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Abstract 

Traditional waterproofing strategies (e.g. plastic seals, superhydrophobic coatings) of 

strain sensors greatly limit their sensing performance (e.g., sensitivity, working-range, 

and working-life). Here a unique ultra-stretchable, coating-free superhydrophobic 

material is developed for high-performence strain sensing in harsh environments. This 

material integrates high sensitivity (GF of 2.1 to 214), wide sensing range (up to 

447% strain), low resolution (< 0.2% strain), dynamic durability (over 10000 

stretching cycles at 50% strain), and ultra-robust superhydrophobicity (mechanically, 

chemically, thermally, and UV impervious) in a single system, outperforming most of 

reported waterproof sensors. Such remarkable sensing materials can detect full range 

human movement, pulse rate and vocal fold vibration. The sensing material is 

designed to be superhydrophobic throughout its bulk material for work in harsh 

environments (water, corrosive liquid, high humidity, etc.). More importantly, the 

superhydrophobicity enables the highly sensitive sensor to detect microliter droplets 

impact with minimized energy loss. Thus, this sensing material should find many 

potential applications in wearable electronics, measurement platform, rainfall 

monitoring and intelligent irrigation system. 

KEYWORDS: superhydrophobic, robustness, wearable sensor, high sensing 

performance, harsh environment applications, microliter droplets sensing 
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1. Introduction  

Electronic devices with flexible and soft features are a growing area for next-

generation electronic devices.[1,2,3,4] In particular, stretchable, wearable and skin-

mountable strain sensors are needed for multiple applications as health monitors,[5] 

electronic skin,[6] artificial muscle,[7] soft robotics[8,9] etc. Sensing performance 

parameters, especially high sensitivity, broad sensing range, excellent reliability and 

durability, are crucial for practical utilization of these products since miniscule/large, 

frequent and long-duration strains are often applied to the sensor during applications. 

Additionally, these sensors are often required to operate under harsh environments, 

such as UV irradiation, sweat, corrosive liquids, humidity, high temperatures and 

water immersion. Flexible and wearable strain sensors are generally composed of 

conductive sensing elements (e.g., carbon materials, metal-organic frameworks) 

coupled with stretchable substrate materials (e.g., silicone rubber, 

fiber).[10,11,12,13,14,15,16,17] However, harsh environments can lead to material 

degradation, fatigue and failure.[18,19] 

To protect sensing materials from harsh environments, state-of-the-art strain sensors 

(commercial such as Electrovac co. ltd or laboratory-based) usually apply plastic 

seals/coatings.[20,21] Although most plastic seals/coatings are effective to protect 

sensors from water, it is challenging to overcome harsh environments. Moreover, such 

plastic seals/coatings easily impair sensing performance, e.g. sensitivity and detection 



  

4 

 

limit since the coating layer physically restricts the responding space of the sensing 

component.[22] 

Superhydrophobic coatings are used as an alternative to plastic waterproofing for 

strain sensing materials to protect the sensors from harsh 

environments.[19,22,23,24,25,26,27,28,29,30,31] These achievements are indeed impressive, 

however, strain sensors with simultaneous demonstration of all the aforementioned 

desirable sensing performance and excellent mechanical performance remains a 

challenge. This is mostly because they are made of multiple layers; superhydrophobic 

structure is fragile and sensing networks are easily removed from elastic substrates 

under large, repeated or long term dynamic strains.[32,33] 

Here we show with an effective sensing material construction strategy that a durable 

coating-free superhydrophobic sensing material was achieved by integrating 

conductive layer, superhydrophobic layer, stretchable polymer into a single system. 

The superhydrophobic sensing material has high sensitivity, low detection limit, 

robust dynamic durability, wide sensing range, and is mechanically, chemically, 

thermally, and UV durable, through homogeneously encapsulating multi-walled 

carbon nanotubes (MWCNTs) in room temperature vulcanized silicone rubber (RTV), 

followed by a roughening process to create a superhydrophobic surface. The durable 

superhydrophobic surfaces enable the MWCNT/RTV sensing (MRS) material to work 

in a wide range harsh environments. More importantly, superhydrophobic surfaces 

designed here is for helping the sensor response water impacts with minimized energy 
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dissipation via water bouncing on its surface, which has great potential to broaden the 

application scope for the sensor. This multifunctional MRS material applied as a 

wearable sensor to monitor a wide-range of human activities such as wrist, finger and 

knuckle movements, and physiological responses including pulse rate and speech, has 

been demonstrated. 

2. Results and discussion  

2.1 Preparation and Characterization of the coating-free MRS materials 

The MRS material was prepared as illustrated in Figure 1a. First, MWCNTs were 

dispersed in cyclohexane with the assistance of strong sonication, followed by 

dissolving RTV and its curing agent through magnetic stirring and sonication to 

prepare a suspension. Then, the suspension was cast in a hand-folded paper box and 

cured at ambient condition to obtain the ultra-stretchable MWCNT/RTV composite. 

The MWCNTs were selected for their unique ability to form excellent percolation 

networks, even at high strain, by virtue of their high intrinsic inter-tube electrical 

conductivity, high aspect ratios and excellent mechanical properties.[18,32] RTV has 

great flexibility over a wide range of temperature, strong adhesion, and an intrinsic 

hydrophobicity, with reversible elastic deformation under harsh conditions and tuning 

of the surface energy, enhancing the anchoring strength of the MWCNT networks.[34] 

A paper box was used as a mold to improve the primary roughness of the composites. 

Scanning electron microscope (SEM) images show that the bottom surface of the 

composites was rough due to marks transferred from the paper (Figure 1b). Without 
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the printing process, the top surface was smooth (Supplementary Figure S1a), with 

good agreement with the results of atomic force microscope (AFM) test (Figure 2, 

details seen Supplementary Note 1). After being rubbed with sandpaper, both the top 

and bottom achieved a Lotus leaf-like dual-scale roughness created by continuous 

large protuberances with surface densely packed small features (Figure 1c-d and 

Supplementary Figure S1b). However, texturing the bottom surface was much faster, 

less than 1/5 of the times than time spent on the top surface (Supplementary Movie 

S1). The hierarchical structure is effective for low detection limit, high sensitivity and 

enhanced water repellency,[25,35]  and thus was a rational design for both high sensing 

performance and superhydrophobic surface to expand the application scope and 

environments that the sensor can be used. Transmission electron microscopy (TEM) 

shows that the MWCNTs are uniformly dispersed in RTV and intertwined with each 

other (Figure 1e), contributing to the mesh-like MWCNT percolation networks. It 

should be noted that the MWCNT networks were completely encapsulated by RTV 

rather than being physically deposited or partially embedded on/in the RTV, this 

provided the conductive networks with strong substrate adhesion, even after multiple 

repeated stretching/releasing cycles, and thus is beneficial for high reproducibility and 

durability. Energy-dispersive spectroscopy (EDS) mapping images demonstrate only 

C, O, Si, S elements distributed on the composites surface (Figure 1f-i), indicating 

that the superhydrophobic MRS material is fluorine-free, and it would greatly reduce 

the environmental pressure,[36] which is further verified by the result of X-ray 
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photoelectron spectroscopy (XPS) (Supplementary Figure S2, and Supplementary 

Note 2). 

Synthesis of the multifunctional MRS material is simple at comparatively low-cost. It 

mainly comprises two commercial inexpensive raw materials, MWCNT (113.0 £/kg) 

and RTV (13.6 £/kg), and thus its material cost is as low as 42.0 £/m2 (see 

Supplementary Note 3). Simultaneously, the entire preparation procedure only 

requires room temperature curing and a fast sanding process (within 1.0 cm2/s). Radar 

diagram was used to evaluate processing approaches to multifunctional wearable 

sensors. The rating system of the radar diagram was given in Supplementary Note 4. 

The smaller area of the radar diagram indicates more competitive for industrial 

production. As shown in Figure 3, (Supplementary Table S1), our approach, without 

the requirements for complex procedures, operation at harsh temperature, or any 

additional equipment, is more promising for large-scale production, compared with 

recently reported approaches to functional strain sensors. 
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Figure 1. Preparation and characterization of Lotus leaf-inspired hierarchical and 

stretchable MRS material. a) Schematic illustration of the fabrication process. b-c) 

SEM images of the MRS material before (b) and after (c, d) sanding process. e) TEM 

image and (f-i) corresponding element mapping images of the MRS material. 

 

Figure 2. AFM images and roughness values of the top (a-c) and bottom (d-e) surface 

of the MRS material.  
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Figure 3. Radar diagram of the evaluation of most common multifunctional strain 

sensor production methods in terms of total chemicals (TC), fluorine involvement (F), 

temperature requirement (T), equipment (E), pre/post treatment requirement (PT), 

total steps (TS). 

The sensing performance and practical application of the MRS material were 

investigated under different conditions. The following results were all obtained using 

the sample prepared by 10 mL suspension with an optimal MWCNT loading of 3.5 

mg/mL (in cyclohexane), which was determined by preparing a series of 

MWCNT/RTV composites using suspension with different MWCNT loadings and 
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volumes and testing sensitivity and sensing range (Supplementary Note 5, 

Supplementary Figures S3, 4, 5). The surface conductivity and thickness of the MRS 

material was 0.065 S/m and 645.3 µm (Supplementary Figures S6, 7). 

To investigate the strain sensing properties of the MRS materials, the resistance (R) 

was recorded in real-time during stretching, and the relative resistance (ΔR/R0) was 

calculated as ΔR/R0 = (R-R0)/R0, where R0 represents the film resistance at the initial 

relaxed state. Figure 4a shows a graph plotted of resistance versus applied tensile 

strains on different film types of MRS materials: hierarchically structured and 

unstructured. The gauge factor (GF), an important parameter to characterize strain 

sensitivity, was calculated by (ΔR/R0)/ε, where ε is strain. Thus, the slope of the graph 

is the actual magnitude of the sensitivity or gauge factor. For both the two samples, 

sensitivity increased with tensile strain. However, compared with unstructured MRS 

material, the structured film exhibits significantly higher sensitivity at the same strain 

over the whole sensing range (Figure 4a). The maximum GF of the hierarchically 

structured MRS material was 313.7, which is ~6.4 times higher than the maximum 

sensitivity of the unstructured one. These results confirm that the hierarchical 

structure is effective to enhance strain sensitivity. The improved sensitivity was 

attributed to the strain redistribution on the MRS material with hierarchical structure. 

For a typical stretchable strain sensor, sensitivity depends on the distance change 

between conductive materials. It has been reported the sensitivity could be 

significantly improved when the stretchable conductive materials are deposited in the 
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regions where the local strain is magnified.[37] In this case, larger distance change 

between conductive materials is obtained. The hierarchically structured MRS material 

has uneven micro-nano binary structure created by a lot of protuberances after 

sanding process (Figure 1c-d). Uneven microstructures on sensor surfaces are 

effective to achieve surface strain redistribution during deformation and thus obtain 

magnified local strain.[37] However, the unstructured MRS material has homogeneous 

strain distribution during deformation, which is not in favor of large distance change 

between conductive materials. Therefore, hierarchically structured MRS material 

demonstrated higher sensitivity than the unstructured one. Moreover, the hierarchical 

structured MRS material could sense strain up to 447% while the sensing range of the 

unstructured sample was 407%. 

The structured MRS material was used as the testing sample for further study, unless 

otherwise specified. Based on principle of high linearity (R2 > 0.99, in present work), 

as shown in Figure 4b, the work ranges of the sensor can be divided into six different 

sensing regions with average GF of 2.1 (ε < 71%), 3.3 (71% < ε < 123.5%), 4.8 

(123.5% < ε < 167.0 %), 7.3 (167.0% < ε < 214.8%), 111 (375.7% < ε < 405.4%), and 

214 (405.4% < ε < 447.0%), respectively. Of note, the average GF could reach as high 

as 214 even within a large strain range (up to 447%), indicating that the MRS material 

simultaneously demonstrates wide sensing range and high sensitivity, which makes it 

extremely competitive (Figure 4c).[22,23,25,26,28,29,30,38,39,40,41,42,43,44,45,46,47,48,49,50,51] The 

detailed information about the comparison of GF and maximum sensing range 
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between the MRS materials and other existing strain sensors is summarized in 

Supplementary Table S2. Moreover, the strain responses resulted from crack 

propagation during stretching, indicated by the SEM images of the MRS material 

under different strain (Supplementary Figure S8), which is in good agreement with 

the sensing mechanism reported among recent polymer/nanomaterials composites 

based stretchable strain sensors.[19,24,27,28] 

To study the detection limit of the MRS materials, we used a stepper machine to 

gradually increase the step strain. Figure 4d shows that the MRS materials can 

respond to extremely minute strain of 0.2% (corresponding to a relative resistance 

ΔR/R0 of 0.159%), while the output signals were highly repeatable (inset in Figure 

4d). However, as the strain resolution of the stepper machine is 0.2%, the current 

method is not able to determine the detection limit of the MRS materials. We further 

designed a water dropping method to determine the detection limit due to the 

superhydrophobic properties of the MRS materials, which will be shown later in the 

sections regarding superhydrophobicity and practical sensing applications. Using the 

water dropping method, we find that the MRS materials are able to response to an 

extremely low strain with relative resistance of 0.024%, which is far smaller than 

0.159% relative resistance when the strain was 0.2%, indicating that the detection 

limit of the MRS materials is below 0.2%. 

The dynamic performance of the MRS material under both small and large strains was 

determined by applying multiple stretching/releasing cycles at strains of 20%, 50%, 
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100%, 200%, 440%, respectively. As shown in Figure 4e, the signal shape and 

intensity (i.e., the maximum of ΔR/R0) of each response was almost identical at a 

fixed strain, demonstrating a highly reliable and stable response over a wide sensing 

range. The frequency-independent sensing property, one of the major characteristics 

in the sensor fields,[25] was studied by repetitively applying a 50% strain at different 

frequencies on the sensor. The result shows that the MRS material was capable of 

working at different stretching frequencies from 0.1 to 2 Hz with high reproducibility 

(Figure 4f), which benefits from its fast response rate (response time was less than 

122.67 ms, Supplementary Figure S9, Supplementary Note 6). It should be noted that 

the first deformation of the MRS material during cyclic stretching is irreversible 

(Supplementary Figure S10). Before starting cyclic stretching, R0 was recorded and 

one irreversible cycle was conducted on the MRS material and thus resulting in the 

ΔR/R0 value shown in Figure 4d-g did not start from 0 (More details see 

Supplementary Note 7). 

The dynamic durability of the MRS material was determined by applying cyclic 

stretching from ε = 0% to ε = 50% for more than 10000 cycles, and the result is shown 

in Figure 4g. Although there was a small drop in relative resistance in the initial 

cycles, the response to periodic strain became stable after 300 cycles. This is because 

MWCNT networks were stabilizing their microstructure during the damage-

reconstruction processes during initial cycles.[52] The inset in Figure 4g shows the 

close-up of 40 cycles that were randomly extracted from the 10000 cycles, the signal 
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shape and intensity of each cycle had no apparent change, thus indicating the high 

stability and durability of the MRS material. For convenience of comparison, the 

dynamic durability was further tested by applying periodic strain (from 0 to 200%) on 

the sensor for 5500 cycles, and the results show that the sensing performance was not 

impaired during the cyclic stretching process at such large strain (Supplementary 

Figure S11). It should be noted that the dynamic durability in the present work is 

superior compared with existing superhydrophobic strain sensors to the best of our 

knowledge (Figure 4h and Supplementary Table S3).[23,24,25,26,27,28,29,30,53] The high 

dynamic durability of the MRS material is due to the following reasons: 1) the 

MWCNT networks were completely embedded into RTV substrate, hence the RTV 

substrate provided strong binding strength to MWCNT networks, which prevented 

conductive networks sliding away from RTV under dynamic loading.[54] 2) High 

elastic behavior and long length (up to 50 μm) of MWCNTs avoid plastic deformation 

and fracture of the conductive networks during multiple stretching processes, even at 

large strain.[32] 3) Hierarchical structure is helpful for external stress release,[55] aiding 

the MRS material to withstand repeated large strain without affecting its stretchability.  

Besides stretching, bending and torsion are another ubiquitous mechanical 

deformation. To realize the detection of bending and torsion, the MRS material was 

integrated on a hot melt glue stick with one end fixed and the other end bent or 

twisted (detailed measurement seen Supplementary Figure S12). Bending and torsion 

induced strain on the MRS material, which served as stimulus to the sensor and in 
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turn reflected the bending and torsion extent. The MRS material exhibited a wide 

sensing range up to a bending of 140° and a torsion of 628 rad m-1 with high 

reproducibility (Figure 5).  

 

Figure 4. Sensing performance and dynamic durability of the MRS material towards 

stretching. a) Relative resistance as a function of tensile strain applied on different 

MRS material types: hierarchical structured (red solid line) and unstructured (blue 

dashed line). b) The linear fittings of the hierarchically structured MRS material. c) 

Comparison of maximum gauge factor-maximum sensing range in reference and that 

in our work. a-u corresponding to refs 41, 47, 39, 44, 42, 38, 30, 29, 25, 45, 28, 40, 

48, 23, 22, 26, 46, 43, 49, 50, 51, respectively. SHCs represents superhydrophobic 
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surfaces d) Relative resistance under gradually increasing step strain from 0.2% to 

2%. Inset: Relative resistance during 12 stretching cycles at 0.2% strain. e) Relative 

resistance during five stretching cycles at a fixed strain from 20 % to 440 %. f) Real-

time relative resistance under repetitive stretching from 0 to 50 % strain with different 

frequencies. g) Relative resistance under cyclic stretching from 0 to 50 % strain over 

10000 cycles. h) Comparison of dynamic durability in reference and that in our work. 

a-g corresponding to refs 30, 27, 25, 24, 53, 28, 23, respectively. 

 

Figure 5. Sensing performance and dynamic durability of the MRS material towards 

bending/torsion. a) Illustration of the sensor at bending state. b) Relative resistance 

variation as a function of bending angle. c) Real-time variation in the relative 

resistance under repetitive bending at different fixed angles. d) Illustration of the 

sensor at torsion state. e) Relative resistance variation as a function of torsion angle. f) 

Real-time variation in the relative resistance under repetitive torsion at different fixed 

angles. 
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2.2 Superhydrophobicity and multifaceted robustness of the coating-free MRS 

materials  

To retain a high degree of the above-mentioned sensing performance (i.e. high 

sensitivity, wide sensing range and robust dynamic durability), we designed this 

sensing material to be superhydrophobic by creating surface rough morphology to 

avoid the need for a water-proof coating. The superhydrophobic MRS materials were 

designed to function particularly in harsh environments. For example, when they are 

applied as flexible and stretchable sensors, their superhydrophobicity are expected to 

be robust towards various mechanical deformation and destruction, and chemical 

corrosion etc. Here, controllable water repellency and multifaceted robustness is 

studied. 

The water contact angles (WCAs) of the top and bottom surfaces of the MRS material 

were 104.0° and 118.1°, respectively (Supplementary Figure S13a and c), indicating 

its hydrophobicity. We simply rubbed the MRS material with sandpaper to create 

rough surface morphology, then both sides became superhydrophobic with water 

contact angles of 150.6o and 154.5o, respectively (Supplementary Figure S13b and d, 

Supplementary Movie S1, and Figure 6a). It should be noted that chemical 

modification to lower surface energy was not required due to the intrinsic 

hydrophobicity of RTV. The operation requirements for achieving 

superhydrophobicity were comprehensively studied. We first studied the influence of 

abrasion direction on surface morphology and wettability. SEM images show that 
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unidirectional abrasion direction induced parallel long grooves, orthogonal abrasion 

direction produced vertically intersecting long grooves, while no long grooves were 

observed on the surface rubbed along random directions (Supplementary Figure S14). 

Nevertheless, all these obtained surfaces show superhydrophobicity with static water 

contact angles of beyond 154.0° and sliding angles (SAs) of ~6.0°, indicating a 

slippery Cassie-Baxter type surface (Figure 6b). These results verify that abrasion 

direction is not a key factor that determines surface wettability although it has an 

impact on surface morphology. Additionally, a wide range of types of abrasive paper 

can be used to texture the superhydrophobic structure. As shown in Figure 6c, WCAs 

over 150.0° and SAs below 10.0° were obtained on the surfaces after abrasion using 

sandpapers with grit No. ranging from 80 to 1000 Cw. The surfaces rubbed by 80, 100 

and 180 Cw abrasive papers had water contact angles as high as ~154.0°. It was also 

found that the water contact angles of the resultant surfaces showed a decrease 

tendency with the increase of grit No, which is attributed to the surface structure with 

decreased roughness (Figure 6d-f, details seen Supplementary Note 8). Abrasive paper 

with smaller grit No. provides greater pressure and frictional resistance and thus is 

favor of higher surface roughness achievement. Moreover, the superhydrophobicity of 

the MRS material did not depend on MWCNT loading or volume of suspension used 

(Supplementary Figure S15 and Supplementary Movie S2), this is because the RTV 

films could achieve superhydrophobicity after being textured with hierarchical 

structures (Supplementary Figure S16). Superhydrophobicity of the MRS material 
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was achieved at both relaxed and tensile states (Supplementary Figure S17). 

Obviously, it does not require professional operating skills, precise control in 

preparation process or expensive equipment/materials to obtain the superhydrophobic 

MRS material. Without specific notification, superhydrophobic MRS materials were 

used in different tests and were fabricated through being randomly rubbed by 180 Cw 

sandpaper at a relaxed state. 

Mechanical durability of sensing materials is highly significant for their practical 

applications particularly on flexible and wearable strain sensors, however, 

superhydrophobic materials are usually mechanically weak;[33] it is challenging to 

fabricate a mechanically robust and stretchable strain sensor with superhydrophobic 

properties. Figure 7a shows that a water droplet retained its spherical shape on the 

stretched composite surface at strain of 0 and 450%, and in both cases the WCAs 

were beyond ~154o while SAs were lower than 8o. Additionally, when water droplets 

drop onto the MRS surfaces during the stretching process, they readily rolled off 

(Supplementary Movie S3). Figure 7b shows the superhydrophobic MRS surfaces 

retained a WCA of 151.0o and a sliding angle lower than 10.0° after 5000 cycles of 

stretching/releasing processes at 200% strain. The superhydrophobic stability and 

durability of the MRS materials towards bending deformation was further tested and it 

showed that superhydrophobicity was retained with an increasing bending angle up to 

180° and after 5000 bending cycles at fixed angle of 180° (Figure 7c-d). These results 

confirm that the superhydrophobicity of the MRS materials is highly stable towards 
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dynamic, large and long-term strain, which ensures the waterproofing protection to 

function over the whole sensing range and after repeated sensing cycles. To further 

test its superhydrophobic durability, we performed various mechanical tests including 

multi-cycle abrasion, finger-wipe, tape-peeling, knife-scratc (Figures 7e-h, 

Supplementary Figure S18-19 and details seen Supplementary Note 9). The MRS 

materials retained their superhydrophobicitiy after all these tests. 

The superior robustness can be explained by the following reasons: 1) RTV is an 

elastic material, which shows a more desirable anti-abrasion ability than a rigid 

one.[33] This is because elastic material can largely dissipate the shear force produced 

by friction into the whole surface rather than the local abraded area. 2) The 

hierarchical structure in support of superhydrophobicity was generated from the 

sanding process. Consequently, the surface micro-nano structure would be further 

engineered rather than destroyed during sandpaper abrasion test. 3) Our raw material 

selection enables low surface energy material throughout the bulk material rather than 

being confined on the surface,[56] thus providing sufficient hydrophobic material to 

resist sandpaper abrasion and imparting the MRS material with excellent chemical 

and environmental durability.  

Besides mechanical abrasion, stable water repellency in other harsh conditions, such 

as corrosive liquids, high temperature, UV irradiation and high humidity, are also 

important for consideration of practical applications of the sensing materials. We 

further performed soak tests in aqueous solution with pH ranging from 1 to 13 for 12 
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h, high-temperature environmental tests (250 °C) for 76 h, UV exposure for 30 h and 

high-humidity environmental tests (90%, 35 °C) for 80 h (Supplementary Figure S20, 

Supplementary Movie S4 and details seen Supplementary Note 10). The resultant 

MRS materials retained superhydrophobicity after all the above-mentioned damages, 

indicating that the superhydrophobic MRS materials are promising to be applied 

under various harsh environmental conditions.  

 

Figure 6. Controllable fabrication of the superhydrophobic MRS material. a) A water 

droplet beaded up on the MRS surface. b) Water contact angle and sliding angle as a 

function of abrasion direction. c) Water contact angle and sliding angle dependent of 

abrasive sandpapers with grit No. from 80 Cw to 2000 Cw. d-f) SEM images of the 

MRS surfaces that were rubbed by different sandpapers with grit No. 400 Cw (d), 

1200 Cw (e) and 2000 Cw (f). Scale bars, 40 μm. 
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Figure 7. Multifaceted robustness characterization of the superhydrophobic MRS 

material. a) Water contact angle and sliding angle variation during stretching the MRS 

materials stretched from 0 to 450% strain. Insets: spherical water droplets on the MRS 

surface at strain of 0 and 450%. b) Water contact angles of the MRS materials after 0-

5000 stretching cycles at 200% strain. Inset: Water droplet sliding away from the 

composites surface at a slope angle within 10°. c) Water contact angle and sliding 

angle variation during the MRS materials bent from 0 to 180°. Insets: spherical water 

droplets on the MRS surface with bending angle of 0 and 450%. d) Water contact 

angles of the MRS materials after 0-5000 bending cycles at an angle of 180°. e) 

Schematic illustration of abrasion test. f) Water contact angle as a function of abrasion 

cycles. Insets: Optical photographs of water droplet on the MRS materials after 0, 25, 

50 abrasion cycles. g-h) SEM images of the MRS surfaces before (c) and after 50 

abrasion cycles. 

2.3 Sensing performance in different harsh environments  

Given superhydrophobic properties, sensing materials are able to function in harsh 
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environments such as water, sweat, acid and alkali without any coatings.[19,22,23,24, 

25,26,27,28,29,30] Nevertheless, the protection performance in other rigorous conditions 

such as dirt, high humidity and high temperature has not been reported. Here, the 

stability and reliability of the superhydrophobic MRS materials under various 

environments were comprehensively studied. To compare with superhydrophobic 

MRS materials, we also performed the same tests on MRS samples before sanding 

treatments – these samples are not superhydrophobic but have a medium degree of 

hydrophobicity. 

The relative resistance changes of two different MRS material types were measured 

when in contacted with water while sensing, under static and dynamic 

stretching/releasing states (strain from 0 to 50 %). In the case of the MRS material 

without superhydrophobicity, ΔR/R0 value decreased immediately and dramatically 

when its surfaces contacted water, even without deformation (Figure 8a). This is 

because water adhered on the MRS surface and affected the conductive MWCNT 

networks (via changing charge pathways). During stretching/relaxing cycles, as 

shown in Figure 8b, ΔR/R0 of the unstructured MRS material varied periodically 

before water dropping. Once water dropped on its surface, the output signal rapidly 

changed both in ΔR/R0 value and shape. Such changes were complex and show no 

regularity, as a result of dynamic water dispersion on the MRS surface during the 

stretching/relaxing process (Figure 8c). Moreover, even stopping water dropping, the 

maximum ΔR/R0 of each cycle could not recover to the original value. The resultant 
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ΔR/R0 value varies among repeated tests due to the different amounts and dispersion 

location of water left on the MRS surface (Supplementary Figure S21). As such, 

calibration could not be taken to correct the unreliable signal output during or after 

raining. These results confirm water has a significant effect on reliable sensing 

performance of the MRS material without superhydrophobicity. However, when water 

contacted with the superhydrophobic MRS materials at static states, it quickly rolled 

off due to low water adhesion on the superhydrophobic MRS surface, and thus its 

sensing performance was stable (ΔR/R0 = 0) (Figure 8d). When water was dropped 

onto the superhydrophobic MRS materials during the cyclic stretching process, it 

demonstrated unaffected cyclic changes in relative resistance (Figure 8e-f), indicative 

of its stable and reliable sensing performance under rainy (or sweat-like) conditions. 

Superhydrophobicity could protect MRS materials not only from water, but also from 

strong acid and alkali, artificial sweat and daily liquid contaminates e.g., coffee and 

soy sauce (Figure 8g, Supplementary Figure S22). More impressively, such protection 

is effective at high temperature (up to 60 °C) and high humidity (91%) due to the 

robust superhydrophobicity (Figure 8h-i), which has not been reported previously. 

This indicates that the superhydrophobic MRS materials are highly promising to 

function in extreme environments.  
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Figure 8. Sensing performances of different types of MRS material under various 

harsh environments. a-c) Relative resistance changes of MRS material (without 

sanding treatments) before and after water dropping under static state (a) and dynamic 

stretching/relaxing state (strain from 0 to 50 %) (b). c) Enlarged image of (b). d-f) 

Relative resistance changes of the superhydrophobic MRS material before and after 

water dropping at static state (d) and dynamic stretching/relaxing state (strain from 0 

to 50 %) (e). f) Enlarged image of (e). g-i) Relative resistance changes of unabraded 

and superhydrophobic MRS materials at static states under different vigorous 

conditions: corrosive water (g), temperature of 60 °C, and (h) high humidity of 91% 

(i). SHCs: MRS material with superhydrophobic surfaces. HCs: MRS material 

without sanding treatment (showing hydrophobic surfaces). 
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2.4 Practical applications: Full-range human motion and physiological detection, 

and water impact sensing 

Owing to simultaneous demonstration of an impressive detection limit, sensitivity, 

sensing range and durability, the superhydrophobic MWCNT/RTV composite based 

wearable (SMRCW) sensor is capable of detecting a full range of human motions. 

The SMRCW sensor could be attached comfortably to different positions of the 

human body/skin using medical tapes due as it is ultra-lightweight (ca. 0.07 g cm-1) 

and has extreme flexibility. To capture rapid activity, the sensors were fixed to 

different joints including wrist, finger and knuckle (insets in Figure 9a-c), as shown 

in Figure 9a-c and Supplementary Movie S5. The movements of these joints could be 

qualitatively and clearly recognized based on the distinctly differentiated frequency 

(demonstrated by different times spent on 8 cyclic movements) and response curve 

output from the sensor. Moreover, the responses to vigorous motions were highly 

repeatable, verified by the almost unchanged signal shape and maximum value of 

each cycle. Outdoor human activities pose high demand on the strain sensor because 

of the complex environments such as rain. The SMRCW sensor can work under wet 

or rainy conditions with assistance of superhydrophobicity, which was verified by the 

reliable and stable response to joint movement under intermittent water dropping 

(Supplementary Figure S23). In minute motion sensing, the sensors were attached to 

the fingertip and throat (insets in Figure 9d-e). Blood pulse rate could be read out 

easily from a static fingertip. Figure 9d and Supplementary Movie S6 show that the 
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sensor could capture the amplitude and frequency of pulse from the fingertip via 

blood periodically flowing (each cycle denotes one pulse). In Figure 9e, when the 

tester spoken “Hi”, “Hello”, “Sensor”, “Superhydrophobic” and “Environment”, the 

sensor outputted distinguishable signals for each word with good reproducibility 

(Supplementary Figure S24, Supplementary Movie S7), as a result of deferent vocal 

cord movements. As such, the present sensor is promising to be used for many 

applications such as human-machine interface, personal health management and 

speech rehabilitation training. 

A water droplet impinging onto a superhydrophobic surface bounces off, similar to a 

football hitting the ground.[57] When water bouncing occurs on the SMRCW sensors, 

it causes an impact force that acts on the sensor and thus arouses a resistance change. 

In this way, SMRCW sensors are potentially capable of sensing water droplets, which 

has many promising applications e.g., measurement platform (examples of evaluation 

of superhydrophobicity and agricultural sprinkler irrigation system) and rainfall 

monitoring. Additionally, when superhydrophobic surfaces protect sensors from rain, 

it is necessary to calibrate the sensors to compensate for the influence of water 

impact. However, few studies have been reported among existing superhydrophobic 

strain sensors. Here, the sensing performance to water droplets was studied by 

releasing droplets from a certain distance above the sensor, which was fixed on a 

sloping platform with an angle of 8o (schematic diagram is given in Supplementary 

Figure S25). The resistance of the sensor was recorded in real time during the water 
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bouncing process. As shown in Figure 9g, when a droplet of 50 μL was dropped on 

the SMRCW sensor surface from a height of 10 cm, ΔR/R0 increases immediately and 

then reaches the maximum value of 0.123%. Once the droplet rebounded off the 

surface, ΔR/R0 recovered quickly and completely. Such response is highly 

reproducible, confirmed by the cyclic change of ΔR/R0 to the consecutive water 

bouncing. Stable and repeatable response to water bouncing was further verified by 

50 μL droplets falling from 5 cm height (Supplementary Movie S8). Moreover, the 

number of consecutive droplets can be read by counting peaks in Figure 9g and Movie 

S8. To study the sensing mechanism, a free fall water droplet impacted on the 

SMRCW sensor surface was recorded by a high-speed camera. The resultant water 

droplet impacted the sensor surface and then rebounded off (Figure 9f). The 

mechanical deformation of the SMRCW sensor occurred during the collision process, 

and then completely recovered after the droplet rebounded and slid away from the 

sensor surface (Supplementary Movie S9), which indicates water bouncing makes the 

sensor generate a recoverable strain and thus be able to respond to continuous water 

droplets.  

The relationship between ΔR/R0 and drop height, mass (here, represented by volume) 

was respectively measured and presented in Figure 9h-i. Each point is reported as the 

average of more than 5 repeated water bouncing tests. In Figure 9h, ΔR/R0 increased 

monotonically with drop height ranging from 2 to 15 cm (all droplets with volume of 

50 μL) and the fitting demonstrates a good linear relationship between these two 
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parameters (R2 of 0.9962). It is worth noted that a 50 µL free fall water droplet with 

drop height of 15 cm results in an impact of 1.73 m s-1 on the sensor that could easily 

destroy the superhydrophobicity (detailed information is given in Supplementary Note 

11), however, it is stable due to the impressive superhydrophobic robustness of the 

SMRCW sensor. Figure 9i shows that the sensor is capable of discriminating water 

droplets with different volumes from 20 μL to 60 μL, and a linear fitting of these two 

sets of data gives R2 value of 0.9732. These results confirm a broad sensing range 

towards height and mass when the SMRCW sensor is used for sensing droplets 

impact. Additionally, the fitting curve with high R2 value demonstrates a promising 

application in predicting the position and mass of droplets. 

It is worthy to note that 50 μL water droplet (drop from a height of 10 cm) resulted in 

a relative resistance ΔR/R0 of 0.123 % (Figure 9 g), smaller than 0.2% strain - induced 

relative resistance change with ΔR/R0 value of 0.159%. For a small strain region (ε < 

71%), the relative resistance change and strain demonstrated a high linear relationship 

with R2 of 0.9947. Therefore, 50 μL water impact-induced strain is smaller than 0.2%. 

More impressively, the sensor can even response to a 20 μL water droplet (drop from 

a height of 10 cm) with relative resistance change of 0.024% (Figure 9i). This is about 

1/7 times smaller than 0.2% strain induced relative resistance change, further 

indicating the sensor is capable of sensing strain of below 0.2%. 
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Figure 9. Practical sensing applications: Full-range human motion and physiological 

detection, and water impact sensing. a-c) Response signal of SMRCW sensor in 

monitoring activity including wrist (a), finger (b) and knuckle (c) movements, and 
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corresponding sensor attached body parts. d, e) Responsive curves of SMRCW sensor 

in detecting tiny physiological phenomenon behaviors including pulse rate (d) and 

speech (e), and corresponding sensor attached body parts. f) Water bouncing on the 

hierarchical SMRCW sensor surface. g-i) Response signals as water bouncing sensing 

platform: resistance change during consecutive 50 μL free-fall water droplets with 

drop height of 10 cm (g), resistance changes as a function of water drop height h) and 

water volume (i). 

3. CONCLUSIONS  

In summary, we have developed a coating-free, non-fluorinated superhydrophobic 

strain sensing material through homogeneously encapsulating multi-walled carbon 

nanotubes in room temperature vulcanized silicone rubber, followed by a roughening 

process. This sensing material includes multiple features such as robust dynamic 

durability (over 10000 stretching cycles at 50% strain), high sensitivity (GF of 2.1 to 

214), wide sensing range (up to 447% strain) and durable superhydrophobicity 

(mechanically, chemically, thermally, and UV impervious) in a single system. The 

combination of these features enables it to function even under harsh environments 

such as high temperature, high humidity and exposure to highly corrosive liquids. 

Owing to its good flexibility, high sensitivity and wide sensing range, this material is 

able to be used as a wearable sensor to detect full-range human motions such as wrist, 

finger and knuckle movements, and even small responses from physiological behavior 

such as pulse rate and speech recognition. Surprisingly this superhydrophobic sensor 
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can detect water droplet impact/bouncing phenomena, which confirms its promising 

applications even in rainy conditions and further deduces its detectable strain limit is 

smaller than 0.2 %.  

4. Experimental section 

4.1 MWCNT-based suspension preparation: MWCNTs with an average diameter 

of 8-15 nm and an average length of 30-50 µm were bought from Timesnano Co., 

Ltd., China. The RTV was purchased from Guangzhou Yiqi Trade Co., Ltd., China. 

The cyclohexane was purchased from Sinopharm Chemical Reagent Co., Ltd., China. 

All chemicals were used as received. First, MWCNTs were added into 20 mL of 

cyclohexane under magnetically stirring, followed by dispersion of 5 g of RTV and 

0.1 g of curing agent. The MWCNT loading was varied from 2.5 to 6.5 milligram per 

milliliter of cyclohexane. Then the mixture was subjected to strong sonication (300 

W) for 1 min using an ultrasonic cell disruptor (JY 99-IIDN, Ningbo Scientz 

Biotechnology Co., Ltd., China) and magnetically stirred for 2 h, until a homogeneous 

suspension was obtained. 

4.2 Hierarchical MRS material preparation: MRS material were obtained by 

pouring the suspension with volume ranging from 5 to 25 mL into a homemade mold, 

followed by drying at ambient conditions typically 20 ± 1 °C and relative humidity of 

80 ± 3%. Anything that is capable of holding liquids can be used as mold. Here, we 

chose handing fold paper box of size 7.4 cm × 2.6 cm as a mold because its rough 

structure can be printed on the MRS material surface, favoring the generation of 
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hierarchical roughness. After peeling off from mold, the MRS material at different 

tensile state (strain from 0 to 150%) was abraded by different tapes of sandpaper (grit. 

No. from 80 to1200 Cw) along different directions (including unidirectional, 

orthogonal and random directions) for fabrication of the hierarchical structure. 

Without special mention, samples 3.5-10 were rubbed by 180 mesh sandpaper at a 

relaxed state along a random direction. 

4.3 Characterization: The SEM images were obtained using a FEI Quanta 450 

instrument at an accelerating voltage of 10 kV. The TEM images were captured using 

a JEOL JEM 2100F instrument at an accelerating voltage of 200 kV. The XPS images 

were recorded using a Thermo Scientific K-alpha photoelectron spectrometer. AFM 

images were collected on a Keysight 5600LS. WCAs and SAs were measured by 

using Data Physics OCA15 Instrument. The average of five positions was reported as 

the final value. For more details about wettability measurement see Supplementary 

Experiments. A digital camera (Canon EOS 70D) and high speed camera 

(fps1000HD) was used to take optical photographs and videos in this work, 

respectively. A stepper machine (Anka transmission technology co., ltd., China) was 

used to stretch the MRS material (size of 30 mm × 10 mm, L0 × W0) at a speed of 5 

mm/s, without specific notification. Resistance measurement was conducted by 

connecting the two ends of MRS material to a digital source meter (Keithley 2450 

SourceMeter) to read real-time electric current (I0), with conductive copper wires. 

Before tests, two ends of the MRS material were fixed to stepper machine. A constant 
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voltage (V0) of 10 V was applied, and the real-time resistance was obtained by 

calculating the ratio between V0 and I0.  
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