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Abstract: Electronic skin (E-skin) is increasingly utilized in modern society, yet current E-skin
technology suffers from issues, such as opacity, hardness, and fragility. To address these challenges, a
novel E-skin was developed using polyurethane (PU) as the matrix material and silver nanowires
(AgNWs) as the sensing material. By leveraging the small degree of microphase separation and lack
of crystallization in the PU, combined with the appropriate length–diameter ratio of the AgNWs,
the resulting E-skin exhibited a visible light transmittance of 75%. The E-skin also showed excellent
self-healing properties (83.63% efficiency in the third repair) and mechanical properties (with almost
no degradation after 60 tensile cycles) due to the reversible dynamic cross-linking network within
the PU. The synergistic effect of PU and AgNWs resulted in exceptional sensing performance for
the E-skin, with a gauge factor of 46 (when ε = 10%). Moreover, the E-skin demonstrated signal
stability during human joint motion monitoring and successfully identified different movement
states, highlighting its potential for diverse applications. This research presents a simple yet effective
approach for producing transparent, durable, and stable E-skin.

Keywords: electronic-skin (E-skin); strain-sensor; self-healing; polyurethane; AgNWs; spraying;
transparent; UV blocking

1. Introduction

As societal development progresses, suboptimal health problems have become in-
creasingly prominent in the population, and monitoring suboptimal health has garnered
growing attention [1,2]. Electronic skin (E-skin), a novel wearable sensor, has found increas-
ing application in areas such as motion tracking and health condition monitoring [3–5].
However, conventional sensors or E-skin suffer from drawbacks including unattractiveness,
susceptibility to damage, and poor wearability, which impede the broad application of
E-skin [6–8].

The aforementioned challenges have attracted the attention of researchers, who have
made significant efforts towards their resolution. For instance, with regard to enhancing
the transparency of E-skins, some researchers have drawn inspiration from ion conduction
and developed a range of hydrogel-based E-skins that exhibit high transparency (with
over 80% visible light transmittance) and good compatibility with human skin. Such skins
have achieved a sensing gauge factor (GF) of at least ten within specific strain ranges [9,10].
However, hydrogels have a tendency to dry out, leading to durability issues, as well
as reduced signal sensitivity at low deformation levels [11,12]. Other researchers have
sought to enhance transparency by incorporating conductive nanomaterials into resins,
achieving similar transparency levels in certain visible light bands [13,14]. Additionally,
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some researchers have constructed conductive networks on the surfaces of E-skin substrates
using materials such as silver nanowires (AgNWs), resulting in high transparency and
sensitivity [15–17]. However, these approaches suffer from limitations, such as substrate
hardness, poor sensing accuracy, partial transparency, and coloration. To overcome the
challenge of low durability, researchers have explored the use of resin as a substrate
for E-skins, which can improve their mechanical strength and longevity [18–20]. For
instance, some researchers have used polyurethane (PU) as a substrate, on which conductive
polymers or carbon nanotubes are deposited [21–24], or in situ polymerization of PPy-
PDMS-PPy on a PU film [25]. Others have employed Polyvinylidene fluoride as a substrate,
which is filled with conductive materials [26–29]. Furthermore, scholars have carried out
extensive investigations on the determinants that affect the sensing efficacy of electronic
skin, uncovering the impact of the concentration of conductive dopants and the ratio
of length to diameter on sensing performance. This discovery furnishes a theoretical
framework for addressing the predicament of electronic skin [30–32]. However, while
these materials offer improved durability, they can be challenging to manufacture and
may not satisfy aesthetic, comfort, and high-sensitivity requirements. Currently, the field
of E-skin faces several outstanding issues that require resolution. These include the low
sensitivity coefficient of stretch-sensing electronic skin at small strains [33–35], inadequate
aesthetics [36–38], poor durability of the matrix material [37,39], stringent requirements for
self-repair conditions [40], and suboptimal self-repair efficiency [41].

Although E-skin technology has made significant progress in various properties, there
is a lack of reporting on E-skin materials that exhibit all of the following properties: trans-
parency, durability, and self-healing. Therefore, the goal of this paper is to synthesize a
multifunctional E-skin material that possesses transparency, durability, self-healing capabil-
ities, and excellent sensing performance, and which can be widely utilized. In this study,
we have successfully synthesized a novel E-skin with exceptional properties, including
transparency, self-repair capability, and resistance to aging. This E-skin demonstrates a
visible light transmittance exceeding 75%, a tensile strength of 30.67 MPa, an elongation at
break of 302.79%, and a fracture toughness of 32.48 MJ·m−3. After three cycles of fracture
and repair, the electronic skin still exhibits a tensile strength of 25.62 MPa with a repair
rate of 83.63%. Moreover, we have demonstrated that the mechanical properties of the
E-skin remain practically unchanged after being subjected to 60 cycles of repeated stretch-
ing under different strains. Additionally, our results indicate that the synthesized E-skin
exhibits superior sensing performance compared to other E-skins of its kind [17,42,43], with
a gauge factor (GF) of 46 when ε = 10%. The E-skin’s stability during different human joint
movement monitoring and its ability to recognize different motion states suggests excellent
sensing performance. Previous research on electronic skin has tended to address specific
issues, rather than comprehensively studying a multifunctional electronic skin possessing
exceptional self-repair, durability, sensing, and transparency capabilities. To date, there are
no reports in the literature of such a multifaceted electronic skin [21,43–46]. Furthermore,
the remarkable ultraviolet shielding effect of such a comprehensive electronic skin suggests
its enormous potential for real-time monitoring of human health and physical activity.

2. Materials and Methods

The current study describes a preparation method for an E-skin, which is presented
schematically in Figure 1. Initially, a prepolymer is synthesized by reacting hexamethylene
diisocyanate and polytetramethylene ether glycol. Subsequently, a dynamic reversible
phenol–aminoformate bond is introduced into the PU matrix to fabricate the PU substrate
material. In parallel, AgNWs with suitable length and diameter are prepared using a
modified polyol method. Finally, the AgNWs dispersion is sprayed onto the PU surface via
a spray coating method to generate the E-skin. By controlling the degree of microphase
separation, the crystallinity of the PU, and the length and concentration of AgNWs, a
transparent PU matrix with superior self-repair performance was achieved in the E-skin.
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Additionally, the synergistic effect of PU and AgNWs, facilitated by the agglomeration and
stacking of AgNWs, contributed to the E-skin’s excellent sensing performance [47].
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Figure 1. The process to produce the robust, transparent, and self-healable strain-sensor E-skin.

2.1. Materials and Chemicals

Hexamethylene diisocyanate (HDI, 99%), polytetramethylene ether glycol (PTMEG,
Mn = 2000 g mol−1), and dibutyltin dilaurate (DBTDL. 95%), were purchased from Aladdin
(Shanghai) Reagent Co., Ltd., Shanghai, China. 3,5,3′,5′-Tetrabromobisphenol A (TBBPA,
98%), propyl gallate (PG. 99.87%), and bis (2-dimethylaminoethyl) ether (BDMAEE, 98%),
were purchased from Bidepharm Chemical Reagent Co., Ltd., Shanghai, China. Tetrahydro-
furan (THF, 99.5%), and polyvinylpyrrolidone (PVP, K90), were purchased from Macklin
Reagent (Shanghai, China). Potassium chloride (KCl, 99.5%), ethylene glycol (EG, 99%),
and silver nitrate (AgNO3, 99.8%), were purchased from Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China. Anhydrous ethanol THF and EG were dehydrated with 4A
molecular sieve for at least 24 h before use. PTMEG was vacuum dried at 120 ◦C for 2 h
before use.

2.2. Preparation of PU

The synthesis of PU is divided into two stages. The prepolymer was synthesized
by the reaction of PTMEG 2000 (32.00 g) and HDI (8.28 g) under the catalysis of DBTDL
(1.2 mg) at 65 ◦C for 1 h with the protection of pure N2. Then, we waited for the prepolymer
to cool down to 60 ◦C, and dissolved TBBPA (12.30 g), PG (2.34 g), and BDMAEE (0.04 g) in
25 mL of anhydrous THF. The above solution is added to the prepolymer and stirred for
20 min at 60 ◦C. The polymer was cast onto a glass plate to form a film in an air-drying oven
at 60 ◦C for 8 h. The film was further dried under vacuum oven at 60 ◦C for 72 h. Finally,
the film, to meet the requirements was prepared, which has the following advantages:
colorless, transparent, UV protection, high toughness and thermal repair. The film was
kept in a desiccator for further use.

2.3. Preparation of AgNWs

AgNWs were synthesized using a modified polyol method. PVP (0.588 g) and KCl
(0.514 g) were added to a conical flask with EG (20 mL) and completely dissolved by
magnetic stirring under 80 ◦C for 1 h. AgNO3 (0.34 g) was added to a beaker with EG
(30 mL), and completely dissolved by magnetic stirring in the dark. After the AgNO3 was
dissolved, the PVP solution was added to the solution. After being stirred for 1 min, the
mixture was transferred to a reaction kettle and heated at 160 ◦C for 7 h. After being cooled
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to room temperature, the suspension was centrifuged 3 times for 15 min at 3000 rpm with
ethanol [48,49]. Finally, AgNWs with a diameter of approximately 80 nm and a length of
approximately 15~20 µm were dispersed in ethanol for further use.

2.4. Preparation of the Strain-Sensor E-Skin

The prepared ethanol dispersion of AgNWs was diluted to about 0.5 g·L−1, and then
was added to the spray gun. PU film was placed 30 cm under the infrared baking lamp. PU
film surface was coated with AgNWs using a spray gun, the spraying rate is 5 cm·s−1, each
spraying interval is 10 s, and the spraying volume is about 0.3 mg·cm−2. The transparent
and self-healing strain-sensor E-skin (TSS) was obtained after resting for 2 h.

2.5. Measurements and Characterizations

The surface topography of PU films, AgNWs, and TSS film were performed using
scanning electron microscopy (SEM, Inspect F50, FEI Company, Hillsboro, OR, USA), and
transmission electron microscope (TEM, tecnai F20, FEI Company, Hillsboro, OR, USA) with
element mapping analysis (EDS, X-MAX 80T, Oxford Instrument, London, UK). Optical
pictures were obtained using a smart phone (Redmi K30, Xiaomi Inc., Beijing, China). The
vibration of functional group was disclosed using the Attenuated Total Reflectance-Fourier
transform Infrared spectroscopy (ATR-FTIR, Alpha II, Bruker Corporation, Karlsruhe,
Germany) with an ATR attachment. X-ray photoelectron spectroscopy (XPS) analysis was
carried out using a X electron spectrometer (Nexsa, Thermo Fisher Scientific Inc., Waltham,
MA, USA). Check the chemical nature at a 100 W AlKα X-ray source and a base pressure of
about 4 × 10−9 mbar. The optical properties of PU film and TSS film were recorded using
a UV-Vis-NIR spectrophotometer (UV-3600, Shimadzu Corporation, Kyoto, Japan). The
thermal stability of samples was exhibited u thermogravimetric analysis (TGA, TG209 F3,
Netzsch Gerätebau GmbH, Selb, Germany). The crystalline form of PU, and AgNWs was
identified using X-ray diffraction (XRD, Ultima IV, Rigaku, Tokyo, Japan). The mechanical
properties of films were tested via the uniaxial stretching machine (KJ-1065B, Guangdong
Kejian Instrument Co., Ltd., Dongguan, China). The water contact angle of coatings was
measured using a contact angle goniometer (OSA 100, LAUDA Scientific GmbH, Germany)
with a 5 µL DI water droplet at room temperature. The resistance varied with tensile
of the wearable sensor was gauged using Digital Multimeter (ET4401, Hangzhou East
Tester Electronics Co., Ltd., Hangzhou, China). The initial resistance of the sensor and the
resistance in case of strain were recorded as R0 and R, respectively, and the normalized
resistance was defined as (R − R0)/R0 for further explanation.

3. Results and Discussion
3.1. Measurements and Characterizations of Flexible Film

To determine the structure of the films, SEM and TEM images of PU films, AgNWs
and strain-sensor E-skin are shown in Figure 2. The length of the synthesized AgNWs was
about 15~20 µm and the diameter was about 80 nm. The SEM images (Figure 2c,d) show
that the AgNWs were well loaded on the surface of the PU film, and the AgNWs were
uniformly distributed with a conductive layer thickness of about 0.3 µm. The diffraction
images of AgNWs (Figure 2f) show that the lattice of AgNWs is obvious, and the TEM-EDS
elemental mapping of AgNWs (Figure 2g) demonstrates the uniform distribution of silver
elements. The above two points prove the smooth growth of AgNW crystals [50].

In the ATR-FTIR spectrum of the film (Figure 3a), the absorption peak attributed to the
isocyanate groups (about 2274 cm−1 in the prepolymer) disappeared completely, indicating
a complete reaction of the isocyanate groups. While the stretching vibration of the non-
hydrogen bonded C=O of the urethane groups in the prepolymer at 1720 cm−1, blue shifted
to 1752 cm−1 for the TBBPA chain extender, indicating that this shift is due to the electrical
attraction effect of adjacent bromine groups. The peak at 742 cm−1 was a characteristic
band for the TBBPA chain extender. The peak at 1364 cm−1 was a characteristic band for
the PG cross-linker. The weak absorption band at 3331 cm−1 was caused by N-H stretching
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vibrations. The weak peaks at 2938 cm−1 and 2859 cm−1 were attributed to symmetric
and asymmetric vibrations of methyl and methylene groups. The band at 1454 cm−1 was
considered to be a vibration of the benzene ring [51,52].
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A comparison of the three curves reveals the characteristic diffraction peaks of the
AgNWs. The peak observed at 2θ = 21.7◦ is attributed to PU, while the peaks at 38.0◦,
44.8◦, 64.2◦ and 77.8◦ correspond to scattering from the (111), (200), (220) and (311) crystal
planes, respectively, as confirmed by comparison with the standard card JCPDS No. 87-0719
face-centered cubic Ag. Notably, no other heterogeneous peaks were observed, indicating
high purity of the AgNWs. The narrow and high peak at 38.0◦ suggests that the AgNWs
primarily grow towards the (111) crystal plane, indicative of a great length–diameter ratio,
consistent with SEM and TEM results. The attachment of AgNWs to the PU surface is
attributed to a physical bond, as evident from the lack of peak position shifts in the XRD
test results [17]. Figure 3c shows the X-ray photoelectron spectroscopy (XPS) of TSS. The
binding energy peaks at 368.2 eV and 374.2 eV are assigned to Ag 3d5/2 and Ag 3d3/2,
respectively, indicating that the AgNWs are unoxidized silver monomers. This suggests
that the AgNWs are in a metallic state rather than an oxidized state [53,54].

As shown in Figure 4a, the polyurethane film is colorless and transparent with a
light transmission greater than 90% at 400~800 nm and with a film thickness of about
0.5 mm. Additionally, the PU films have excellent UV resistance (300~400 nm) due to the
presence of benzene rings, as shown in Figure 4a. TSS film was also transparent with a light
transmission greater than 75% at 400~800 nm and maintains the UV resistance. Optical
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photos (Figure 4c,d) show the transparency of PU and E-skin under practical application
conditions. The patterns can be clearly seen through PU and E-skin, which can meet the
aesthetic needs in practical applications.
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Thermogravimetric analysis was used to determine the thermal stability of the flexible
conductive film (as shown in Figure 4b). The TG curves of PU film show three main stages
of degradation. The first stage (<170 ◦C) is due to the volatilization of low molecular
substances, such as water and THF. The hydrogen bonds within the PU are opened and the
hard chain segments are decomposed, which forms the second stage (170~325 ◦C). The third
stage (>325 ◦C) is related to the decomposition of the soft chain segments. Since the main
component of the soft laminated film was PU, the appearance of the decomposition curve
was the same except for one aspect, the residual weight after the decomposition of TSS
was 1.02%, which is caused by the incomplete decomposition of the oxidation of AgNWs.
Considering that as a wearable device the sensor generally works at room temperature, the
stability of the conductive soft film is ensured.

The water contact angle of PU is shown in Figure 5a, where it was found to reach
105.22◦ due to the presence of hydrophobic groups in PU. The water contact angle of
TSS was also tested at different times and is shown in Figure 5c. While the contact angle
decreased with time, it remained above 106◦, indicating incomplete wetting behavior due
to the nanoscale nature of the AgNWs, resulting in a hydrophobic surface on the sensor. To
further evaluate the fouling resistance of the E-skin, we applied drops of milk, coffee, cola,
and juice onto the E-skin and recorded optical images after 10 s (Figure 5b). The droplets
retained their shape, demonstrating that they were easily removed from the surface of the
E-skin.
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after dropping for 10 s; (c) Variation of water contact angle with TSS film time on.

The mechanical properties of the films were measured using uniaxial stretching tests
(specifications: length 12.5 mm, width 2 mm, and thickness 0.5 mm) at ambient conditions
(25 ± 2 ◦C, 60 ± 10% RH) at a stretching rate of 50 mm/min. The stress–strain curves of the
PU films are shown in Figure 4b. The PU films exhibited good self-healing ability due to
the reversibility of the phenol carbamate bonds of TBBPA and PG at high temperatures. In
the optical microscope images, the cross scratches of PU almost disappeared after healing
at 100 ◦C for 2 h (Figure 6a). The PU samples could be recycled at least three times after
only 10 min of hot pressing at 100 ◦C (10 MPa) (Figure 6b). The tensile strength decreased
slightly due to the irreversible reaction of the deblocked isocyanate with water and the
elongation at break increased accordingly. Even so, the recovered sample after three times
remained 83% of the original sample (Figure 6b).
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The cyclic loading unloading tests with 10% (Figure 7a) strain and 100% (Figure 7b)
are shown in Figure 7. The results show the mechanical curves of TSS films at 2 constant
elongations with 60 repetitions of stretching. When the film recovers, its mechanical
curve lags behind the mechanical curve during stretching. The reason is that the film
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was subjected to elastic deformation (including fast elastic deformation and slow elastic
deformation) and plastic deformation caused by tensile deformation, and the film did not
return to the initial state in time when it recovered. It is also evident that the mechanical
curve of the first stretching was significantly different from that of the subsequent stretching.
The slightly lower recovery in the first cycle was due to the breakage of the hydrogen bond
in the first stretch, while the crosslink established by the phenol–carbamate bond remained
unchanged in the subsequent cycles. It could be seen that after the first stretch, there was
some degree of film relaxation, and the subsequent stretch/recovery curves were close,
indicating that subsequent stretches have little effect on film relaxation.

Coatings 2023, 13, x FOR PEER REVIEW 8 of 13 
 

 

The cyclic loading unloading tests with 10% (Figure 7a) strain and 100% (Figure 7b) 
are shown in Figure 7. The results show the mechanical curves of TSS films at 2 constant 
elongations with 60 repetitions of stretching. When the film recovers, its mechanical curve 
lags behind the mechanical curve during stretching. The reason is that the film was sub-
jected to elastic deformation (including fast elastic deformation and slow elastic defor-
mation) and plastic deformation caused by tensile deformation, and the film did not re-
turn to the initial state in time when it recovered. It is also evident that the mechanical 
curve of the first stretching was significantly different from that of the subsequent stretch-
ing. The slightly lower recovery in the first cycle was due to the breakage of the hydrogen 
bond in the first stretch, while the crosslink established by the phenol–carbamate bond 
remained unchanged in the subsequent cycles. It could be seen that after the first stretch, 
there was some degree of film relaxation, and the subsequent stretch/recovery curves 
were close, indicating that subsequent stretches have little effect on film relaxation. 

 
Figure 7. Strain-load curves for AgNWs with constant strain (a) 10% and (b) 100% repeated stretch-
ing. 

3.2. Performance Testing of the E-Skin 
The sensing performance of the E-skin when stretched is displayed in Figure 8. The 

gauge factor (GF) was defined as (ΔR/R0)/ε (where R0, ΔR, and ε represent the initial re-
sistance, change in resistance, and elongation, respectively.) The GF represents the sensi-
tivity of the strain-sensor E-skin and is the most important performance indicator. De-
creasing the initial resistance (R0) and increasing the change in resistance (∆R) are two 
useful ideas to promote the sensitivity of the sensor. The normalized resistance (∆R/R0) 
varies with elongation (Figure 8a). At initial stretching, electrical conduction was largely 
dependent on the AgNWs. Having many contact points ensured that there are sufficient 
conductive paths to reduce the initial resistance. As the rate of stretching increases, the 
resistance of the sensor increased rapidly. Since the continuity of the conductive network 
decreased significantly with increasing elongation, the normalized resistance of the sensor 
increases rapidly, and the GF increases as well. As calculated in Figure 8a, the GF of our 
prepared strain-sensor E-skin was 46 (when ε = 10%). Compared with many related stud-
ies, the GF of the strain-sensor E-skin without complex structure reported so far is mostly 
less than 30 at the same strain. Therefore, the GF of the strain-sensor E-skin prepared using 
this method is better than many similar sensors. The fatigue resistance represents the re-
producibility of the normalized resistance to the same strain under multiple stretch/re-
lease cycles. Because wearable strain sensors need to accommodate complex dynamic 
strains, it is an important factor to consider when designing sensors. When ε = 10%, the 
test cycle is 250 times, as shown in Figure 8c. We found that the normalized resistance of 
the sensor is reproducible under cyclic tensile strain. Through statistical analysis of the 
normalized resistance after 250 cycles, it was observed that all values were between 3.85 
and 4.0 at the maximum value. At the maximum value, 90% of the values were in the 

Figure 7. Strain-load curves for AgNWs with constant strain (a) 10% and (b) 100% repeated stretching.

3.2. Performance Testing of the E-Skin

The sensing performance of the E-skin when stretched is displayed in Figure 8. The
gauge factor (GF) was defined as (∆R/R0)/ε (where R0, ∆R, and ε represent the initial
resistance, change in resistance, and elongation, respectively.) The GF represents the
sensitivity of the strain-sensor E-skin and is the most important performance indicator.
Decreasing the initial resistance (R0) and increasing the change in resistance (∆R) are two
useful ideas to promote the sensitivity of the sensor. The normalized resistance (∆R/R0)
varies with elongation (Figure 8a). At initial stretching, electrical conduction was largely
dependent on the AgNWs. Having many contact points ensured that there are sufficient
conductive paths to reduce the initial resistance. As the rate of stretching increases, the
resistance of the sensor increased rapidly. Since the continuity of the conductive network
decreased significantly with increasing elongation, the normalized resistance of the sensor
increases rapidly, and the GF increases as well. As calculated in Figure 8a, the GF of
our prepared strain-sensor E-skin was 46 (when ε = 10%). Compared with many related
studies, the GF of the strain-sensor E-skin without complex structure reported so far
is mostly less than 30 at the same strain. Therefore, the GF of the strain-sensor E-skin
prepared using this method is better than many similar sensors. The fatigue resistance
represents the reproducibility of the normalized resistance to the same strain under multiple
stretch/release cycles. Because wearable strain sensors need to accommodate complex
dynamic strains, it is an important factor to consider when designing sensors. When
ε = 10%, the test cycle is 250 times, as shown in Figure 8c. We found that the normalized
resistance of the sensor is reproducible under cyclic tensile strain. Through statistical
analysis of the normalized resistance after 250 cycles, it was observed that all values were
between 3.85 and 4.0 at the maximum value. At the maximum value, 90% of the values
were in the range of 0~0.1, while approximately 10% of the values deviated towards 0.15
due to limitations of the universal material testing machine in accurately changing direction
at extreme values. Further analysis was conducted on six cycles, as shown in Figure 8d,
revealing that the normalized resistance of the electronic skin oscillated between 0 and 4,
with a mean of 0.05 for the lowest value and a mean of 3.95 for the highest value, indicating
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good stability. In addition, a good strain-sensor E-skin should have good signal stability
under different strains to face the complex working environment. Figure 8b showed the
step-by-step test at different elongation rates, respectively. The normalized resistance curve
of the sensor shows a plateau at a certain strain, which indicates that the signal stability of
the strain-sensor E-skin is reliable (Figure 8b).
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Strain-sensing E-skins were used for motion tracking and health monitoring due to
their excellent sensitivity, fatigue resistance and signal stability. In the experiments, strain-
sensing E-skins were placed on the finger (Figure 9a), wrist (Figure 9b) and knee (Figure 9c)
to determine application performance. The monitoring of joint motion was exemplified
by the finger application, where the standardized resistance of the E-skin was minimal
at the beginning. As the finger was gradually bent to 90◦, the E-skin was simultaneously
bent and stretched, the conductive network was affected, and the normalized resistance
increased to a maximum. As the finger was stretched, the normalized resistance gradually
returned to its original value. Over multiple cycles, the normalized resistance was only
slightly different due to the subtle differences in finger motion, showing good repeatability.
The application on the wrist and knee was similar to that on the finger. It is noteworthy
that we simulated walking with small and slow movements, and they showed significant
differences in the curves compared to running with large and fast movements.
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4. Conclusions

In conclusion, we have successfully synthesized a highly transparent and UV-resistant
PU film, along with AgNWs of an optimal length–diameter ratio. These components
were integrated using a simple method to create a strain-sensor E-skin with a conductive
network on the surface of the PU film. The E-skin fabricated in this study exhibits excellent
optical properties, self-healing abilities, and fatigue resistance owing to the molecular-level
design of the substrate material. The appropriate length–diameter ratio of the synthesized
AgNWs leads to extensive contact area between the nanowires coated on the PU surface,
resulting in a high GF at low strain levels for the E-skin. Hence, we demonstrated the great
potential of the sensor for applications in artificial intelligence, motion tracking, and health
monitoring through experiments on fingers, wrists, and knees.
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Abbreviations

E-skin Electronic skin
PU Polyurethane
AgNWs Sliver nanowires
GF Gauge factor
HDI Hexamethylene diisocyanate
PTMEG Polytetramethylene ether glycol
TBBPA 3,5,3′,5′-Tetrabromobisphenol A
PG Propyl gallate
DBTDL Dibutyltin dilaurate

References
1. Wang, W.; Yan, Y. Suboptimal health: A new health dimension for translational medicine. Clin. Transl. Med. 2012, 1, 28. [CrossRef]

[PubMed]
2. Bi, J.; Huang, Y.; Xiao, Y.; Cheng, J.; Li, F.; Wang, T.; Chen, J.; Wu, L.; Liu, Y.; Luo, R.; et al. Association of lifestyle factors and

suboptimal health status: A cross-sectional study of Chinese students. BMJ Open 2014, 4, e005156. [CrossRef]
3. Strommer, E.; Kaartinen, J.; Parkka, J.; Ylisaukko-Oja, A.; Korhonen, I. Application of near field communication for health

monitoring in daily life. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2006, 2006, 3246–3249. [CrossRef]
4. Yi, T.H.; Li, H.N.; Gu, M. Optimal sensor placement for structural health monitoring based on multiple optimization strategies.

Struct. Des. Tall. Spec. 2011, 20, 881–900. [CrossRef]
5. Chen, X.; Villa, N.S.; Zhuang, Y.F.; Chen, L.Z.; Wang, T.F.; Li, Z.D.; Kong, T.T. Stretchable Supercapacitors as Emergent Energy

Storage Units for Health Monitoring Bioelectronics. Adv. Energy Mater. 2020, 10, 1902769. [CrossRef]
6. Chang, F.Y.; Wang, R.H.; Yang, H.; Lin, Y.H.; Chen, T.M.; Huang, S.J. Flexible strain sensors fabricated with carbon nano-tube and

carbon nano-fiber composite thin films. Thin Solid Film. 2010, 518, 7343–7347. [CrossRef]
7. Xu, S.H.; Fan, Z.; Yang, S.T.; Zhao, Y.P.; Pan, L.J. Flexible, self-powered and multi-functional strain sensors comprising a hybrid of

carbon nanocoils and conducting polymers. Chem. Eng. J. 2021, 404, 126064. [CrossRef]
8. He, J.; Zhou, R.H.; Zhang, Y.F.; Gao, W.C.; Chen, T.; Mai, W.J.; Pan, C.F. Strain-Insensitive Self-Powered Tactile Sensor Arrays

Based on Intrinsically Stretchable and Patternable Ultrathin Conformal Wrinkled Graphene-Elastomer Composite. Adv. Funct.
Mater. 2022, 32, 2107281. [CrossRef]

9. Zhang, J.P.; Hu, Y.; Zhang, L.A.; Zhou, J.P.; Lu, A. Transparent, Ultra-Stretching, Tough, Adhesive Carboxyethyl
Chitin/Polyacrylamide Hydrogel Toward High-Performance Soft Electronics. Nano-Micro Lett. 2023, 15, 8. [CrossRef]
[PubMed]

10. Wu, M.; Wang, X.; Xia, Y.F.; Zhu, Y.; Zhu, S.L.; Jia, C.Y.; Guo, W.Y.; Li, Q.Q.; Yan, Z.G. Stretchable freezing-tolerant triboelectric
nanogenerator and strain sensor based on transparent, long-term stable, and highly conductive gelatin-based organohydrogel.
Nano Energy 2022, 95, 106967. [CrossRef]

11. Bai, Z.X.; Wang, X.C.; Zheng, M.H.; Yue, O.Y.; Huang, M.C.; Zou, X.L.; Cui, B.Q.; Xie, L.; Dong, S.Y.; Shang, J.J.; et al. Mechanically
Robust and Transparent Organohydrogel-Based E-Skin Nanoengineered from Natural Skin. Adv. Funct. Mater. 2023, 33, 2212856.
[CrossRef]

12. Pei, D.F.; Yu, S.Y.; Zhang, X.F.; Chen, Y.J.; Li, M.J.; Li, C.X. Zwitterionic dynamic elastomer with high ionic conductivity for
self-adhesive and transparent electronic skin. Chem. Eng. J. 2022, 445, 136741. [CrossRef]

13. Wu, H.; Hu, L.B.; Rowell, M.W.; Kong, D.S.; Cha, J.J.; McDonough, J.R.; Zhu, J.; Yang, Y.A.; McGehee, M.D.; Cui, Y. Electrospun
Metal Nanofiber Webs as High-Performance Transparent Electrode. Nano Lett. 2010, 10, 4242–4248. [CrossRef]

14. Zhang, X.Y.; Tang, Z.; Tian, D.; Liu, K.Y.; Wu, W. A self-healing flexible transparent conductor made of copper nanowires and
polyurethane. Mater. Res. Bull. 2017, 90, 175–181. [CrossRef]

15. Liu, J.; Zhang, L.; Wang, N.; Li, C.Z. Highly stretchable and transparent triboelectric nanogenerator based on multilayer structured
stable electrode for self-powered wearable sensor. Nano Energy 2020, 78, 105385. [CrossRef]

16. Cha, S.; Kim, I.; Lee, E.; Jang, E.; Cho, G. AgNW Treated PU Nanofiber/PDMS Composites as Wearable Strain Sensors for Joint
Flexion Monitoring. Fiber Polym. 2020, 21, 2479–2484. [CrossRef]

17. Jiang, Y.; Chen, Y.X.; Wang, W.; Yu, D. A wearable strain sensor based on polyurethane nanofiber membrane with silver
nanowires/polyaniline electrically conductive dual-network. Colloids Surf. A 2021, 629, 127477. [CrossRef]

18. Li, X.-P.; Li, Y.; Li, X.; Song, D.; Min, P.; Hu, C.; Zhang, H.-B.; Koratkar, N.; Yu, Z.-Z. Highly sensitive, reliable and flexible
piezoresistive pressure sensors featuring polyurethane sponge coated with MXene sheets. J. Colloid Interface Sci. 2019, 542, 54–62.
[CrossRef]

19. Li, H.; Ding, G.; Yang, Z. A High Sensitive Flexible Pressure Sensor Designed by Silver Nanowires Embedded in Polyimide
(AgNW-PI). Micromachines 2019, 10, 206. [CrossRef]

https://doi.org/10.1186/2001-1326-1-28
https://www.ncbi.nlm.nih.gov/pubmed/23369267
https://doi.org/10.1136/bmjopen-2014-005156
https://doi.org/10.1109/IEMBS.2006.260021
https://doi.org/10.1002/tal.712
https://doi.org/10.1002/aenm.201902769
https://doi.org/10.1016/j.tsf.2010.04.108
https://doi.org/10.1016/j.cej.2020.126064
https://doi.org/10.1002/adfm.202107281
https://doi.org/10.1007/s40820-022-00980-9
https://www.ncbi.nlm.nih.gov/pubmed/36477664
https://doi.org/10.1016/j.nanoen.2022.106967
https://doi.org/10.1002/adfm.202212856
https://doi.org/10.1016/j.cej.2022.136741
https://doi.org/10.1021/nl102725k
https://doi.org/10.1016/j.materresbull.2017.02.028
https://doi.org/10.1016/j.nanoen.2020.105385
https://doi.org/10.1007/s12221-020-0018-2
https://doi.org/10.1016/j.colsurfa.2021.127477
https://doi.org/10.1016/j.jcis.2019.01.123
https://doi.org/10.3390/mi10030206


Coatings 2023, 13, 829 12 of 13

20. Feng, W.; Chen, Y.; Wang, W.; Yu, D. A waterproof and breathable textile pressure sensor with high sensitivity based on
PVDF/ZnO hierarchical structure. Colloids Surf. A Physicochem. Eng. Asp. 2022, 633, 127890. [CrossRef]

21. Liu, L.L.; Chen, S.X.; Xu, A.C.; Cai, G.M. Manufacturing High Sensitive Strain Sensor of Polyurethane Nanofiber Mat/AgNWs by
Simple Dip-dry Method. Fiber Polym. 2020, 21, 359–365. [CrossRef]

22. Cui, T.; Qiao, Y.; Li, D.; Huang, X.; Yang, L.; Yan, A.; Chen, Z.; Xu, J.; Tan, X.; Jian, J.; et al. Multifunctional, breathable MXene-PU
mesh electronic skin for wearable intelligent 12-lead ECG monitoring system. Chem. Eng. J. 2023, 455, 140690. [CrossRef]

23. Wang, Y.; Zhang, S.; Zhou, Y.; Dong, F.; Liu, H.; Xu, X. A self-healing and antibacterial electronic skin based on a natural small
molecule. J. Mater. Chem. C 2023, 11, 1879–1890. [CrossRef]

24. Prabhakar, P.K.; Raj, S.; Anuradha, P.R.; Sawant, S.N.; Doble, M. Biocompatibility studies on polyaniline and polyaniline–silver
nanoparticle coated polyurethane composite. Colloids Surf. B Biointerfaces 2011, 86, 146–153. [CrossRef] [PubMed]

25. Kim, I.; Cho, G. Polyurethane Nanofiber Strain Sensors via In-situ Polymerization of Polypyrrole and Application to Monitoring
Joint Flexion. Smart Mater. Struct. 2018, 27, 075006. [CrossRef]

26. Sharma, S.; Mishra, S.S.; Kumar, R.; Yadav, R.M. Recent progress on polyvinylidene difluoride-based nanocomposites: Applica-
tions in energy harvesting and sensing. New J. Chem. 2022, 46, 18613–18646. [CrossRef]

27. Shi, K.M.; Sun, B.; Huang, X.Y.; Jiang, P.K. Synergistic effect of graphene nanosheet and BaTiO3 nanoparticles on performance
enhancement of electrospun PVDF nanofiber mat for flexible piezoelectric nanogenerators. Nano Energy 2018, 52, 153–162.
[CrossRef]

28. Yang, Y.; Pan, H.; Xie, G.Z.; Jiang, Y.D.; Chen, C.X.; Su, Y.J.; Wang, Y.; Tai, H.L. Flexible piezoelectric pressure sensor based on
polydopamine-modified BaTiO3/PVDF composite film for human motion monitoring. Sens. Actuators A Phys. 2020, 301, 111789.
[CrossRef]

29. Xu, D.; Su, Y.; Zhao, L.; Meng, F.; Liu, C.; Guan, Y.; Zhang, J.; Luo, J. Antibacterial and antifouling properties of a polyurethane
surface modified with perfluoroalkyl and silver nanoparticles. J. Biomed. Mater. Res. Part A 2017, 105, 531–538. [CrossRef]

30. Haghgoo, M.; Ansari, R.; Kazem Hassanzadeh-Aghdam, M.; Tian, L.; Nankali, M. Analytical formulation of the piezoresistive
behavior of carbon nanotube polymer nanocomposites: The effect of temperature on strain sensing performance. Compos. Part A
Appl. Sci. Manuf. 2022, 163, 107244. [CrossRef]

31. Haghgoo, M.; Ansari, R.; Jang, S.-H.; Kazem Hassanzadeh-Aghdam, M.; Nankali, M. Developing a high-efficiency predictive
model for self-temperature-compensated piezoresistive properties of carbon nanotube/graphene nanoplatelet polymer-based
nanocomposites. Compos. Part A Appl. Sci. Manuf. 2023, 166, 107380. [CrossRef]

32. Baldelli, A.; Esmeryan, K.D.; Popovicheva, O. Turning a negative into a positive: Trends, guidelines and challenges of developing
multifunctional non-wettable coatings based on industrial soot wastes. Fuel 2021, 301, 121068. [CrossRef]

33. Cuasay, L.O.M.; Salazar, F.L.M.; Balela, M.D.L. Flexible tactile sensors based on silver nanowires: Material synthesis, microstruc-
turing, assembly, performance, and applications. Emergent Mater. 2022, 5, 51–76. [CrossRef]

34. Du, R.; Jin, Q.; Zhu, T.; Wang, C.; Li, S.; Li, Y.; Huang, X.; Jiang, Y.; Li, W.; Bao, T.; et al. Sliding Cyclodextrin Molecules along
Polymer Chains to Enhance the Stretchability of Conductive Composites. Small 2022, 18, 2200533. [CrossRef]

35. Liu, H.; Wang, F.; Yang, D.; Ou, J.; Baldelli, A. Solar reflective superhydrophobic coatings with phase change function. J. Alloys
Compd. 2023, 953, 170021. [CrossRef]

36. Khatib, M.; Zohar, O.; Saliba, W.; Haick, H. A Multifunctional Electronic Skin Empowered with Damage Mapping and Autonomic
Acceleration of Self-Healing in Designated Locations. Adv. Mater. 2020, 32, 2000246. [CrossRef]

37. Tran, H.; Feig, V.R.; Liu, K.; Zheng, Y.; Bao, Z. Polymer Chemistries Underpinning Materials for Skin-Inspired Electronics.
Macromolecules 2019, 52, 3965–3974. [CrossRef]

38. Baldelli, A.; Ou, J.; Barona, D.; Li, W.; Amirfazli, A. Sprayable, Superhydrophobic, Electrically, and Thermally Conductive Coating.
Adv. Mater. Interfaces 2021, 8, 1902110. [CrossRef]

39. Baldelli, A.; Ou, J.; Barona, D.; Li, W.; Amirfazli, A. Conductive Coating: Sprayable, Superhydrophobic, Electrically, and Thermally
Conductive Coating (Adv. Mater. Interfaces 2/2021). Adv. Mater. Interfaces 2021, 8, 2170008. [CrossRef]

40. Liu, R.; Lai, Y.; Li, S.; Wu, F.; Shao, J.; Liu, D.; Dong, X.; Wang, J.; Wang, Z.L. Ultrathin, transparent, and robust self-healing
electronic skins for tactile and non-contact sensing. Nano Energy 2022, 95, 107056. [CrossRef]

41. Chen, B.; Cao, Y.; Li, Q.; Yan, Z.; Liu, R.; Zhao, Y.; Zhang, X.; Wu, M.; Qin, Y.; Sun, C.; et al. Liquid metal-tailored gluten network
for protein-based e-skin. Nat. Commun. 2022, 13, 1206. [CrossRef]

42. Wang, Y.; Zhu, L.; Kong, X.; Lu, H.; Wang, C.; Huang, Y.; Wu, M. Fabrication of an ion-enhanced low-temperature tolerant
graphene/PAA/KCl hydrogel and its application for skin sensors. Nanoscale 2023, 15, 5938–5947. [CrossRef]

43. Pan, W.; Wang, J.; Li, Y.-P.; Sun, X.-B.; Wang, J.-P.; Wang, X.-X.; Zhang, J.; You, H.-D.; Yu, G.-F.; Long, Y.-Z. Facile Preparation of
Highly Stretchable TPU/Ag Nanowire Strain Sensor with Spring-Like Configuration. Polymers 2020, 12, 339. [CrossRef]

44. Zhang, Y.; Guo, X.; Wang, W.; Chen, L.; Liu, L.; Liu, H.; He, Y. Highly Sensitive, Low Hysteretic and Flexible Strain Sensor Based
on Ecoflex-AgNWs- MWCNTs Flexible Composite Materials. IEEE Sens. J. 2020, 20, 14118–14125. [CrossRef]

45. Li, F.; Xu, Z.; Hu, H.; Kong, Z.; Chen, C.; Tian, Y.; Zhang, W.; Bin Ying, W.; Zhang, R.; Zhu, J. A polyurethane integrating
self-healing, anti-aging and controlled degradation for durable and eco-friendly E-skin. Chem. Eng. J. 2021, 410, 128363.
[CrossRef]

46. Yun, Y.; Nandanapalli, K.R.; Choi, J.-H.; Son, W.; Choi, C.; Lee, S. Extremely flexible and mechanically durable planar supercapaci-
tors: High energy density and low-cost power source for E-skin electronics. Nano Energy 2020, 78, 105356. [CrossRef]

https://doi.org/10.1016/j.colsurfa.2021.127890
https://doi.org/10.1007/s12221-020-9521-8
https://doi.org/10.1016/j.cej.2022.140690
https://doi.org/10.1039/D2TC05354C
https://doi.org/10.1016/j.colsurfb.2011.03.033
https://www.ncbi.nlm.nih.gov/pubmed/21501952
https://doi.org/10.1088/1361-665X/aac0b2
https://doi.org/10.1039/D2NJ00002D
https://doi.org/10.1016/j.nanoen.2018.07.053
https://doi.org/10.1016/j.sna.2019.111789
https://doi.org/10.1002/jbm.a.35929
https://doi.org/10.1016/j.compositesa.2022.107244
https://doi.org/10.1016/j.compositesa.2022.107380
https://doi.org/10.1016/j.fuel.2021.121068
https://doi.org/10.1007/s42247-022-00371-1
https://doi.org/10.1002/smll.202200533
https://doi.org/10.1016/j.jallcom.2023.170021
https://doi.org/10.1002/adma.202000246
https://doi.org/10.1021/acs.macromol.9b00410
https://doi.org/10.1002/admi.201902110
https://doi.org/10.1002/admi.202170008
https://doi.org/10.1016/j.nanoen.2022.107056
https://doi.org/10.1038/s41467-022-28901-9
https://doi.org/10.1039/D2NR04803E
https://doi.org/10.3390/polym12020339
https://doi.org/10.1109/JSEN.2020.3008159
https://doi.org/10.1016/j.cej.2020.128363
https://doi.org/10.1016/j.nanoen.2020.105356


Coatings 2023, 13, 829 13 of 13

47. Haghgoo, M.; Ansari, R.; Hassanzadeh-Aghdam, M.K. The effect of nanoparticle conglomeration on the overall conductivity of
nanocomposites. Int. J. Eng. Sci. 2020, 157, 103392. [CrossRef]

48. Gu, J.H.; Hu, S.W.; Ji, H.J.; Feng, H.H.; Zhao, W.W.; Wei, J.; Li, M.Y. Multi-layer silver nanowire/polyethylene terephthalate mesh
structure for highly efficient transparent electromagnetic interference shielding. Nanotechnology 2020, 31, 185303. [CrossRef]

49. Sun, Y.G.; Gates, B.; Mayers, B.; Xia, Y.N. Crystalline silver nanowires by soft solution processing. Nano Lett. 2002, 2, 165–168.
[CrossRef]

50. Fahad, S.; Yu, H.; Wang, L.; Liu, J.; Li, S.; Fu, J.; Amin, B.U.; Khan, R.U.; Mehmood, S.; Haq, F.; et al. Synthesis of AgNWs using
copper bromide as stabilizing agent and oxygen scavenger and their application in conductive thin films. Mater. Chem. Phys.
2021, 267, 124643. [CrossRef]

51. Sun, S.J.; Gan, X.P.; Wang, Z.H.; Fu, D.H.; Pu, W.L.; Xia, H.S. Dynamic healable polyurethane for selective laser sintering. Addit.
Manuf. 2020, 33, 101176. [CrossRef]

52. Khan, A.; Huang, K.; Sarwar, M.G.; Rabnawaz, M. High modulus, fluorine-free self-healing anti-smudge coatings. Prog. Org.
Coat. 2020, 145, 105703. [CrossRef]

53. Zhang, X.; Yan, X.B.; Chen, J.T.; Zhao, J.P. Large-size graphene microsheets as a protective layer for transparent conductive silver
nanowire film heaters. Carbon 2014, 69, 437–443. [CrossRef]

54. Li, H.; Chen, Q.M.; Zhang, G.C.; Zhang, Z.; Fang, J.; Zhao, C.W.; Li, W.W. Stable, highly conductive and orthogonal silver
nanowire networks via zwitterionic treatment. J. Mater. Chem. A 2022, 11, 158–166. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ijengsci.2020.103392
https://doi.org/10.1088/1361-6528/ab6d9d
https://doi.org/10.1021/nl010093y
https://doi.org/10.1016/j.matchemphys.2021.124643
https://doi.org/10.1016/j.addma.2020.101176
https://doi.org/10.1016/j.porgcoat.2020.105703
https://doi.org/10.1016/j.carbon.2013.12.046
https://doi.org/10.1039/D2TA07406K

	Introduction 
	Materials and Methods 
	Materials and Chemicals 
	Preparation of PU 
	Preparation of AgNWs 
	Preparation of the Strain-Sensor E-Skin 
	Measurements and Characterizations 

	Results and Discussion 
	Measurements and Characterizations of Flexible Film 
	Performance Testing of the E-Skin 

	Conclusions 
	References

