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A B S T R A C T   

Wearable mechanical sensors are susceptible to moisture, causing inaccuracy for monitoring human health and 
body motions. Although the superhydrophobic barrier on the sensor surface has been extensively explored as a 
passive water repel strategy, the dense superhydrophobic surface often has limited flexibility and inevitably 
degradates in high humidity or saturated water vapor environments due to the nucleation and growth of small 
size water molecules. This work reports a superhydrophobic MXene-sodium alginate sponge (SMSS) pressure 
sensor with efficient low-voltage Joule heating to provide sustained superhydrophobicity for moisture-resistant 
sensing. The superhydrophobic surface on the outside can repel large size water droplets, whereas the Joule 
heating efficiently removes small size water droplets and significantly reduces water molecule adsorption 
throughout the sponge. Because of the sustained superhydrophobic barrier and high porosity in the sponge, the 
SMSS pressure sensor with high sensitivity, large sensing range, and quick response can accurately and reliably 
function and monitor varying biophysical signals even in extreme use scenarios with high humidity or water 
vapor environments.   

1. Introduction 

Among various wearable devices to detect human motions and 
health status, the piezoresistive pressure sensors that can transduce 
mechanical excitation into readable electrical signals are widely 
explored due to their simple structure and low-cost fabricate process 
[1–3]. The higher-performance piezoresistive pressure sensors often rely 
on the exploration of microstructures (e.g., porous or hollow [4,5], 
micro-pyramidal [6,7], or interlocked microstructure [8,9]) and/or 
functional materials (e.g., graphene [10], MXene [11,12], carbon 
nanotubes [13,14], metal nanostructures [15], carbon black [16], and 
conducting polymers [17]). MXene is a promising candidate for 
advanced pressure sensors due to its 2D structure, high electrical con
ductivity, hydrophilic surface, and ease of processing, and thus can be 
utilized in the strain sensor, humidity sensor, fire warning sensor et al 
[18–21]. However, the hydrophilic surface is susceptible to moisture 
and hampers electron transport, resulting in increased electrical resis
tance [22,23]. The moisture can come from both the human body (e.g., 

sweat [24], transepidermal water loss, breath, and wound drainage) and 
the external environment (e.g., rain droplets and fog vapor). 

In order to avoid electronic sensing interference and maintain 
desirable service life, superhydrophobic modification has been proposed 
to minimize the water interference for the wearable sensor [25–29]. As 
few contact area exists between the water droplets and super
hydrophobic surface, it is difficult for water molecules to permeate into 
the conductive layer of the sensor [21,30]. Many works exsit for 
superhydrophobic MXene, MXene/alginate composites, MXene with 
Joule heating, and MXene for human activities monitoring. These stra
tegies can insulate the sensing materials from water molecules in humid 
environments [31–33]. For example, the octadecyl isocyanate modified 
TiO2 nanoparticle coating with a nanosized porous structure deposited 
on the hydrophilic PEDOT: PSS conductive layer can prevent the water 
molecules penetration and humid interference [33]. Moreover, the 
combination of hemisphere arrays and CNT constructs a surface hier
archical micro-/nano- structure to inhibit the water vapor condensation 
inside the conductive networks [32]. Although these strategies can 
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isolate the conductive materials from the humid environments to 
partially provide humid-insensitivity under the static state (i.e., without 
pressure cycles), their dynamic sensing performance (critical for prac
tical applications) under high humidity is seldom reported. It is worth 
noting that the dynamic pressure cycles often cause deformation and 
cracking in the superhydrophobic coating to result in performance 
degradation. Because of the crack generation [34] and water molecules 
condensation [35], the dense superhydrophobic surface is difficult to 
ensure a stable isolation effect during dynamic deformation under high 
humidity conditions. In fact, another recent report indicates that the 
superhydrophobic collagen-based pressure sensor (in 82 % RH and 50 
℃) shows a much higher relative resistance change [36]. Moreover, the 
degenerated superhydrophobic surface is no longer waterproof and 
easily wetted in the external high humidity environments to result in 
further performance degradation. This phenomenon has often been 
ignored in superhydrophobic wearable sensors [37]. Therefore, an 
effective strategy to prevent the nucleation and condensation of water 
molecules on the sensor surface is highly desirable to provide sustained 
superhydrophobicity for moisture-insensitive sensing, especially in high 
humidity and saturated water vapor conditions. 

Common condensation-resistant superhydrophobic surfaces have 
been demonstrated (e.g. nanotexturing through droplet coalescence, 
scaling the texture to prevent filling, and minimizing the adhesion force) 
[32,38,39]. However, all of these approaches fail to prevent the initial 
nucleation of water molecules that are smaller than the microstructures 
of the superhydrophobic surface [40]. Joule heating that converts the 
electrical energy into thermal energy has been widely used in many 
applications, including thermotherapy [23], strain monitoring [41], 
thermal alarming [42], and thermal management [43]. By the high 
temperature-driven water evaporation, the Joule heating effect would 
be a promising strategy to avoid moisture interference caused by ab
sorption of water molecules for sustained superhydrophobicity and 
stable sensing. Though the porous structure of the sponge can provide 
lightweight and high-performance sensors, the high surface area would 
cause easier water accumulation compared to the sensors without 
porous structure, creating faster and more severe degradation in 
superhydrophobicity and resulting sensor performance [44]. Therefore, 
it is highly desirable to develop strategies to achieve the sustained 
superhydrophobicity and robust sensing during the static and dynamic 
processes. 

To address these challenges, this work reports a superhydrophobic 
MXene-sodium alginate sponge (SMSS) with excellent Joule heating to 
provide sustained superhydrophobicity and reliable sensing perfor
mance in a humid environment even upon large mechanical deforma
tion. The nearly unchanged contact angle in saturated water vapor for 
20 min supports the stability of the superhydrophobic surface for sus
tained superhydrophobicity. The sensing performance variation of our 
SMSS pressure sensor with Joule heating improves ~ 9.4 times (4.3% vs. 
40.4 % of without heating) in 70% relative humidity (RH) and ~ 23.7 
times (8.96% vs. 212.37% of without heating) in saturated water vapor 
under more than 85 dynamic pressure cycles. Meanwhile, the stability of 
the superhydrophobic layer is also improved in saturated water vapor 
conditions by Joule heating (20 min without obvious change of contact 
angle) to provide sustained waterproof property. As a result, the SMSS 
pressure sensors with high sensitivity and large sensing range as well as 
moisture-resistant performance can reliably detect various human mo
tions in all-weather conditions. The design and demonstration of our 
SMSS sensor provide a versatile platform to enable sustained super
hydrophobicity and robust sensing performance for the next-generation 
stretchable epidermal sensors to be used in highly humid or water vapor 
conditions. 

2. Results and discussions 

2.1. Fabrication process of the SMSS 

The fabrication process of the SMSS starts with the dip-coating of 
MXene-SA, followed by spray-coating of the hydrophobic fumed silica 
(Hf-SiO2) nanoparticles (Fig. 1a). In brief, the Ti3C2Tx nanosheets were 
first prepared by selectively etching the Al element from the Ti3AlC2 
MAX phase using lithium fluoride/hydrochloric acid (LiF/HCl) solution, 
as confirmed by the disappeared 104 peaks (~39◦) in the Ti3C2Tx MXene 
(Fig. S1 a). The X-ray diffraction (XRD) also shows the downshift of the 
002 peak from 9.52◦ to 6.06◦ after etching, due to the expanded inter
planar spacing between the MXene sheets from the introduced func
tional groups and water. The very thin MXene nanosheets are also 
observed in the cross-sectional scanning electron microscope (SEM) and 
the atomic force microscope (AFM) image (Fig. S1 b,c), which is 
consistent with previous reports [45]. The resulting MXene film shows 
excellent flexibility and the strong Tyndall effect from the as-prepared 
MXene nanosheets suspension indicates good uniformity and stability 
(Fig. S1 d). Next, the sodium alginate (SA) powders were added drop
wise into the MXene suspension under continuous stirring to produce a 
homogeneous MXene-SA suspension, exhibiting long-term stability 
without precipitation after a month (Fig. S2). The immersion of the 
commercial melamine–formaldehyde (MF) sponges cut into 1.5 × 1.5 ×
1.5 cm3 cubes in the MXene-SA suspension was followed by drying in 
vacuum degassing to ensure robust adhesion. This dipping-and-drying 
process was repeated four times to increase the thickness in the coated 
MXene-SA for enhanced conductivity by two orders of magnitude 
(Fig. S3 a). The comparison in the SEM images before (Fig. 1c, top) and 
after the coating with MXene-SA composites (Fig. 1d, top) shows un
changed connected porous structures in the sponge. A continuous layer 
of overlapped MXene-SA on the smooth MF framework is confirmed by 
the magnified SEM images (Fig. 1c, d, bottom) and Energy-dispersive X- 
ray spectroscopy (EDS) elemental mapping images (Fig. S5). To obtain 
the waterproof functions, the superhydrophobic surface was constructed 
on the sensor by spray-coating Hf-SiO2 nanoparticles on the 3D frame
works (without subsequent chemical modification). Compared with the 
other methods such as dip-coating, electrospinning, lithography, and 
chemical vapor deposition of varying materials, the chosen approach is 
simple, efficient, and scalable [46]. Through spray-coating, the Hf-SiO2 
nanoparticles anchored on the outer layer of MXene-SA framework via 
Van der Waals interactions (Fig. S5) contribute to the considerably 
increased roughness (Fig. 1e, bottom). The as-prepared SMSS sponge 
cubes can be placed on the floret of a Camellia flower head without 
obvious deformation to show its lightweight (Fig. 1b). Notably, the 
presence of the SA molecule as a hydrogen bonding agent could improve 
the mechanical property of the MXene-SA coating due to numerous 
oxygen-containing polar groups (–OH, –COO-, and = O), while main
taining excellent electrical conductivity compared with the other alter
native polymers (e.g., polysaccharides, PAM, PAA) [47,48]. The slight 
redshift and intensity decrease of the 002 peaks in the XRD patterns 
(Fig. 1f) indicates the expanded interlayer spacing of MXene from the 
insertion of SA molecules and increases the disorder between MXene 
nanosheets [50]. The comparison in the Fourier transforms infrared 
(FTIR, Fig. 1g) spectra also shows a new absorption peak (1596 cm−1) in 
the MXene-SA framework, corresponding to the antisymmetric stretch
ing vibration mode of the –COO-. The redshift from 3459 cm−1 to 3430 
cm−1 in the peak for the –OH stretching vibration also implies the 
possible formation of enhanced hydrogen bonding between SA mole
cules and MXene nanosheets. The comparison of X-ray photoelectron 
spectroscopy (XPS) spectra between MXene and MXene-SA sheets shows 
stronger C-O and O-C = O peaks and confirms the valence change of 
MXene after SA binding (Figure S6) [49]. The MXene with SA could 
provide a more uniform coating (Fig. 1h, inset) and higher electrical 
conductivity (Fig. 1h) than that without SA, as evidenced by the high- 
magnification SEM image of the MF skeleton wrapped by MXene 
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Fig. 1. Fabrication and characterization of the SMSS. (a) Schematic diagram of the fabrication process of the SMSS to show the preparation of MXene-SA dispersion 
and its dip-coating on the melamine–formaldehyde (MF) sponge framework, followed by spray-coating of Hf-SiO2 nanoparticles. (b) Photograph of the lightweight 
SMSS on the red flower without deformation. (c-e) Scanning electron microscopy (SEM) images of the MF sponges (c) before and after coating of (d) MXene-SA and 
(e) Hf-SiO2, with magnified views shown at the bottom. The insets are contact angle images of a water droplet upon correspopnding sponge cubes, with the CA 
increased from 0◦ (c, d) to 158.2◦ (e). (f) XRD patterns of the MXene and MXene-SA sheets with a magnified view are shown in the inset. (g) FTIR spectra of the 
MXene and MXene-SA sheets. (h) Comparisons of electrical resistances of SMSS with different SA content after 4 times dip-coating (0 %, 0.3 %, and 0.5 %). Inset: 
photographs of MXene and MXene-SA sponges after 1000 compression cycles, with their cross-sectional views shown at the bottom. 
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(Figure S7) and the comparison with the SEM image of the MXene-SA 
sponge (Fig. 1d). This is attributed to the oxygen-containing polar 
groups in the SA molecules for enhanced interaction between the polar 
group of MXene nanosheets and the amino groups on the sponges. 
Moreover, compared to the obvious shedding in the MXene sponge 
without SA, the MXene sponge with SA remains intact after 1000 
compression cycles (Fig. 1h, inset). 

2.2. Robust superhydrophobicity of the SMSS 

The superhydrophobic surface of the SMSS fabricated by simple and 
scalable spray coating can effectively repel a broad range of probe liq
uids with different surface tensions (e.g., water, sweat, tea, coffee, milk, 
and juice), as evidenced by the spherical droplets shown in Fig. 2a. 
Notably, the contact angle (CA) of sweat on the SMSS surface 152.3◦ is 

slightly smaller than that of water (158.2◦) due to the skin lipids in sweat 
and changed surface tension. The superhydrophobic surface against 
water and sweat remains stable for more than a month (Fig. S8). The 
low-adhesion property of the surface to water droplet leaves no trace of 
water on the surface as the droplet at the pipette tip moves away from 
the surface (Fig. 2b, top). The water droplet also quickly rolls off from 
the surface with a rather tiny tilting angle ~ 3.5◦ (Fig. 2b, bottom). In 
addition, the superhydrophobic surface is mechanically durable against 
tape-peeling, extrusion, and corrosion as shown in Fig. 2c-e. Specif
ically, the SMSS under repeated tape-peeling for 100 times does not 
change the CA (greater than 150◦ for both water and sweat in Fig. 2c). 
The repeated squeezing between 0 and 80 % compressive strain in the 
extrusion test also results in a negligibly small change from 157.2◦ to 
155.7◦ in the CA (Fig. 2d). The CA of SMSS remains almost unchanged 
when it is immersed into acid (pH = 3), neutral (pH = 7), or alkaline 

Fig. 2. Superhydrophobic performance of the SMSS. (a) Liquids with different surface tensions (i.e., water, sweat, tea, coffee, milk, and juice) on the SMSS and CA 
data. (b) Photographs to show the low adhesion between the SMSS and water droplets. The CA of the water droplet on the SMSS as a function of (c) tape-peeling and 
(d) extrusion cycles, as well as (e) immersion time of the SMSS in different pH environments (pH = 3, 7, and 11). The inset images are contact angle images of a water 
droplet upon SMSS during tape-peeling, extrusion, and corrosion cycles. (f) Schematic diagrams to show the static and dynamic water droplets on the super
hydrophobic SMSS surface. (g) Determination of the critical bursting pressure from the curve of the bursting pressure as a function of the position of the air–liquid 
interface (between the porous structure in SMSS and water or sweat). (h) Dynamic wetting tests on the SMSS surface show droplet bouncing (top) and water 
spreading away from the surface (bottom). 
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(pH = 11) solutions for more than 5 min (Fig. 2e). The robustness of the 
superhydrophobic SMSS sponge in a static state is attributed to the 
combined micro-porous structure of the MF sponge, micro/nano- 
textured surface, and the Hf-SiO2 nanoparticles (Fig. 2f, top and 
Figure S9). Besides the static state, the SMSS sponge also exhibits dy
namic water-repellent property before the applied droplet pressure ex
ceeds the critical bursting pressure (ΔPc) (Fig. 2f, bottom). Based on the 
capillary theory, the bursting pressure for the sponge skeleton with 

radius r and spacing d can be estimated as ΔP =
2σ cos(θCA−α)

d+r(1−cosα)
, where α is 

liquid surface tension, θCA is the apparent contact angle, α is the position 
of the advancing front of the air–liquid interface. The sponge skeleton in 
this study has a radius of 5.8 μm (Fig. 1e) and a spacing of 133.78 μm 
measured by mercury intrusion porosimetry (Fig. S10). For water 
(σwater = 72 mN/m, θCA, water = 158.2◦) and sweat 
(σsweat = 69.1 mN/m, θCA, sweat = 152.3◦), the bursting pressure ΔP can 

Fig. 3. Electromechanical properties of the SMSS pressure sensor. (a) Schematic illustration of the SMSS pressure sensor. (b) Stress distribution of the SMSS pressure 
sensor with and without electrode under external pressure with the Von-mises filed shown in the inset. (c) The relative resistance changes of the SMSS pressure sensor 
with different loading areas (2.25 and 0.44 cm2). (d) I-V curves of the SMSS from −1 V to 1 V for an applied pressure of 0, 0.8, 4, 13.33, and 22.22 kPa. (e) 
Normalized relative resistance changes of the SMSS pressure sensor as a function of the applied pressure. (f) Schematic illustration of the evolution of the conductive 
pathway in the SMSS as the applied pressure increases. Dynamic response of the SMSS pressure sensor in five loading/unloading cycles for different pressure values in 
(g) region I and (h) region II, III in (e). (i) Dynamic response of the SMSS pressure sensor at different frequencies from 0.35 to 1 Hz. (j) Response and recovery times of 
the SMSS pressure sensor for a pressure of 400 Pa at a rate of 400 mm/min. (k) Durability test of the SMSS pressure sensor for 1000 cycles between 1 and 66 kPa at a 
rate of 200 mm/min. 
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be plotted as a function of the position of the advancing front of the 
air–liquid interface α (Fig. 2g). Because the critical bursting pressure 
ΔPc corresponds to peak points, it is determined as 2.055 kPa for sweat 
and 2.145 kPa for water, which is the maximum pressure that the SMSS 
can sustain under external water impact. Therefore, the SMSS can sus
tain droplets or waterspout impact with splashing resistance in the dy
namic wetting test, as shown in Fig. 2h. 

2.3. Sensing performance of the SMSS pressure sensor 

To evaluate the sensing performance of the SMSS, a series of elec
tromechanical tests were carried out on the fabricated SMSS pressure 
sensor (Fig. 3a) with an applied voltage of 1 V unless otherwise speci
fied. The mechanical performance of the SMSS and pristine sponges 
shown in Fig. S11 indicates increased elastic modulus from 38.6 kPa of 
the pristine sponge to 44.6 kPa of the SMSS sponge due to the additional 
MXene-SA coatings. Moreover, the SMSS can be elastically compressed 
up to 42 kPa at 75% strain without plastic deformation, which is suffi
cient to detect most human motions [50]. Interestingly, the cured silver 
paste between the SMSS and copper electrodes transforms the localized 
pressure force into a more uniform pressure (Fig. 3b). Therefore, the 
SMSS with different loaded areas shows a similar resistance response 
(62.5 ± 0.3 % for 2.25 cm2 vs. 63.1 ± 0.4 % for 0.44 cm2 under 6 N 
loading) (Fig. 3c). The resulting SMSS pressure sensor can clearly detect 
the impact of ball drop (Fig. S12 a), with repeatable response as the ball 
drops from the same height (4 cm) (Fig. S12 b) and increased response 
as the height increases (from 3 cm to 5 cm, Fig. S12 c). The linear 
dependence of voltage from − 1 to 1 V on the current at different 
pressures in the I − V curves of the SMSS indicates a good ohmic contact 
between the SMSS pressure sensor and the copper electrode (Fig. 3d). 
The normalized relative resistance variation (ΔR/R0 with R0 as the 
initial resistance) versus the applied pressure characterizes the sensing 
performance of the SMSS pressure sensor. For the SMSS pressure sensor 
with 0.5 mg/ml SA in Fig. 3e, three regions with different sensitivities 
(S = δ(ΔR/R0)/δP) are observed: positive 2.4 kPa−1 in region І (0 – 1.85 
kPa), negative 3.56 kPa−1 in region II (1.85 – 20 kPa), and negative 0.5 
kPa−1 in region III (20 – 66.6 kPa). In region І, the deformation of the 
porous framework upon the applied pressure leads to the generation and 
propagation of the cracks, resulting in increased resistance (Fig. 3f-І). 
However, the further increase in the applied pressure leads to a 
dramatically increased contact area in the framework, which causes a 
sharp increase in the conductive pathway and a decrease in the resis
tance in region II (Fig. 3f-II). Following the saturation in the conductive 
pathway, region III shows a much smaller decrease in the resistance 
(Fig. 3f-III). The mechanism with the schematic shown in Fig. 3c is 
confirmed by the optical images (Fig. S13). The sensing performance 
comparison of the SMSS pressure sensor with different ratios of SA is 
also shown in Fig. S14. As the SA ratio increases from 0 to 0.5 and then 
to 1 mg/ml, the sensitivity of the SMSS pressure sensor decreases with 
the increasing SA ratio. The sensor with 0.5 mg/ml SA (i.e., the 50 mg 
SA/500 mg MXene) is chosen for the consideration of mechanical 
robustness and sensing performance in the subsequent studies unless 
specified otherwise. In the subsequent dynamic pressure testing, the 
SMSS first shows a highly repeatable response to repeated loading and 
unloading cycles for the pressure of 70, 100, 200, and 400 Pa at a rate of 
200 mm/min in region І (Fig. 3g). A similar rapid and reliable response 
is observed for the applied pressure of 13.33, 22.22, 28.88, and 46.66 
kPa in region II (Fig. 3h). The frequency-responsive curves of the SMSS 
pressure sensor show its capability to detect the frequency from 0.35 Hz 
to 1 Hz for an applied pressure of 1 kPa (Fig. 3h), which exceeds the rate 
range of normal human motions [51]. The rapid response is also 
confirmed by the fast response (94 ms) and recovery times (96 ms) for a 
pressure of 400 Pa at a rate of 400 mm/min (Fig. 3j). In addition, the 
pressure sensor exhibits excellent durability and stability in the dynamic 
cycling test for 1000 cycles (between 1 and 66 kPa and 0–1 kPa at 200 
mm/min) (Fig. 3k and Fig. S15). 

2.4. Electrothermal characterization of the SMSS pressure sensor 

The SMSS with lower applied voltage and high heating efficiency can 
be ascribed to the increased conductive passways and higher conduc
tivity (12 Ω and 0.055 S/cm at 10% RH, Fig. S3 b) [52–56]. For an 
applied voltage (U), the electrical power (P) generated by the sensors is 
given by Joule’s law as P = U2/R, where R is the resistance of the sensor. 
Since the 3D sponge results in non-uniform temperature distribution on 
the sample surface, the peak temperature is used to characterize the 
Joule heating effect in our work. Because the peak temperature rises in 
the SMSS scale linearly with the heating power (or the square of the 
supplied voltage, Fig. S16), the voltage exhibits a dramatic effect to 
modulate the temperature (Fig. 4a). As the applied voltage increases 
from 1 to 5 V, the peak temperature rises in the SMSS pressure sensor as 
captured by an infrared (IR) camera (Fig. 4a, inset) and a thermocouple 
increase from 28 to 122 ◦C. Notably, the lower applied voltage is also 
beneficial for safe operation with less energy consumption. The peak 
temperature (Tmax) of 86.8 ◦C is also well maintained during 5 cyclic on 
− off heating cycles for an input voltage of 4 V (Fig. 4b), indicating 
outstanding repeatability and durability for long-term use. The long- 
term heating stability and reliability of the SMSS pressure sensor are 
confirmed by the quickly saturated and then steady temperature evo
lution with time over 9000 s at a constant voltage of 4 V (Fig. 4c). 
Although the high temperature may cause an adverse thermal effect on 
the skin, there is a large temperature difference between the SMSS 
sensor and electrode surface (Fig. 4d). While the peak temperature in the 
SMSS reaches 84.7 ◦C and 103.3 ◦C for a voltage of 4 V and 4.5 V, the 
electrode connected to the SMSS via a conductive silver paste exhibits a 
temperature of 48.4 ◦C and 55.6 ◦C, respectively (Fig. 4e). The tem
perature difference is likely attributed to the higher resistance of the 
SMSS compared to that of the electrode. [58] The high temperature 
generated at the surface of the SMSS can significantly accelerate the 
evaporation of water droplets, with a 10-fold increase in the evaporation 
rate compared to the one without heating (Fig. 4f). For the same applied 
voltage, the Joule heating-induced temperature rise also changes with 
the applied pressure due to the varied resistance (Fig. 4g). As a result, 
the peak temperature rise first slightly decreases and then increases with 
the increasing pressure. The increase in the temperature with a small 
variation in the range (e.g., 100.8 ◦C − 102 ◦C at 4 V) yields a stable 
sensing performance during the dynamic compression process (0.45 Hz) 
(Fig. 4h). 

2.5. Humidity-insensitivity of the SMSS pressure sensor from Joule 
heating 

The small size water vapor can nucleate and grow on the super
hydrophobic surface to cause degraded superhydrophobicity. To address 
this challenge, the Joule heating with an accelerated evaporation rate is 
further exploited to reduce adsorption of water molecules for sustained 
superhydrophobicity. Compared with the almost unchanged resistance 
of the sensor in the 10% RH condition, the sensor placed in the 70% RH 
condition shows a decreased resistance as heating drives out the 
adsorbed water molecules (Fig. S17). The static resistance changes of 
the SMSS with or without heating (4 V) in 70% RH or saturated water 
vapor conditions are also compared. In the 70% RH, the SMSS pressure 
sensor shows an 8.6-fold reduction in resistance increase compared to 
the one without heating (11 % versus 95 %, Fig. 5a light line). Mean
while, the resistance increase of the SMSS with heating is also 11.7 times 
smaller than the one without heating (21% versus 250.9 %, Fig. 5a dark 
line) in the saturated water vapor condition. The performance 
enhancement from the heating is even more significant in both high 
humidity and saturated water vapor environment, as the SMSS pressure 
sensor is cycled. The SMSS pressure sensor without heating shows a 
large increase of 40.4 % in the resistance response in the 70% RH 
(Fig. 5b), which is still smaller than that of 56% from the MXene-SA 
pressure sensor without Hf-SiO2 coating (Figure S18). Meanwhile, the 

Y. Liu et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 432 (2022) 134370

7

SMSS pressure sensor with heating only exhibits a small resistance 
change of ca. 4.3 % (Fig. 5c), which is a 9.4-fold enhancement over the 
one without heating. In saturated water vapor conditions, the dynamic 
resistance response of the SMSS pressure sensor with heating also shows 
a 23.7-fold enhancement compared to the one without heating (8.96 % 
versus 212.37 %, Fig. S19). The humidity-insensitive mechanism is 
further explained by studying the thickness change in the MXene-SA 
coating (Fig. 5d). Without heating, the water molecules in the high 
humidity environment trapped inside the interspaces between MXene 
nanosheets expand the MXene interlayer (or sheet-to-sheet) distance to 
increase the tunneling resistance. In the water vapor case, the large 
number of water molecules further increases the MXene interlayer dis
tance to result in an increased resistance (Fig. 5e, top). In comparison, 
the SMSS with heating prevents the adsorption of water molecules to 
maintain a relatively stable MXene interlayer distance (Fig. 5e, bot
tom). In particular, the film thickness increases by 3% (or 5.2%) in the 
90% RH (or saturated water vapor) environment with heating, which is 
much smaller than 14.5% (or 45.6%) in the samples without heating 
(Fig. 5f). 

The water molecule condensation within the superhydrophobic 
surface can also cause the degradation of superhydrophobicity in high 

humidity or saturated water vapor conditions. For example, the super
hydrophobic surface on the glass substrate in the saturated water vapor 
condition shows obvious degradation from superhydrophobicity to hy
drophilicity with CA reduced from 156◦ to 55◦ (Fig. S20 a). The process 
of surface wettability transformation can be explained by a 2D free en
ergy thermodynamic model (Fig. S21) [57,58]. The thermodynamic 
status of the non-wetting system (Cassie’s state) and humidity-induced 
wetting system (Wenzel’s state) is related to the surface geometrical 
configurations of the system. The normalized change of free energy (FE) 
per unit length of contact line for a water droplet moving from a refer
ence position (size of L0 and apparent contact angle of θ0) to an arbitrary 
position with Lar and θar can be written as (see Methods in Supporting 
Information) 

ΔF0→ar =

(

θar
Lar

sinθar
− θ0

L0

sinθ0

)

± Θ(Lar) (1) 

The last term Θ(Lar) in Eq. (1) represents the change of the FE at 
solid–liquid and solid-air interface beneath the droplet, with the positive 
(or negative) sign corresponding to receding (or advancing) of the water 
droplet. The constant droplet volume between two states gives 

Fig. 4. Electrothermal performance of the SMSS pressure sensor. (a) The time-dependent peak temperature of the SMSS sponge for stepwise increased voltage from 1 
to 5 V, with the IR images shown in the insets (peak temperature indicated by cross marks). (b) Thermal cycling for five on–off cycles and (c) temperature stability for 
an applied voltage of 4 V. (d) The finite element simulation (left) and experimental (right) results illustrate the difference between the peak temperature in the sensor 
and value at the electrode surface, along with (e) their time-dependent evolution measured in the experiment for a voltage of 4 V and 4.5 V. (f) The volume evolution 
of a water droplet (15 μL) on the SMSS pressure with (red, 4 V) and without (blue, 0.1 V) heating. (g) The pressure-dependent peak temperature of the SMSS sponge 
(4 V) for stepwise increased pressure up to 31.11 kPa, with the IR images shown in the insets. (h) The dynamic temperature and response changes of the SMSS 
pressure sensor (4 V) under a 15.55 kPa cycling pressure. 
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θar

(
Lar

sinθar

)
2 − L2

arctgθar = θ0

(
L0

sinθ0

)
2 − L2

0ctgθ0 + Ψ(Lar) (2) 

The last term in Eq. (1) and Eq. (2) for wetting and non-wetting 
systems are presented in Methods (Supporting Information). In a 
representative system with a given surface profile (b = h = 3a, L0 =

1000a, θ0 = 1790, and intrinsic CA of θY = 1200), the FE variation can 
be obtained from Eqs. (1–2) as a function of the apparent CA (θar), with 3 
selected points to highlight the initial, stable, and metastable states 
(Fig. 5g). The lowest point on the FE curve corresponds to the stable 
state with an apparent contact angle of θe and the local variation be
tween valleys and peaks indicates the maximum FE barrier (Fig. 5h, 
inset). In Fig. 5h, the FE curve of the wetting system is located below 
that of a non-wetting one and the apparent CA (θe) at the stable state in 
the wetting system (θwetting

e <θY) is much smaller than that of the non- 
wetting system (θnon−wetting

e >θY). As a result, the humidity-induced 
water molecules in the troughs of the microstructures could transition 

the system from the non-wetting to a more stable wetting state. As the 
condensation of water molecules would degrade the super
hydrophobicity, the effectively reduced condensation of water mole
cules from heating (100 ◦C) exhibits sustained superhydrophobicity for 
more than 60 min in a saturated water vapor environment (Fig. S20 b). 
For the SMSS pressure sensor (4 V), the Joule heating effect is important 
to prevent condensation of water molecules and maintain the super
hydrophobicity even in a saturated water vapor environment for 20 min 
(Fig. 5i, red line). In comparison, the sensor without Joule heating 
shows a continuously decreased superhydrophobicity with the 
increasing exposure time, which further results in penetration into the 
porous pressure sensor (Fig. 5i, blue line). 

2.6. Applications of the moisture-insensitive SMSS pressure sensor 

The SMSS pressure sensor with high sensitivity, large sensing range, 

Fig. 5. Sustained superhydrophobicity of the SMSS from Joule heating in the moisture environment. (a) The normalized relative resistance change of the SMSS with 
(red) and without heating (blue) in both 70% RH and water vapor environments. The normalized relative resistance change for a dynamic pressure loading of 28.88 
kPa was applied on the SMSS (b) without and (c) with heating that is cycled in the 70% RH. (d) Schematic illustrations showing the water molecule intercalation into 
MXene-SA (top) and the effect of Joule heating (bottom). (e) 3D optical images of the thickness change in the MXene-SA film without (top) or with (bottom) Joule 
heating in the dry, humid, and saturated water vapor environment. (f) The measured thickness change in the MXene-SA film with (red) or without (blue) Joule 
heating from (e). (g) Schematic illustrations to show the wetting and non-wetting states of the surface with a representative microstructure. (h) The normalized FE as 
a function of CA for the non-wetting and wetting systems with 1/2/3 corresponding to the initial/stable/metastable states (surface profile: b = h = 3a, L0 = 1000a, 
θ0 = 1790 and θY = 1200). The inset shows the FE barrier. (i) Changes in the contact angle on the SMSS pressure sensor with the exposure time in the saturated water 
vapor environment (red or blue: with or without heating). 
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and sustained superhydrophobicity under high humidity or saturated 
water vapor environments compares favorably over the other super
hydrophobic pressure sensors reported in the literature (Fig. S22 and 
Table 1) [13,32–34,36,43,53,59,60]. Moreover, the self-adhesive rubber 
is spin-coated onto the electrode surface to provide improved skin- 
device adhesion and further enhanced thermal isolation in this work 
(Fig. 6a). The resulting self-adhesive SMSS pressure sensor can be 
directly mounted onto diverse substrates, including glass, textile, paper, 
and human skin (Fig. 6b). Meanwhile, the low thermal conductivity of 
self-adhesive rubber further isolates the heating and prevents the 
adverse thermal effect on the skin, with the temperature reduced from 
109 ◦C on the SMSS to 40 ◦C at the rubber/skin interface (Fig. 6c). 
Hence, conveniently attached to the skin of different human body lo
cations, the SMSS pressure sensors can provide moisture-insensitive 
detection of various human motions in a complex all-weather environ
ment. Firstly, the subtle pressure from pulsation can be detected by the 
SMSS pressure sensor on a human wrist in real-time over 4.8 s with a 
frequency of 62 beats min−1 (Fig. 6d). Ascribed to the adhesive layer, 
the devices that are tightly attached to the skin can detect human pulse 
more precisely (Fig. 6d inset) compared to the one without adhesive 
layer (Fig. S23). The large deformation such as elbow bending at 
different degrees (i.e., 0◦, 30◦, 90◦, and 130◦) can also be easily captured 
by the SMSS pressure sensor on the human elbow (Fig. S24). In 
particular, the motion detections such as repeated wrist bending 
(Fig. 6e) or hand squeezing (Fig. 6f) are not affected by intermittent 
water droplets (to simulate the rainy conditions) due to the immediate 
rolling off of the droplets on the superhydrophobic surface. More 
impressively, the SMSS pressure sensor is mounted onto the human knee 
to detect the motions of knee bending and relaxing under dry (30% RH) 
and wet (70% RH) conditions (Fig. 6g). The SMSS pressure sensor with 
heating shows a similar resistance response between dry and wet con
ditions. The SMSS pressure sensor on the index finger with heating can 
also robustly detect the finger bending in water vapor environments 
(Fig. 6h, top panel). The SMSS sensor with heating exhibits a much 
more stable signal (Fig. 6h, bottom panel), demonstrating the effec
tiveness of Joule heating in a water vapor environment (e.g., fog). 

3. Conclusion 

In summary, this work reports the SMSS pressure sensor with Joule 
heating to provide sustained superhydrophobicity and moisture- 
resistant sensing. The sustained superhydrophobicity comes from the 
efficient low-voltage Joule heating contributed by the highly conductive 
MXene-SA coating, which reduces adsorption of water molecules during 
both the static and dynamic pressure cycling. The special electrode 
design minimizes the adverse thermal effect on the skin and provides a 
more uniform pressure loading to reduce the response error caused by 
the varied contact areas. Therefore, the resulting moisture-insensitive 
SMSS pressure sensor with high sensitivity, large sensing range, excel
lent flexibility, and sustained superhydrophobicity demonstrates high 

potential to detect various human motions in all-weather conditions 
especially the high humidity or water vapor environments. The design 
and demonstration of our SMSS pressure sensor could also provide the 
other biophysical and biochemical sensors with sustained super
hydrophobicity and reliable sensing performance toward the next- 
generation stretchable epidermal electronics. 

4. Materials and Methods 

4.1. Materials 

A commercial melamine–formaldehyde sponge (Shanghai Beiyou 
Buiding Material Co., Led.) was selected as the substrate. Layered 
ternary carbide (Ti3AlC2) MAX phase powder and polypropylene 
membrane were procured from 11 Technology Co., Ltd. Concentrated 
hydrochloric acid (HCl, technical grade, 35%-38%) was provided by 
Hunan Huihong Reagent Co., Ltd. Sodium alginate (SA), lithium fluoride 
(LiF, 99.9%), and ethanol were purchased from Aladdin Biochemical 
Technology Co., Ltd. Hydrophobic fumed silica nanoparticles R202 were 
obtained from Evonik Industries Co. Ltd., Germany. Self-adhesive silicon 
rubber (9500 A/B) was purchased from Hongyejie Technology Co., Ltd. 

4.2. Synthesis of Ti3C2Tx MXene nanosheets and MXene-SA dispersion 

MXene (Ti3C2Tx) was synthesized by selectively etching the Ti3AlC2 
MAX phase with LiF/HCl solution. In the typical process, LiF of 3.2 g was 
slowly dissolved in 9 M HCl of 40 mL in a Teflon container under 
magnetic stirring for ca. 1 h to ensure complete dissolution of LiF. Next, 
Ti3AlC2 powder of 2 g was slowly added into the LiF/HCl etching so
lution (within 5 min), and the mixture was allowed to react at 35 ◦C 
under magnetic stirring for 24 h, yielding a stable suspension. The 
resultant Ti3C2Tx suspension was repeatedly washed with deionized 
water and centrifuged at 3500 rpm for 5 min until the supernatant 
showed dark green with pH greater than 5. The swollen black Ti3C2Tx 
slurry was redissolved by adding deionized water of 40 mL into the 
whole sediment. After centrifugation at 3500 rpm for 2 min, the dark 
concentrated supernatant of Ti3C2Tx nanosheets was collected. The 
further delamination of Ti3C2Tx was conducted by sonication followed 
by centrifugation at 3500 rpm for 1 h, yielding homogeneous superna
tant with delaminated Ti3C2Tx nanosheets. The concentration of the 
resultant MXene colloidal solution was determined by filtering a known 
volume of the solution through a polypropylene filter (Celgard 3501 
coated PP) and measuring the weight of the resulting freestanding film 
after vacuum drying. Further dilution of the resultant MXene colloidal 
solution resulted in the 5 mg mL−1 MXene solution. Next, 50 mg SA was 
added into the 100 mL MXene solution and stirred for 30 min, leading to 
the SA concentration of 0.5 mg mL−1 in the mixed MXene solution. 

Table 1 
Comparison of the overall performance of present SMSS pressure sensor with previously reported pressure sensors.  

Hydrophobic materials Pressuresensitivity Sensingrange Joule 
heating 

Waterinsensitivity Humidity 
insensitivity 

Water molecules 
condensation 

Ref 

CNT 0.515 kPa−1 3 kPa – hydrophobic No Yes [59] 
FAS-modified rGO 4.97 kPa−1 3 kPa – 154◦ – Yes [13] 
Ag NPs 0.013 kPa−1 80 kPa 0.8 V/70 ◦C 151◦ – – [34] 
Hf-SiO2 0.39 kPa−1 5 kPa – 145◦ – Yes [53] 
PDMS@MXene 5.78 kPa−1 20 kPa 4 V/118.7 ◦C 135.6◦ – – [43] 
FAS-modified MXene 3.84 kPa−1 12.4 kPa – 157◦ – Yes [60] 
ODI-modified TiO2 0.83 kPa−1 45 kPa – 141.8◦ S Yes [33] 
CNT 1.14 kPa−1 600 kPa – 155◦ S Yes [32] 
N-dodecanethiol- 

modified 
0.144 kPa−1 2.72 kPa – 153.1◦ S/D Yes [36] 

Hf-SiO2 3.56 kPa−1 66.6 kPa 5 V/122 ◦C 158.2◦ S/D No ※※ 

FAS: 1H,1H,2H,2H-perfluorooctyltriethoxysilane; ODI: octadecyl isocyanate; 
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4.3. Preparation of SMSS pressure sensors. 

After the commercial MF sponge (Shanghai Beiyou Buiding Material 
Co., Ltd.) as the substrate was cut into 1.5 × 1.5 × 1.5 cm3 cubes, they 

were alternatively cleaned by acetone and distilled water twice in an 
ultrasonic cleaner. The resulting sponge cubes were dried in a vacuum 
oven at 100 ◦C for 5 h to completely remove moisture. Next, these 
precleaned sponge cubes dipped in the dispersion (MXene of 5 mg mL−1 

Fig. 6. The demonstration of the self-adhesive moisture-insensitive SMSS from Joule heating to detect various human motions. (a) Schematic illustration of the self- 
adhesive moisture-insensitive SMSS mounted onto the human skin for real-time detection of human motions. (b) Photographs of the self-adhesive SMSS pressure 
sensor on diverse substrates. (c) Temperature evolution in varying locations of the SMSS pressure sensor (4.5 V). (d) Pulse signal detected by the SMSS pressure 
sensor on the wrist (magnified images of a signal pulse and a photograph shown in the inset). The motions of repeated (e) wrist bending and (f) hand squeezing 
captured by the SMSS pressure sensor, which shows robustness performance even in the presence of intermittent water droplets. (g) The resistance response of the 
SMSS pressure sensor with heating on the knee joint to detect its motions under wet (70% RH) and dry (30% RH) environments. (h) The SMSS pressure sensor with 
the heating on the finger joint to detect extending and clenching of the hand in the water vapor environment, with the magnified initial (h1) and final (h2) resistance 
responses shown in right panels. 
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and SA of 0.5 mg mL−1) further underwent vacuum degassing at 100 ◦C 
for 12 h or centrifugation at 1000 rpm for 1 min to ensure uniform 
coating. Multiple layers of MXene-SA composites were coated by 
repeating the “dipping and drying” process. Spray coating of the com
mercial hydrophobic silica (Hf-SiO2) nanoparticles in PDMS and ethanol 
mixed solution (3 wt% Hf-SiO2, 0.1 wt% PDMS) on MXene-SA sponges, 
followed by vacuum degassing at 100 ◦C for 2 h, achieved further hy
drophobic modification to yield SMSS cubes. Connecting two wires- 
welded electrodes to the top and bottom sides of SMSS cubes via 
conductive silver paste allowed the signal measurements with a digital 
multimeter. Self-adhesive materials are spin-coated onto the bared re
gions of the electrode surface to improve the stickiness. The different 
voltages were applied by a direct-current (DC) power supply (2280S, 
Keithly Instruments, Inc., Cleveland, OH). 

4.4. 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 spectroscopy (EDX) and mapping 
were also acquired with the same equipment. X-ray diffraction (XRD) 
curves were recorded on an X’Pert PRO XRD using Cu-Kα radiation and a 
scanning speed of 5◦/min. X-ray photoelectron spectroscopy (XPS) was 
obtained using a Thermo Scientific K-Alpha instrument. Fourier trans
form infrared (FTIR) spectra were obtained using a Thermo Nicolet 
NEXUS-6700 FTIR instrument in the attenuated total reflection mode. 
Mercury intrusion porosimetry was obtained using a MicroActive 
AutoPore V9620. 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 ob
tained by measurements from more than five different positions on the 
same sample. The mechanical properties were measured using a uni
versal testing machine (ZQ-990A-1). The electrical characteristics of the 
strain sensor were measured using a digital source meter (2400, Keithly 
Instruments, Inc., Cleveland, OH). Humidity and water vapor response 
performances were conducted using a homemade humid air and water 
vapor generator. The IR images and the surface temperature distribu
tions of the heating device were recorded using an IR thermal camera 
(FLIR, E4). 
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