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Tunable and Nacre-Mimetic Multifunctional Electronic
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1. Introduction

Electronic skins (e-skins) have attracted great attention for their applica-

tions in disease diagnostics, soft robots, and human—-machine interaction.
The integration of high sensitivity, low detection limit, large stretchability,
and multiple stimulus response capacity into a single e-skin remains an
enormous challenge. Herein, inspired by the structure of nacre, an ultra-
stretchable and multifunctional e-skin with tunable strain detection range
based on nacre-mimetic multi-layered silver nanowires [reduced graphene
oxide /thermoplastic polyurethane mats is fabricated. The e-skin possesses
extraordinary strain response performance with a tunable detection range
(50 to 200% strain), an ultralow response limit (0.1% strain), a high sen-
sitivity (gauge factor up to 1902.5), a fast response time (20 ms), and an
excellent stability (stretching/releasing test of 11000 cycles). These excel-
lent response behaviors enable the e-skin to accurately monitor full-range
human body motions. Additionally, the e-skin can detect relative humidity
quickly and sensitively through a reversible physical adsorption/desorption
of water vapor, and the assembled e-skin array exhibits excellent perfor-
mance in noncontact sensing. The tunable and multifunctional e-skins
show promising applications in motion monitoring and contact-noncontact

human machine interaction.
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Stretchable electronic skins (e-skins)
have attracted great attention for their
applications in human-machine interac-
tion,l disease diagnostics,”! and motion
detections.># To date, e-skins have been
endowed with a variety of stimulus-
sensing abilities toward strain, pressure,
temperature, humidity, and various gas
environments.>®”l While e-skin integrated
with multiple stimulus-sensing capabili-
ties for sensing various conditions in envi-
ronment like biological skin has not been
fully studied.®? In addition, numerous
studies have been conducted to improve
the strain detection range, sensitivity, and
minimum detection limit of strain sensing
e-skins.!%1 Wang et al. fabricated a highly
stretchable e-skin to detect both large and
small strains which could detect a large
strain of 100% but a low gauge factor (GF)
of 8741.1% To improve the strain sensing
sensitivity of e-skin, Han et al. developed
a high-performance flexible e-skin with
crack structure, achieving a high GF of greater than 5888.89,
but a narrow strain range (0-2%).1®l It remains a huge challenge
to fabricate multifunctional e-skin with large response strain,
high sensitivity, and low detection limit,!3! and new strategy is
urgently needed to design a new generation e-skin with desir-
able sensing performances.*°]

Flexible conductive polymer composite with excellent flex-
ibility and controllable conductivity, has been widely utilized
to prepare strain sensing e-skins.'®2%1 Flexible polymers,
including ecoflex,’?!! polydimethylsiloxane,??! and thermoplastic
polyurethane (TPU)23 have been frequently used as encapsula-
tion materials or polymeric matrix to fabricate strain sensing
e-skins. For these e-skins, conductive nanofillers, such as silver
nanowires (AgNWs),?¥ carbon nanotubes,!?” reduced graphene
oxides (rGO),! carbon black,””) and metal nanoparticles,?! are
always used to construct conductive networks. Among these
nanomaterials, AgNWs with large aspect ratio have been con-
sidered as ideal candidates due to their outstanding electrical
and mechanical properties and controllable nanostructures.
In order to achieve a high sensitivity, as well as the ability to
detect ultrahigh/ ultralow strain, a well-designed, scalable,
and easily fabricated structure is essential.?*3% Recently, the
nacre-mimetic structures have attracted extensive attention and
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proved to have great potential in structural adjustability with
excellent stability.[3'-33]

On the other hand, noncontact sensing e-skins are quite
important for human health and safety in many cases and have
application prospect in artificial intelligence.**3*! Humidity
sensing has been shown to have great potential in noncontact
sensing.*®%l Large specific surface area materials are always
used to fabricate excellent humidity sensing devices because
they can sense water vapor in the environment effectively.?33!
Moreover, rapid physical water absorption and dehydration
capacity of sensing materials are critical to the reusability and
response time of humidity sensors.***l 2D materials such as
rGO have large specific surface area and excellent hydrophi-
licity, which is considered as a good candidate in humidity
sensing. 243l

In the present work, we fabricate a tunable and nacre-
mimetic multifunctional e-skin for ultra-sensitive contact (strain
sensing) and noncontact (humidity sensing) sensing based on
multilayered AgNWs/rGO/TPU mats. Here, TPU electrospun
mat is selected as the substrate and encapsulating material for
our e-skin on the basis of their high stretchability, light weight,
and skin compatibility. We use the AgNWs/rGO synergic con-
ductive network combined with the TPU mat to construct a
layer-by-layer nacre-mimetic structure. The detection range is
tuned by designing the number of the conductive layers and
the rGO content. Cracks are generated when the AgNWs/rGO
conductive network is stretched, resulting in a high sensitivity.
AgNWs tend to bridge the cracks under small strain, coun-
teracting the unstable resistance changes caused by the rapid
growth of the cracks, which greatly improves the sensing sta-
bility. Through these ingenious structural designs, our e-skin
shows tunable detection range, ultralow response limit, high
sensitivity, fast response time, and excellent stability in strain
sensing, as well as quick and sensitive noncontact humidity
sensing. Experimental observations on human such as full
range human motion monitoring, respiratory monitoring and
noncontact sensing array detections are applied by assembling
our e-skins, satisfactory results show promising prospects in
health monitoring and human machine interaction.

2. Results and Discussion

2.1. Structural Configuration

The tunable and nacre-mimetic multifunctional e-skin is fabri-
cated by electrospinning and spray technology, the details are
described in the Experimental Section. The e-skin can serve
as contact sensing system to monitor human motion in real
time as shown in Figure 1a. In Figure 1b, its ability to monitor
humidity is a new strategy for noncontact sensing systems.
Inspired by the “brick and mortar” layered architecture of
nacre, the equipment diagram and the schematic illustration of
fabricating the e-skin are shown in Figure S1, Supporting Infor-
mation, and Figure 1c, respectively: i) A 20 um-thick TPU mat
is first prepared by electrospinning. ii) High quality AgNWs
and rGO sheets (the average size of a rGO sheet is 1.1-1.5 pm),
which are evenly dispersed in ethanol, are sprayed onto the pre-
pared TPU mat. The morphologies of AgNWs and rGO used
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in this work are displayed in Figures S2 and S3, respectively,
Supporting Information. The AgNWs with various lengths
(70.5-1377 pum) play a crucial role in constructing excellent con-
ductive networks. iii) Another layer of TPU mat is prepared to
cover the conductive AgNWs/rGO. iv) Different AgNWs/rGO
conductive layers and TPU layers are designed layer by layer to
imitate the nacre structure to construct e-skins.

The morphology of e-skin with 8-layer of AgNWs/rGO con-
ductive network is studied as shown in Figure 1d-f. As shown
in Figure 1d, TPU fibers with smooth surface and a diameter
of 3 um are randomly distributed. Figure le shows the mor-
phology of AgNWs/rGO layer after the spraying process. The
AgNWs and overlapping rGO are evenly distributed across the
TPU mats. A synergic AgNWs/rGO conductive network is con-
structed successfully on the TPU fibrous mats. Figure S4, Sup-
porting Information, and the illustration in Figure le display
the energy dispersive spectrometer (EDS) mapping images of
different elements in AgNWs/rGO layer, showing that conduc-
tive fillers are evenly distributed. The nacre-mimetic e-skin
employs hydrophilic 2D rGO nanosheets and highly conduc-
tive 1D AgNWs as the “brick” and TPU mats as the “mortar”,
which is constructed by electrospinning method. As shown in
Figure 1f, cross-section scanning electron microscopy (SEM)
confirmed that the conductive layers are staggered with the
TPU mats layer by layer, exhibits representative nacre-mimetic
layered architecture. In this structure, the rGO-AgNWs “brick”
endows the system with high electrical conductivity and
mechanical brittleness, and the TPU mats “mortar” increases
flexibility by interfacial interactions, nanofibers stretching,
and layer slippage. Due to the nacre-mimetic structure of
good mechanical robustness, our e-skin can work in a large
strain range (0-200%) and work normally after 11000 cycles of
stretching-releasing tests. The thickness of 120 um ensures the
air permeability and wearing comfort of the e-skin. Our e-skin
can be stretched, twisted, and bended easily, showing excellent
flexibility (Figure S5, Supporting Information). As contrasts,
single rGO and single AgNWs fillers are also used to prepare
multilayered fibrous mats, respectively. Figure S6, Supporting
Information, depicts the cross-sectional SEM images of the
rGO and AgNWs decorated TPU fibrous mats, respectively. It
can be seen that the conductive networks constructed by single
AgNWs without rGO are relatively poor.

Thermogravimetric analysis (TGA) of pure TPU nanofiber
mats and the e-skin is performed to investigate the filler con-
centration and thermal stability of the material. Here, the
conductive filler content is calculated through the formula as
follows:*4

m,=ms;+m, (1)
bm, =m,+am, (2)

where m,, m,, and m, represent the weight of the e-skin, con-
ductive filler, and TPU mats, respectively; a and b are the
weight ratios of the residual of e-skin and TPU nanofiber mats,
respectively. Based on these formulas, the conductive filler con-
tent @; in e-skin is calculated:

o, =" = b-a (3)
m, l-—a
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Figure 1. The e-skin serves as a) contact sensing system and b) noncontact sensing array. c) The fabrication process of e-skin. d) Surface SEM images
of the e-skin. €) SEM and EDS mapping images of the AgNWs/rGO conductive network of the e-skin. f) Cross section SEM images of the e-skin.

g) TGA and h) FTIR curve of pure TPU mats and the e-skin.

As shown in Figure 1g, weight ratios of the residual for
e-skin and TPU nanofiber mats are 9.85% and 5.96% at 700 °C,
respectively, so the @, is calculated to be 4.1%. Moreover, the
TGA curve of e-skin shifts toward the high temperature
zone, indicating that the conductive filler has been adhered
to the surface of the nanofiber, which can also be observed in
Figure le. Furthermore, the Fourier transform infrared (FTIR)
spectra of our e-skin and pure TPU nanofiber mats are tested
to investigate the chemical interaction between conductive filler
and TPU. After AgNWs/rGO is sprayed on the TPU nanofiber
surface, the absorption peaks at 3331, 2956, 1727, 1596, and
1077 cm™ (belong to N—H stretching band, —CH stretching
vibrations, —=H—N—COO—, N—H, and C—O—C bands, respec-
tively) shift to 3326, 2948, 1723, 1521, and 1074 cm™}, respectively
(Figure 1h). The changes in the peaks demonstrate that chem-
ical interactions exist between conductive filler and polymer
chains. It is beneficial to the decoration of conductive filler on
TPU nanofiber surface to form excellent conductive paths.

2.2. Tunable Contact Sensing Capability of the E-Skin

Two ends of the e-skin are coated with silver paste and each
layer in e-skin-8 is bonded with silver pastes at the end of the
e-skin. Then e-skin-8 was attached to the copper tape as elec-
trodes for electrical properties tests (Figure S7, Supporting
Information). Obviously, the conductive layers are connected
in parallel because the TPU fibrous mats are permeated by the
silver paste. It is worth noting that the conductive layers are
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isolated from each other by the TPU layers, which restrict elec-
tron transport perpendicular to the e-skin. The resistivity of the
e-skins with 1, 4, 6, and 8 conductive layers are 181.2, 50.4, 376,
and 28.7 Q-cm, respectively, as shown in Figure S8, Supporting
Information, which are close to the calculation result of a par-
allel circuit. The contact strain sensing capability of the e-skin
can be tuned by changing rGO content in AgNWs/rGO (0, 14.3,
20, 33.3, 50, 66.7, and 100 wt%). Here, the different e-skins with
varying rGO content are represented by e-skin-0, e-skin-14.3,
e-skin-20, e-skin-33.3, e-skin-50, e-skin-66.7, and e-skin-100,
respectively. The strain sensing capability of the e-skins with
different rGO contents is studied toward the strain at a tensile
rate of 10 mm min! as shown in Figure 2a. It can be seen that
the relative resistance change (AR/R,, where R, is the orig-
inal resistance, R is the resistance under strain, AR= R — R)
decreases with the increase of rGO content. The AR/R, value of
e-skin-0 increases drastically to 15 at only 3% strain (the highest
AR/R, compared with the other samples at the strain), showing
that e-skin-0 has great advantages in detecting small strain
with a high sensitivity. For other e-skins (e-skin-14.3, e-skin-20,
e-skin-33.3, e-skin-50, e-skin-66.7, and e-skin-100), the strain
detection ranges are 48%, 50%, 69%, 135%, 160%, and 200%,
respectively. It is worth noting that the maximum detection
strain here represents a complete failure of conductive layer
in the e-skin rather than a sample rupture. Obviously, a higher
rGO content, which is beneficial to constructing a better con-
ductive network, results in a lower responsivity and a large
responsive range toward the same strain/stress stimuli. While
e-skins containing higher ratio of AgNWs exhibit excellent
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Figure 2. a) AR/Rg-strain curve with different content of rGO in the synergic conductive network. b) AR/Rg—strain curve of our e-skin with different
conductive layers. c) GF of e-skin-8. d) A summary graph of GF of e-skin-8 and other reported e-skins at maximum tensile strain. e) Response and
recovery time of the e-skin. f) AR/R variation of e-skin-8 at diverse maximum strains of 0.1-200% in 100 stretching-releasing cycles. g) 11000 stretching/
releasing cycles toward 30% strain (the inserts are sensing behaviors during 1-10, 5996-6006, and 10990-11000 cycles, respectively).

sensitivity over a small strain range, showing tunable sensing
properties. In addition, the strain sensing capability of e-skin
can also be adjusted by designing the number of conductive
layers, they are represented by e-skin-1, e-skin-4, e-skin-6, and
e-skin-8 (1, 4, 6, and 8 layer, the weight ratio of rGO to rGO/
AgNWs is 50%), respectively. In Figure 2b, the strain sensing
ranges of these e-skins increase from 46 to 200% gradually. The
results show that our e-skin can be tuned to satisfy the require-
ments of different deformation detection, which is important
for high precision detection.*!

E-skin-8 is selected for the further test based on its large
strain detection range. The changes of stress as a function of
strain of pure TPU mats and e-skin-8 are depicted in Figure S9a,
Supporting Information. The elongations of break of the two
materials are 622.4% and 581.8%, respectively, showing an
ultra-high stretchability. The low elastic modulus (10.9 MPa)
of e-skin-8 is favorable for the application of wearable e-skin.
E-skin-8 shows lower modulus after repetitive stretching-
releasing due to the rearrangement of fibrous network and TPU
macromolecular network. As shown in Figure S9b, Supporting
Information, the hysteresis phenomenon is not obvious at low
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strains. The strain sensing performances of e-skin-8 toward
tensile stress are then investigated. As displayed in Figure S10a,
Supporting Information, AR/R of e-skin-8 increases monotoni-
cally with strain, and it is obvious that a wide response range
(0-200%) has been achieved for our e-skin-8. The slope of the
AR/Ry-strain curve increases in three regions: I) slow increase
region; II) steady increase region; III) rapid increase region
(region I 0-111%, II 111-167%, and III 167-200%). We carried
out the linear fitting to the three-part curve (Figure S10b—d,
Supporting Information). Results show that the AR/Ry-strain
curves conform to the linear rule in each region, and the slope
(GF) and R? values in different regions are 575, 472.9, 1902.5
and 0.902, 0.967, 0.985, respectively. The sensitivity of the strain
sensing capability is evaluated by using the GF:[*®]

_ARJR,
€

GF (4)

where ¢ is the strain in tension. The sensitivity is then calcu-
lated by using the linear simulation with the GF of 575, 472.9,
and 1902.5 in region I, II, and III, respectively. Attributed to the
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evolution of the AgNWs/rGO network, a typical curve of the
change tendency of AR/Ry is shown in Figure 2c. The conduc-
tive paths are broken partially due to the generation of cracks
when subjected to strain. However, the bridge structure by
AgNWs counteracts the damage of the cracks in the conduc-
tive network, leading to a facile increase in GF (region I, the
orange region). With the increase of strain, the cracks expand,
leading to a decrease in the number of conductive paths and
an increase in resistance (region II, the blue region). When the
strain is further increased, cracks form island structure due to
the continuous expansion, resulting in the sharply increased
GF (region III, the green region). As mentioned above, a large
workable range together with a high sensitivity are still a huge
challenge for a satisfactory e-skin.¥l As shown in Figure 2d,
our e-skin-8 has achieved satisfactory comprehensive perfor-
mance (GF is 1902.5 at maximum strain of 200%) compared to
the reported literatures.[8-1217-2022.24-26.2829,5051)

Rapid response certainly helps to monitor human health
indicators in real time.¥] A subtle stretching (0.1% strain) is
loaded on a sample at a rate of 1000 mm min'. A response
time of 20 ms and a recovery time of 40 ms are obtained for our
e-skin-8, which are faster than most of the reported sensors and
our previous researches (Figure 2e).8101220.221 The response
time of the single rGO based 8-layer conductive network e-skin
is slower (90 ms) as shown in Figure S11, Supporting Informa-
tion. It thus deduces that the response time of our e-skin-8 has
been greatly shortened due to the addition of AgNWs with a
large aspect ratio but few contact points.

Figure S12, Supporting Information, exhibits the current—
voltage characteristic curves of e-skin-8 under diverse strains
(0%, 10%, 30%, 50%, 100%, 150%, and 200%), which follows
the Ohm’s law exactly. The good linearity of the curve under
various voltages indicates that the strain sensor has excellent
reliability under a wide strain range. Cyclic stretching-releasing
tests toward different strains (0.1-200%) are also performed.
As presented in Figure 2f, the superb repeatability demon-
strates that the e-skin-8 has good stability and excellent strain
sensing discernibility in a large sensing range, even in the first
five stretching/releasing cycles (Figure S13, Supporting Infor-
mation). Reliable response at different operating frequencies
is also important for complex applications. Sensing behaviors
of e-skin-8 toward various tensile rates (30% strain) are then
studied (Figure S14, Supporting Information). The similarity
of the peaks indicates that the effect of varying tensile rates
on the relative resistance is weak. Excellent long-term per-
formance is important for the practical application of e-skin,
which can reduce the cost and enlarge the popularity remark-
ably.™! In Figure 2g, it is found that the stability and repeat-
ability of e-skin-8 are excellent even after 11000 stretching/
releasing cycles, exhibiting remarkable durability in long-
term and frequent use. The changes of AR/R, during 0-10,
5996-6006, and 10990-11000 cycles are shown in the insets
of Figure 2g specially, also showing excellent sensing dura-
bility. Stress—strain curves of e-skin-8 in different cycles are
displayed in Figure S15, Supporting Information, it is found
the residual strain of e-skin-8 is quite small in long-term use,
which is mainly related to the designed nacre-mimetic struc-
ture and the good binding between AgNWs/rGO conductive
network and TPU fibers.
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The sensing behavior toward bending of e-skin is equally
important. E-skin-8 is then attached on a polycarbonate (PC)
film (thickness of 1 mm) as shown in Figure S16, Supporting
Information. To evaluate the sensing behaviors toward bending
clearly, we define the bending angles by a concise formula:

_AL_L-L
L L

Ae ()

where L is the original length of the film (L, = 15 mm), L is the
chord length. Our e-skin-8 exhibits ideal resistance responses
toward varying bending deformations (0-80%) as shown in
Figure S16, Supporting Information. The sensing behaviors
toward bending in 5 bending-releasing cycles are performed
under different Ae (Figure S17, Supporting Information), which
demonstrates that bending sensing of the e-skin could work
stably in various deformations (0-80%). In order to evaluate the
bending durability, 1000 bending-releasing cycles are also inves-
tigated at a Ae of 30%. The similar shape of the curves reveals
remarkable repeatability of the bending sensing performance
of the e-skin-8 (Figure S18, Supporting Information).

2.3. Working Mechanism and Modeling Study of Strain Sensing

Figure S19, Supporting Information, illustrates the morphology
change of the conductive layer under different strains, which
shows the generation and expansion of cracks in the conduc-
tive network. Due to the slippage of the nanofibers in the TPU
mats, our e-skin cannot fully recover to its original length after
unloading the stress. Residual strain leads to tiny cracks and
wrinkles in the rtGO/AgNWs conductive layer after reconstruc-
tion, which causes the slight increase in resistance (Figure S19f,
Supporting Information). It is worth mentioning that when
the reconstructed conductive layer is stretched again, its min-
imum resistance in each cycle does not change significantly,
and the strain response performance becomes more stable. As
shown in Figure 3, three representative strains were selected
to explain the evolution of the conductive network structure
in various regions: 50% strain represents region I (0-111%
strain); 150% strain represents region II (150-167% strain)
and 200% strain represents region IIT (167-200% strain). The
crack width increases rapidly from 10 to 80 um as the tensile
strain increases from 50 to 200%. The evolution of the conduc-
tive network can be divided into bridge structure, crack struc-
ture, and island structure, respectively. Conductive paths are
broken partially owing to the generation of cracks at 50% strain
(Figure 3a,b, region I). AgNWs with various lengths bridge
structure counteracts the damage of the cracks as presented in
Figure 3b, ensuring the efficient electronic transmission. As
the strain increases to =150% strain (region II), the cracks prop-
agates, leading to a gradual decrease in the number of conduc-
tive paths (Figure 3c,d). When the strain is further increased
up to 200% as displayed in Figure 3e,f (region III), the cracks
are extended obviously to form the island structures due to the
continuous expansion.’!

The morphology development of conductive fillers on
the conductive network toward different strains is simu-
lated in Figure 3g—i. In region I, the conductive paths are
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Figure 3. a—f) Surface SEM images of the AgNWs/rGO conductive layer of e-skin under various strain. g—i) Schematic diagram of simulated single-layer

conductive network in different tensile stages in region I, 11, and IIl.

broken partially because of the generation of small cracks
(Figure 3g). Some cracks (width <10 um) are bridged by
AgNWs with large aspect ratio, maintaining the residual con-
ductive pathways. The introduction of AgNWs prevents the
conductive network from being damaged sharply. As a con-
sequence, e-skin-8 exhibits excellent strain sensing stability
compared with other crack based e-skins. In region II, as the
strain increases, the width and quantity of cracks increase
obviously (Figure 3h), which breaks the bridge structure,
resulting in the hindered electron transfer. In region IIII,
the width of cracks increases sharply (more than 100 um),
causing an obvious reduction in the number of electrical
pathways (Figure 3i).1°!

2.4. Noncontact Sensing Capability of the E-Skin

Noncontact sensing has a wide application in privacy protection,
disease isolation, and some hazardous environments; humidity
detection is a simple and effective way of noncontact sensing.l
As shown in Figure 4a, with the rise of relative humidity (RH),
AR/R, of our e-skin-8 also increases gradually and rapidly,
showing excellent resolution to different RH. It is worth men-
tioning that as the RH decreases, AR/R,, decreases and almost
returns to its original state, showing good sensing recover-
ability. In Figure 4b, the response and recovery of e-skin-8 at
different RH are tested in five cycles to evaluate the response
stability, the smooth curves, and similar peaks demonstrate the
excellent stability of e-skin. Figure 4c displays the variation of
AR/R, in different RH environments, AR/R, increases almost
linearly as RH rises. In order to quantitatively characterize the
relationship between resistance and humidity, we fit the curves
of humidity and resistance via Equation (6).

y=0.05x-0.2 (6)
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where y is AR/R, and x is RH, here, the R? achieve 0.97 Obvi-
ously, by using this equation, the RH value can be predicted
based on the tested AR/R, value. To predict the indoor RH, we
exposed the e-skin to the air and measured the AR/R,, the value
was 1.98 as shown in Figure 4d. We then calculated the RH to
be 43.6% through the equation. It is very similar to the actual
indoor humidity (44% RH), indicating that our e-skin has a
high accuracy in humidity sensing.

As shown in Figure 4e, the randomly distributed TPU fibers
form porous mats, the water molecules can thus pass unimped-
edly and contact with rGO efficiently. rGO has a high specific
surface area and some hydrophilic groups, such as carboxyl
groups, which endows the e-skin-8 with the capability of cap-
turing water molecules facilely from the external environ-
ment.? At a low RH, rGO shows p-type conductive behaviors
controlled by holes.>3! Water molecules absorbed by rGO lead
to a decrease in the number of holes in the rGO, which reduces
the conductivity of the conductive network.>¥ At a high RH,
large number of water molecules produce hydronium ions,
which act as conductive carriers to improve the conductivity
of rGO to some extent.”” On the other hand, lots of water
molecules induce swelling effect of the multilayer TPU mats,
increasing the distance between the conductive fillers and
decreasing the electrical conductivity of our e-skin.l®l Under
the trade-off of swelling effect and hydronium ions, the conduc-
tivity of the e-skin decreases at high RH.P’]

Figure 4f shows the current-voltage characteristic of e-skin-8
under diverse RH. With the increase of voltage, the current of
e-skin-8 rises smoothly with the increase of RH. The current
of e-skin-8 in high RH environment is less than that in low
humidity environment, which follows the Ohm’s law exactly
and shows excellent resolution. In view of the high sensi-
tivity and quick response ability of our e-skin-8, it was fitted
to outer surface of the mask to measure the relative humidity
of human respiration as shown in Figure 4g. According to the
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Figure 4. a) AR/R, of e-skin-8 under various RH. b) 5 cycles of AR/Ry and RH variation. c¢) Normalized response of e-skin-8 as a function of RH. d) The
AR/R of indoor RH compared with the AR/R, toward different RH. e) Schematic diagram of e-skin’s response to humidity. f) |-V curves of e-skin-8
with diverse RH. g) e-Skin-8 monitoring of human breath by nose and mouth. h) The monitoring of the humidity around the fingers. i) The response

time of e-skin-8 to humidity.

formula, the RH of the volunteer breathing through his nose
was 54% RH and that of the volunteer breathing through his
mouth was 78% RH. It is worth noting that the temperature
and relative humidity of the test room were 27.2 °C and 47%,
respectively. In such test room, the relative humidity around
the volunteers’ fingers was slightly higher than the RH in the
air. As shown in Figure 4h and Movie S1, Supporting Informa-
tion, our e-skin-8 can sense the RH of a finger at a distance
of 5 mm, which demonstrates the application prospect in the
field of noncontact control system. Figure 4i shows that our
e-skin has the ability to detect humidity quickly and sensitively,
which shows a potential in non-contact sensing. Due to the dif-
ferent response time of strain sensing and humidity sensing
(20 ms in Figure 2e and 13 s in Figure 4i), the response curves
of e-skin to different stimuli are also different, which can be
used to identify the source of the signal when e-skin-8 works
in both modes.
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2.5. Applications of the E-Skin

Our tunable and nacre-mimetic multifunctional e-skins show
great application prospect in human motion monitoring and
wearable noncontact sensing system. In human movement
monitoring, the excellent sensitivity, large strain response
range and excellent durability endow our e-skin-8 with good
capacity of detecting various mechanical signals generated by
human motions. As depicted in Figure S20a—c, Supporting
Information, e-skin-8 is attached to the joints of the upper
limbs. We can clearly distinguish the motion signals of dif-
ferent parts. It is worth noting that our e-skin-8 is able to dis-
tinguish the finger, wrist, and elbow bending with different
angles (30°, 60°, and 90°) (Movies S2-S4, Supporting Informa-
tion). The assembled e-skin-8 for human sport monitoring is
shown in Figure 5a. Our samples are attached to both wrist
and elbow when playing badminton, which exhibits excellent
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Figure 5. a) Applications of the e-skin in full-range human motion monitoring. b) Motion detection for playing badminton. c) Responses of e-skin-8
toward cyclic motions: squatting, jumping, walking, and running. d) Responses of e-skin-8 assembled on the throat to monitor Adam’s apple vibration.
e) Real-time monitoring of adult wrist pulse. f) The magnified view of wrist pulse signals. g) Applications of the e-skin in noncontact sensing system.

h) E-skin-8 array sensing of fingers’ RH and distribution (noncontact mode).

synchronization and stability (Figure 5b). Figure S20d, Sup-
porting Information, presents the sensing performance of our
e-skin toward leg lifts (Movie S5, Supporting Information). In
Figure 5c, e-skin-8 is assembled on a knee of volunteer, various
motions such as jumping, squatting, walking, and running can
be detected well by distinguishing the sensing amplitude and
frequency (Movies S6 and S7, Supporting Information).
Additionally, we found e-skin-8 possesses excellent potential
applications in small-scale motion monitoring. The samples are
assembled on the volunteer’s cheek and hind neck as shown in
Figure S21, Supporting Information, the AR/R, shows discern-
ible values when the volunteer opens his mouth, puffs out his
cheek, nods and shakes his head, indicating that e-skin-8 can
clearly distinguish the gentle motions. In Figure 5d, e-skin-8
is assembled onto volunteer’s throat, repeatable and recog-
nizable signals are recorded when the volunteer speaks “a”,
“sensor” and swallows. To monitor subtle movements, e-skin-8
is attached to the wrist to detect an adult’s pulse (Figure 5e).
8 periodic pulse shapes are clearly displayed within 7 s, which
is completely consistent with the pulse rate of a healthy adult
(68 beats min~!). In addition, after the volunteer exercises for
10 min, his heart rate reaches 85 min! by analyzing the sensing
signals. The detailed diagram of wrist pulse signals is depicted
in Figure 5f. The signals clearly illustrate the percussion (P),
tidal (T), and diastolic (D) characteristic peaks in 0.88 s, and
the signals after exercising show increasing signals intensity in
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0.70 s. All of these tests display the promising application of
e-skin-8 in the field of full-range human motion monitoring.

Furthermore, based on the high sensitivity and excellent sta-
bility in humidity sensing of e-skin-8, it can also be applied as
wearable noncontact sensing system. As shown in Figure 5g,
e-skins are attached to a flexible PC film, forming a 5 x 5
array. For e-skin, it should be able to sense not only the inten-
sity of external stimuli, but also the distribution of stimuli. In
Figure 5h, our e-skin-8 array senses the relative humidity of
the fingers precisely and keenly, the number and distribution
of the fingers are also clearly recorded, demonstrating the wide
range of applications of the e-skin array for noncontact sensing
system. The results demonstrate that the e-skin can perform
full movement monitoring of human and wearable noncontact
sensing system, showing great potential in human machine
interaction and artificial intelligence.

3. Conclusions

In summary, tunable and nacre-mimetic multifunctional
e-skins based on multilayered AgNWs/rGO/TPU fibrous
mats with contact and noncontact sensing capability are fab-
ricated by electrospinning-spraying technique. For contact
strain sensing, the strain sensing ability of the e-skin can be
tuned by changing rGO content and conductive layers. The
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e-skin demonstrates excellent electro-mechanical performance
with very wide and tunable detection range (50-200% strain),
ultra-low detection limit (0.1% strain), high sensitivity (GF of
1902.5 in 200%), fast response time (20 ms) and excellent sta-
bility (stretching/releasing test of 11000 cycles). For the sensing
mechanism, rGO cracks are generated in tension/bending,
the islands among gaps can be bridged by AgNWs. This novel
structure leads to satisfactory sensing performances, including
the high sensitivity, large workable range, and excellent sta-
bility and durability. Our e-skin-8 can detect full range human
body movements (walking, playing badminton and some subtle
facial movements, etc.), which has promising application in
health and exercise monitoring. For noncontact sensing, our
e-skin possesses high sensitivity and quick response capability,
and exhibits a precise sensitivity to the RH of human breath
and fingers. More importantly, the e-skin array show practical
applications in noncontact sensing and control systems. All
these results suggest that tunable and nacre-mimetic multi-
functional e-skins possess great potential in health monitoring
and contact-noncontact human machine interaction.

4. Experimental Section

Materials: rGO was purchased from Suzhou TanFeng Graphene
Science and Technology Co. Ltd., China and the purity was =95 wt%.
Silver nitrate (AgNO3) was purchased from Sinopharm Chemical Reagent
Co., Ltd., China. Poly(vinylpyrrolidone) (PVP, Mw =1 300 000 g mol™)
was obtained from Usolf Chemical Technology Co. Ltd. Tsingtao,
China. TPU (code Elastollan 1185A with a density of 1.12 g cm™) was
provided by BASF Co. Ltd. Tetrahydrofuran (THF) and ethylene glycol
(EG) were bought from Fuyu Fine Chemical Co. Ltd, Tianjin, China.
N, N-Dimethylformamide (DMF) and sodium chloride (NaCl) were
supplied by Zhiyuan Reagent Co. Ltd., Tianjin, China. All the materials
were used as received without any purification.

Fabrication of the AgNWs and rGO Mixed Suspension: First, AgNO;
(204 mg) and PVP (399.6 mg) were dissolved in EG (20 mL). The
solution was stirred under dark until it was evenly dispersed. NaCl
(0.06 mg) was then added into the solution; the mixed solution was
heated to 170 °C for 1 h. After removing PVP and EG, AgNWs would be
synthesized. Finally, required quantities of rGO were added into AgNWs
in ethyl alcohol and the suspension was stirred equably.

Fabrication of the Tunable and Nacre-Mimetic Multifunctional E-Skin:
First, 5 g TPU pellets was added into 10 mL DMF and 10 mL THF. One
layer of TPU mat was prepared by electrostatic spinning after the solution
was completely dissolved. Then AgNWs and rGO mixed suspension were
sprayed onto the mat at room temperature. Subsequently, another layer
of TPU mat is prepared to cover the conductive layer by electrostatic
spinning. E-skin with different properties can be obtained by adjusting
the content of rGO and the number of conductive layers.

Characterization: The strain sensitivity of the e-skin was tested on
an electronic universal tensile testing machine (model UTM2203,
Shenzhen Sun Technology Stock Co. Ltd) and an electrochemical
workstation (RST5200, Suzhou Resitest Electronic Co. Ltd., China).
The morphology of the e-skin was analyzed using SEM (Zeiss MERLIN
Compact), transmission electron microscope (FEI Tecnai G2 F20)
and polarization microscope (BX51-PLINKAMTHMS600, Guangzhou
Sinoinstrument Co. Ltd.). The thermal stability of the e-skin was
tested by TGA (TA Instruments Co., U.S.A.). FTIR measurements were
recorded on a Nicolet Nexus 870 instrument (resolution of 4 cm™ and
range of 500-4000 cm™). Different relative humidity environments
(23%, 43%, 67%, and 85%) are prepared by sealing saturated potassium
acetate, potassium carbonate, copper chloride, and potassium chloride
solutions, respectively. The informed consent was signed by the
volunteer for human motion detections experiments. In the test, a piece
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of commercial adhesive polyurethane tape was used to separate the
volunteer’s skin from the multilayered AgNWs/rGO/TPU fibrous mats,
which has no physical or psychological effect on the human body. After
the experiments, no physical or psychological effect on the volunteer
was observed.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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