comparison of the insensible sweat rate at different human body
parts (arm, forehead, and palms) from three individuals, validated by a portable commercial moisture meter (hollow points). (c) Comparison of
the insensible sweat rate at different Achilles tendon wound healing states (day 0, day 10, and normal skin). (d) Use of the insensible sweat rate
from the lower leg to evaluate the effect of moisturizer on a participant diagnosed with AD. (e) Changes in the insensible sweat rates from the
arm and palm after drinking hot water or eating peppers. (f) Continuous monitoring of insensible sweat rate from the forehead with different
walking intensities. (g) Continuous monitoring of insensible sweat rate from the forehead and heart rate with different thermal states caused by
variations in the ambient temperature. (h) Schematic showing the potential of the sensor for evaluating the thermal comfort of babies or
patients with aphasia.

68.41 g/m2/h). The results validated by the portable
commercial moisture meter (gpskin Barrier, GPower Inc.,
Korea) are consistent with the previous reports.63−65 Due to
excellent breathability, the integrated device on the arm,
forehead, and palm does not induce localized profuse sweating
at 0, 30, and 60 min, as evidenced by the negligibly small
difference in the insensible sweat changes between the places
with and without the device (Figure S14). As skin acts as a
protective barrier to effectively reduce water evaporation, the
detection of the insensible sweat rate can be used to evaluate the
integrity of skin barrier functions. For instance, mounting the
integrated device on a wound in the Achilles tendon monitors

the recovery of skin barrier functions (Figure 6c). Although the
MXene and SiO nanomaterials has been widely used for rapid
hemostasis in wound healing,66,67     there is still a lack of
systematic analysis and evaluation of the long-term biosafety.
In this study, SiO2 and MXene fully encapsulated by the
biocompatible PDMS layer are not directly applied on the skin
surface (but through a double-sided medical tape), so the
toxicity of the materials is of less concern. As the wound heals,
the insensible sweat rate gradually decreases from 106.18 g/m2/
h to 45.77 g/m2/h on day 10 and 22.01 g/m2/h after complete
wound healing on day 60. The integrated device mounted onto
the calf can identify skin diseases such as atopic dermatitis (AD)

5594                                                                                   https://doi.org/10.1021/acsnano.2c11267
ACS Nano 2023, 17, 5588−5599

www.acsnano.org?ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c11267/suppl_file/nn2c11267_si_001.pdf
https://doi.org/10.1021/acsnano.2c11267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3 2 x
3     2     x

3 2

3 2

3     2     x

3     2     x

3     2     x

3     2     x

3     2     x

w

2

2

ACS Nano www.acsnano.org                                                                                                         Article

with a higher insensible sweat rate (47.18 g/m2/h) over the
nonlesion sites (19.56 g/m2/h) (Figure 6d), which is consistent
with the clinical symptoms of the lesions.68 The insensible sweat
sensor can also evaluate the treatment response of a moisturizer
that brings the insensible sweat rate down to 25.31 g/m2/h with
Vaseline.

The changes in the insensible sweat rate can also reflect the
body’s thermoregulation. When drinking water at a temperature
of 55 °C, the thermoreceptors in the oral cavity sense the
increased temperature to start thermoregulatory functions.69 As
a result, the insensible sweat rate increases from 14.5 to 98 g/
m2/h and soon recovers to its initial level (Figure 6e, top). As the
capsaicin in the chili pepper can activate the thermoreceptors in
the oral cavity to result in significant thermoregulatory
function,70 eating spicy chili induces gustatory sweating to
increase the sweat rate from 79 (insensible) to 286 g/m2/h
(sensible), followed by a return to the baseline after 20 min
(Figure 6e, bottom). The body’s thermoregulation also regulates
metabolic heat generated from brain activities,71 implying the
potential to monitor psychological activities with an insensible
sweat rate. The simulated brain activities from watching and
discussing funny videos are captured by the increased palm
sweat rate from 71.11 (at rest) to 90.75 (during watching) and
then to 71.23 g/m2/h (at rest) (Figure S15 and Movie S1).
Different from intense exercise to cause a high sensible sweat
rate, mild/low exercise (e.g., walking or jogging) results in a low
insensible sweat rate, which is dificult to measure with
previously reported sweat sensors. However, our integrated
device can continuously track the insensible sweat rate from
human subjects engaging in a range of walking intensities,
including slow walking, medium-fast walking, fast walking, and
fast walking with a load of 2 and 5 kg (Figure 6f). The insensible
sweat rate progressively increases from 26.94 to 85.81 g/m2/h as
the walking intensity increases from slow walking to fast walking
with a load of 5 kg. The continuously measured insensible sweat
rate also allows the accurate calculation of the sweat loss over
time (the area under the curve) to help evaluate the current
hydration status.

The thermal comfort of the occupants in built environments
can also be conveniently evaluated by the insensible sweat
sensor. By switching the thermal state from cold (16 °C) to hot
(32 °C) with steps of 4 °C in the environment temperature, the
integrated device placed on the forehead shows a gradually
increased insensible sweat rate: 8.43, 12.31, 24.31, 36.65, and
62.37 g/m2/h (Figure 6g). The insensible sweat rate also returns
to the initial value after switching the thermal state back to the
cold, demonstrating the reversibility of the device. The
measured insensible sweat rate from the palm also shows a
gradual increase: 22.65, 31.48, 45.69, 69.15, and 96.51 g/m2/h
(Figure S16), showing a similar trend to that from the forehead
(Figure S17)  to reveal the body thermoregulation. The direct
measurement of thermal status from the insensible sweat rate
demonstrates the high potential of the integrated devices to
evaluate the thermal comfort of babies or patients with aphasia
(Figure 6h). The integrated sweat sensing system may also be
combined with the other electrochemical sensors to provide
potential application opportunities in the noninvasive detection
of biomarkers from insensible sweat.

3. CONCLUSION
In summary, this work reports the skin-interfaced sweat sensing
device to continuously and wirelessly measure insensible sweat
loss for evaluating the body thermoregulation and skin barrier

functions in all weather conditions (Table 1). The super-
absorbent PAAS/MXene composite exhibits significantly
enhanced sensitivity and rapid response, whereas the waterproof
and breathable superhydrophobic textile encapsulation layers
effectively prevent the sensor performance from being affected
by external hydrated environments such as sensible sweat or
washing. With a flexible wireless transmission and powering
module, the integrated device can be conveniently attached to
various body parts of freely moving human subjects to
continuously detect insensible sweat. The proof-of-concept
demonstrations include the evaluation of skin barrier functions,
psychological activities via the body’s thermoregulation, and
thermal comfort. The results from this work could also be
combined with other electrochemical sensors to result in the
next-generation sweat monitoring device for detecting bio-
markers from insensible sweat in the future.

4. EXPERIMENTAL SECTION
4.1. Synthesis of Ti C T MXene Nanosheets and MXene/

PAAS Dispersions. Ti C  T  (MXene) nanosheets were synthesized
by selectively etching the Al phase from the MAX (Ti AlC )  phase (11
Technology Co., Ltd.) with LiF/HCl as previously reported.40 In a
typical procedure, 3.2 g of LiF (Aladdin) was slowly dissolved in 40 mL
of 9 M HCl (Aladdin) in a Teflon container under magnetic stirring for
ca. 1 h to ensure the complete dissolution of LiF. Next, 2 g of Ti AlC
powder was slowly added to the LiF/HCl etching solution (within 5
min), and the mixture was allowed to react at 35 °C under magnetic
stirring for 24 h to form a stable suspension. The resulting Ti C  T
suspension was repeatedly washed with deionized water and
centrifuged at 3500 rpm for 5 min until the supernatant exhibited a
dark green color with a pH greater than 5. The swollen black Ti C  T
slurry was redissolved by adding 40 mL of deionized water to the entire
sediment. After centrifugation at 3500 rpm for 2 min, the dark
concentrated supernatant of Ti C  T  nanosheets was collected. Further
delamination of Ti C  T  was performed by sonication followed by
centrifugation at 3500 rpm for 1 h, resulting in a homogeneous
supernatant containing delaminated T i C  T      nanosheets. The
concentration of the resulting colloidal MXene solution was
determined by filtering a known volume of the solution through a
polypropylene filter (0.22 μm, Celgard 3501 coated PP) and measuring
the weight of the resulting free-standing film after vacuum drying.
Further dilution of the resulting colloidal MXene solution gave an
MXene solution of 2 mg mL−1. Finally, the MXene/PAAS dispersions
with different mass fractions of PAAS (Aladdin, average M = 3 × 106 to 7
×  106) were obtained by mixing the diluted MXene solution (10 mL,
2 mg mL−1) with PAAS powders (0 mg, 10 mg, 20 mg, 40 mg) under
magnetic stirring for 1 h (marked as 0, 0.1, 0.2, and 0.4 wt %,
respectively).

4.2. Preparation of the MXene/PAAS Humidity Sensor. The
MXene/PAAS humidity sensor was designed with a holey PET
substrate, silver electrodes, and an MXene/PAAS composite film. PET
substrates were patterned with designed holes by laser cutting
(commercial ultraviolet laser with a power of 60 W, beam diameter of
10 μm, and cutting speed of 700 mm/s). Silver electrodes were
fabricated on the holey PET substrate by screen printing and baking in
an oven at 80 °C for 1 h. Next, the holey PET substrate was treated with
air plasma (high power level for 3 min) to give a hydrophilic surface.
The MXene/PAAS solution was then drop-cast on the PET substrate to
form a moisture-sensing layer, with the thickness controlled by the drop
volume. Finally, the copper wires were attached on two ends of the
electrodes using silver paint (CD-03, Kaixiang Electronic Co., Ltd.) for
connection to the data acquisition device.

4.3. Preparation of the Superhydrophobic Fabric. The
superhydrophobic fabric was fabricated by a two-step dip-coating
process in a hydrophobic SiO nanoparticle solution and a PDMS
solution. Then 2.4 g of hydrophobic SiO nanoparticles (R202, Evonik
Industries Co. Ltd., Germany) were ultrasonically dispersed in 100 mL
of ethanol for 1 h for homogeneous mixing to yield a hydrophobic SiO2
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nanoparticle solution. To prepare the PDMS solution, 0.1 g of PDMS
prepolymer (Sylgard 184A) and 0.01 g of curing agent (Sylgard 184B)
were added to 100 mL of n-hexane followed by ultrasonication for 15
min. In the first dip-coating process, the cleaned fabric (2 cm ×  2 cm)
was dipped into the hydrophobic SiO nanoparticle solution for 10 min,
followed by drying at room temperature. Next, the dried fabric was
immersed into the PDMS solution for 120 s, and curing at 80 °C for 5 h
yielded the superhydrophobic fabric.

4.4. Integration of Insensible Sweat Sensors. The MXene/
PAAS humidity sensor was first encapsulated between two pieces of
superhydrophobic fabrics, and superhydrophobic treated wires were
used for the connection. The cartoon image in the child-friendly thin-
film graphical overlay was fabricated by a laser printer (HP color laser
150nw) on a commercial PET-based tape. The double-sided medical
adhesive (1524, 3M) and graphical overlay were provided with a vent
opening by laser cutting. Next, these components were stacked in
sequence (from bottom to top: adhesive layer, superhydrophobic fabric
encapsulated humidity sensor, and child-friendly thin-film graphical
overlay) and pressed to obtain the integrated insensible sweat sensor.

4.5. Finite Element Analysis of the Sweat Diffusion Process.
Finite element analysis of the sweat diffusion in a closed and open
chamber was performed using the transport of a diluted species module
in commercially available software (COMSOL Multiphysics 5.6,
COMSOL, Sweden). A 2D model of the chamber with a width of 15
mm and thickness of 10 mm was created with holes (normalized length
l/a = 1/2) on the top to simulate the holey design. The sweat diffusion
process follows Fick’s second law: ∂c/∂t = D�2c, where c is the
concentration and D is the diffusion coeficient (1 ×  10−4 m2/s in this
case). For the closed chamber, the concentration of sweat was assumed
to be a constant of 3 ×  10−8 mol/m3 at the bottom with zero flux at the
other boundaries. For the open chamber, the concentration was set as
5.9 × 10−9 mol/m3 on the top hole, with the others to be the same as the
closed-chamber design.

4.6. Mechanical Analysis of the Holey and Nonholey PET
Substrates. The mechanical properties of holey and nonholey PET
substrates subjected to bending and twisting were simulated in
COMSOL. The periodic holes with a spacing of 2 mm and a width of
1 mm were created in the holey PET substrate with a size of 14 mm ×  14
mm and a thickness of 0.05 mm. After setting a pair of edges free, the
same torsion (or bending) angle from 0 to 40° was applied to the other
pair of edges to compare the moment between the holey and nonholey
PET substrates. The Young’s modulus (E) of the PET substrate was E

= 4 GPa.
4.7. Characterizations. The sample morphology was analyzed by a

field emission scanning electron microscope (SU5000, Hitachi, Japan)
at an accelerating voltage of 25 kV. Energy-dispersive X-ray spectros-
copy (EDX) and mapping were also acquired with the same equipment.
XRD curves were recorded on an X’Pert PRO XRD using Cu Kα
radiation and a scanning speed of 5°/min. The contact angles of the
samples were measured using a model 250 (p/n 250-F1) optical
contact-angle goniometer (Rame-hart, USA) at ambient temperature.
The average CA was obtained from measurements at more than five
different positions on the same sample. The electrical characteristics of
the strain sensor were measured using a digital source meter (2400,
Keithley Instruments, Inc., Cleveland, OH, USA). The thickness
changes of the Ti C  T  film and Ti C  T  /PAAS composite film in
different humidity environments were characterized by Profilm 3D
(America, Filmetrics). Humidity-sensing characteristics were tested in a
closed bottle with varying chamber humidity levels at a constant
temperature of 25 °C. Different humidity levels were obtained by
controlling the sulfuric acid concentration, with the actual humidity
value measured by a commercial humidity sensor (Testo, 605-H1).

4.8. Human Experiment. The insensible sweat rate from various
human body parts was measured in a controlled environment with an
RH level of 30−40% and temperature of 28 °C unless otherwise
specified. The area of measurement was ca. 3.14 cm2 (the size of the
vent opening on the bottom adhesive layer). The measurement location
was washed with soap and dried, followed by sitting still for 30 min
before testing. Readings taken in triplicate from the portable
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commercial moisture meter (gpskin Barrier, GPower Inc., Korea) on
the same site served as a metric for comparison and validation.
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