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Metamaterial-Based Electronic Skin with Conformality and
Multisensory Integration

Nan Li, Liwu Liu,* Yanju Liu,* and Jinsong Leng

Mechanical metamaterials (MMs) receive widespread attention due to their un-
precedented mechanical properties. However, in the next-generation MMs, the
cognitive function of information processing can be realized while maintaining
superior mechanical properties. Herein, a mechanical metamaterial-based
self-powered electronic skin (e-skin) with multimodal fusion perception
capability and shape memory reconfigurability is proposed. Benefiting from an
MM skeleton and its analytical model, e-skin realizes biomimetic nonlinear me-
chanical behavior and mechanical reconfigurability to imitate target biotissues.
Its integrated perovskite-based elastic sensors enable high-precision collection
of physiological movements and auditory, tactile, and precontact distance sig-
nals. Further, by imitating the integration and interaction functions in biological
multisensory neural networks, the system achieves advanced cognitive func-
tions of acquiring, identifying, and integrating information across modalities.
Applications of e-skin are demonstrated in motion monitoring, speech recogni-
tion, and somatosensory game operation. These capabilities can be applied to
cross-modal perception robot systems based on multisensory neural networks.

1. Introduction

Mechanical Metamaterials (MMs)can achieve superior and un-
precedent mechanical properties through rational microstruc-
tural designs. In the past few decades, they have exhibited out-
standing mechanical advantages in the space industry, aviation
industry, tissue engineering, flexible electronics, and other fields.
Recent studies have demonstrated that self-sensing and shape
memory materials can be used to create intelligent mechanical
metamaterials and achieve advanced functions beyond their me-
chanical properties.[1] This means that MMs can transition to ap-
plication fields other thanmechanical such as sensing,[2–4] energy
harvesting,[5] actuation, adaptation,[6] computing,[7] and informa-
tion processing.[8] For example, humans explore, learn, and adapt
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to the complex natural world by collect-
ing visual, tactile, auditory, olfactory, and
taste signals through multisensory systems
and interacting with information through
the integration of neural and muscu-
lar systems.[9] By integrating to electronic
skin (e-skin) that imitates the perception-
decision-response cycle of the human ner-
vous system, a new generation ofMMs have
broad application prospects in revolution-
ary fields such as the Internet of Things
(IoTs) and brain–computer interfaces.[10–12]

Current research on e-skin has mainly
focused on improving the sensing perfor-
mance of the functional components and
optimizing themechanical properties of the
system. The former enables superior per-
ception capabilities,[13–15] whereas the lat-
ter strives to obtain a flexible structure
that is closer to the mechanical proper-
ties of soft biological tissues.[16,17] How-
ever, e-skins have several limitations. For ex-
ample, traditional tactile sensing elements

only generate signals when physically touched or intruded,
and cannot predict the response action to a stimulus before
contact.[18,19] Although pre-contact sensors in existing studies can
achieve functionality by utilizing optical sensing elements,[20,21]

electromagnetic technology,[22] or ultrasonic transducers,[23] they
are severely affected by environmental parameters. Moreover, the
traditional power supply strategy for e-skin is faced with several
drawbacks, including limited life, limited mobility and complex-
ity of the system. The reliance on external power sources can
hinder the development of truly lightweight, compact, and user-
friendly flexible electronics, which are essential for seamless in-
tegration into daily life. Further, with the development of wear-
able devices[24,25] and flexible electronics,[26–29] there is an urgent
need for e-skins with excellent mechanical properties and multi-
modal sensing functions for the new generation of multimodal
information acquisition and fusion perception systems.[30–34]

However, existing research on the mechanical properties of
e-skin has mainly focused on reducing Young’s modulus of the
structure to improve its compliance with the skin,[35–37] while
ignoring the other mechanical properties of biological tissues.[38]

Therefore, MMs with unprecedent mechanical properties are
considered ideal candidates. Their superior mechanical prop-
erties usually combine low elastic modulus, high stretchability,
high tensile strength[39] and nonlinear mechanical behavior
commonly found in biological tissues. For example, MMs with
a J-shaped nonlinear mechanical behavior exhibit sufficient
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conformality when wrapping dynamic biological
tissues/organs.[40,41] Therefore, MMs have been applied in
cutting-edge fields and have attained revolutionary achieve-
ments such as MM-based artificial skin,[42] stretchable strain
sensors,[43] and metasurface-based invisible skin.[44] However,
most of MMs are fabricated with fixed configurations, which
means their structures and mechanical properties cannot be
adjusted to meet different usage requirements. This limitation
restricts the universal adaptability of MM-based e-skin. Recent
research indicated that MMs made from shape memory poly-
mers (SMPs) can automatically transform into predesigned
shapes under external excitation, providing a new solution to
achieve e-skins with adaptive mechanical properties.
Herein, an MM-based self-powered e-skin was proposed with

multimodal fusion-perception capabilities and shapememory re-
configurability. It realized the precise acquisition of vibration,
deformation, and pre-contact distance signals using perovskite-
based elastic sensors. The design of the MM skeleton signifi-
cantly improved the mechanical imbalance between e-skin and
dynamic tissues, which enables the precise transmission of phys-
iological motor information. In addition, the MM skeleton en-
abled e-skin with the shape reconfiguration function correspond-
ing to certain stimuli to imitate the mechanical properties of bio-
tissues. Further, e-skin achieved self-powering and wireless in-
formation interaction for real-time human motor monitoring,
sound signals recognition, target orientation, and somatosensory
gamemanipulation. These functions verified themultimodal sig-
nal detection function of e-skin in real scenarios. In summary, e-
skin not only realized excellent mechanical properties and high
conformal deformation ability similar to that of biological skin
but also integrated the multimodal signal acquisition function
of hearing, touch, and vision of a biomimetic sensory system. It
is a promising candidate for application in soft robots, wearable
devices, and crossmodal perception robot systems based on mul-
timodal sensor neural networks.

2. Results

2.1. Design and Fabrication of the e-Skin

In this study, an MM-based e-skin with multimodal fusion-
sensing functions has been proposed. This system can simulate
the auditory, visual, and tactile functions in the human nervous
system and provide continuous real-time monitoring signals, as
illustrated in Figure 1a. The e-skin was constructed using a mul-
tilayer structure, including a sensitive system and a substrate sys-
tem, and its constituent parts are illustrated in Figure 1b.
The sensitive system consisted of an electret-piezoelectric

composite film and a multiwalled carbon nanotube (MWNT)
electrode. The composite film was fabricated by embedding the
inorganic nanoparticles P(VDF-TrFE) and BaTiO3 into the dielec-
tricmatrix of Ecoflex elastomers, followed by thermal charging. A
schematic of the manufacturing process is provided in Support-
ing Information 1. A part of the BaTiO3 content served as a nu-
cleating agent for P(VDF-TrFE) to promote the formation of the
piezoelectric-𝛽 phase, whereas the remainder of BaTiO3 served as
a piezoelectric phase. This composite film fulfilled two functions:
sensing mechanical deformations (pressure and vibration) and
identifying proximal distance. The upper surface of this dielec-

tric film was coated with MWNTs. When subjected to an external
strain, the conductive network formed by the overlap of MWNTs
underwent a local break, resulting in a change in resistance. The
mechanical test results demonstrated that the sensitive system
had good stretchability and could adapt to the deformation of dy-
namic skin. In addition, the modulus of elasticity of the electret
layer was two orders of magnitude lower than that of the MM
skeleton, and thus the e-skin could stretch freely without delam-
ination.
To introduce biomimetic nonlinearmechanical properties into

the e-skin, a substrate with a 4D printed mechanical metama-
terial skeleton was designed, as illustrated in Figure 1c. The
mechanical MM skeleton contained two representative topolog-
ical arrangements (tetra/hexa-MMs) with horseshoe ligaments.
Their auxetic and nonlinear mechanical behavior ensured high
conformal deformation of the e-skin to dynamic tissue, allow-
ing it to efficiently capture mechanical deformations in human
motion, as illustrated in Figure 1d. Its applications were demon-
strated using a wireless system and custom-made software. The
system realized real-time exercise monitoring, speech recogni-
tion, near-field distance recognition, and playing somatosensory
games. Figure 1e illustrates a schematic of the application sce-
narios.

2.2. Mechanical Model Skeleton

This section presents the derivation of the analytical solution
for the normalized elastic modulus (E/Es) and Poisson’s ratio (v)
of the four types of MMs undergoing uniaxial far-field stress.
These MMs were divided into tetra- and hexa-MMs, according
to the number of ligaments extending from the node. According
to their geometrical configuration, the ligaments were divided
into straight and horseshoe ligaments. A representative unit of
an MM consisted of a rigid node and four or six ligaments dis-
tributed in a rotationally symmetrical manner. The influence of
the key geometric parameters on the structural mechanical prop-
erties was investigated.
First, the Cartesian coordinate system o’-x’y’ was estab-

lished, as illustrated in Figure 2a,b, and the central axis of the
straight/horseshoe ligaments was described as a function of the
arc length S as X = X(S), Y = Y(S). Each ligament was simplified
as a simple supported ligament subjected to an axial force (N) and
a shear force (Q) when subjected to external uniaxial stretching.
The Euler-Bernoulli beam was used to simulate the deformation
of the slender ligaments, and the nodes were assumed as rigid
bodies. A schematic of the free-body diagram (FBD) and the key
geometric parameters of the two types of units are illustrated in
Figure 2c,d. Because of the rotational symmetry of the represen-
tative unit and the uniaxial uniform stress field, all external cut
points in a unit cell were required to be moment- and force-free
in the y-direction when they were in the x-direction stress field.
Here, 𝛾 represents the angle between the ligament and the con-

necting line, R is the radius of the tangential circle of the rigid
node, L represents the length of the ligament, and D represents
the distance between the center points of adjacent cells, w is the
thickness of the ligament, _w is the normalized thickness of the
ligament, 𝜂 is the central angle of the arc ligament, and 𝜃 repre-
sents the angle between the ligament and the joined side of the
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Figure 1. Schematic illustration of e-skin. a) Multimodal fusion perception nervous system and the corresponding three stimulationmodes. b) Explored-
view illustration of a multilayer device in the e-skin. c) Demonstration of the shape-morphing cycle of the MM skeleton: it is transformed into a new
structure when an external force is applied and then heated to return to its pre-memorized shape. d) Conformal characteristics of e-skin when attached
to spherical and saddle-shaped surfaces. e) Schematic illustrations of e-skin worn for sports monitoring, speech recognition, and near-field distance
recognition.

rigid node. Figure 2e,f illustrates the configurations and geomet-
ric parameters of representative MM units. The other configura-
tions used in this study are presented in Supporting Information
2. The total strain energy of a representative unit cell is

U = 1
2ESA

n∑
i=1

S0∫
0
N2dS + 1

2ESI

n∑
i=1

S0∫
0
M2dS (1)

where S0 denotes the total length of the ligament, n denotes the
number of ligaments, Es is the Young’s modulus of the compo-
nentmaterials,A denotes the cross-sectional area of the ligament,
and I denotes the moment of inertia of the cross-section of the
ligament(the cross-section of the ligament is assumed to be rect-
angular with uniform thickness, t, and unit depth, I = w3/12).

For a tetra-MM with straight ligaments, the total strain energy of
a unit is

U = 2
(F cos 𝛾)2L
2EsA

+ 2
(P cos 𝛾)2L

2EsA
+ 2∫

L

0

(xP sin 𝛾)2

2EsI
dx (2)

The displacement of point 1 along the x-direction is obtained
by

𝛿x = 𝜕U∕𝜕F|P=0 = FL
EsA

cos2𝛾 + FL3

12EsI
sin2𝛾 (3)

The strain in the x-direction is 𝜀x =
√
2𝛿x∕2D. The total dis-

placement of point 3 along the y-direction is derived according
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Figure 2. Mechanical model and theoretical results of theMMs: FBD of the a) straight and b) horseshoe ligaments. Mechanical model of a representative
unit in c) tetra-horseshoe and d) hexa-horseshoe MMs. Geometric control parameters of the representative units in e) tetra-horseshoe and f) hexa-
horseshoe MM skeletons, and g) tetra-horseshoe and h) hexa-horseshoe MMs under far-field uniaxial loads. Theoretical results of E/Es of i) tetra-
and j) hexa-MMs with straight ligaments. k) Theoretical results of v for hexa-MMs with straight ligaments. Theoretical results of E/Es of l) tetra- and
m) hexa-MMs with horseshoe ligaments. n) Theoretical results of v of hexa-MMs with horseshoe ligaments.
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to 𝜀y = 𝜕U∕𝜕P|P= 0 = 0. The normalized elastic modulus of the
metamaterials can be expressed as

E = 𝜎x
/
𝜀xEs (4)

The Poisson’s ratio is

v = −𝜀y
/
𝜀x (5)

The normalized elastic modulus of the tetra-MM can be ex-
pressed as

Etetra1∕Es =
√
2w̄3∕

(
w̄2cos2𝛾 + sin2𝛾

)
(6)

According to the analytical theory, the Poisson’s ratio of tetra-
MMs with straight ligaments is always equal to 0, which results
from the boundary conditions.
For a tetra-MM with horseshoe ligaments, the total strain en-

ergy in the ligament i is

U = L
2EsA

4∑
i= 1

(
𝛽1N

2
i + 𝛽2NiQi + 𝛽3Qi

2)

+ L
2EsI

4∑
i= 1

[
𝛽5(N1L)

2 + 𝛽6(Q1L)
2 + 𝛽9N1Q1L

2
]

(7)

The displacement of point 1 along the x-direction can be ex-
pressed as

𝛿x = 𝜕U∕𝜕F|P= 0 =
L
EsA

[
𝛽1F

2cos2𝛾 + 𝛽3F
2sin2𝛾

]

+ L3

EsI

[
𝛽5Fcos

2𝛾 + 𝛽6Fsin
2
𝛾 + 𝛽9F sin 𝛾 cos 𝛾

]
(8)

The normalized elastic modulus of the MM is

Etetra2∕Es = w3∕
[
w2 (

𝛽1cos
2𝛾 + 𝛽3sin

2𝛾
)
+ 6

(
𝛽5cos

2𝛾 + 𝛽6sin
2𝛾 + 𝛽9 sin 𝛾 cos 𝛾

)]
(9)

and its Poisson’s ratio is vtetra2 = −𝜀y∕𝜀x = 0.
Using the same methods as in the previous section, the nor-

malized elastic modulus (Ehexa1, Ehexa2) and the Poisson’s ratio
(vhexa1, vhexa2) of the hexa- and horseshoe hexa-MMs were derived
(details can be found in Supporting Information 4).

Ehexa1∕Es = 2
√
3w̄3∕𝜑2 (10)

vhexa1 = −
√
3𝜑6∕𝜑2 (11)

Ehexa2∕Es = w̄3∕
(
6𝛽5𝜑1 + 6𝛽6𝜑2 + 3𝛽9𝜑3

)
(12)

vhexa2 = −
√
3
[
𝛽9𝜑4 +

(
𝛽5 − 𝛽6

)
𝜑5

]
∕
(
2𝛽5𝜑1 + 2𝛽6𝜑2 + 𝛽9𝜑3

)
(13)

The geometric configuration of hexa- and tetra-units are de-
termined by R/D and 𝜃, and their mapping relations with 𝛾

and L are presented in Figure S6g,h (Supporting Information).
𝜂 determines the degree of bending of the horseshoe ligaments.
The contour plots in Figure 2i–k illustrates the theoretical re-
sults of the impact of the geometrical parameters on E/Es and

v under infinitesimal deformation for MMs with straight liga-
ments. 𝜃 was varied from 0° to 90°, the normalized width R/D
varied from 0.1 to 0.3, and the normalized thickness _wwas fixed
at 0.05.
It can be observed that for tetra-MMs, Etetra1/Es decreases

monotonically with increasing R/D. As 𝜃 increases from 0 to 90°,
Etetra1/Es first decreases and then increases. For hexa-MMs, E/Es
increase monotonously with increasing R/D and 𝜃. These geo-
metric parameters also influence the Poisson’s ratio. For hexa-
MMs with straight ligaments, the Poisson’s ratio exhibits a tun-
able domain from -0.35 to ≈-0.97. As illustrated in Figure 2k, the
auxetic effect decreases monotonically with increasing R/D. As 𝜃
increases from 0° to 90°, v first increases and then decreases.
For the mechanical MMs with horseshoe ligaments, their me-

chanical properties were mainly affected by R/D, 𝜃, and 𝜂. The
central angle of the horseshoe ligaments (𝜂) varied from 0° to
180°. All equivalent moduli were reduced by one to three orders
of magnitude compared to theMMs with straight ligaments. The
analytical results are illustrated with highlights of the effects of
𝜃, R/D, and 𝜂 in Figure 2l–n. From these results, it can be ob-
served that the variation range of v is expanded to (−0.11 ≈−1.4).
This indicates that by changing the geometric configuration of
the ligaments, the auxetic properties of MMs can be greatly im-
proved. Furthermore, the mechanical performance of MMs can
be adjusted by changing their topological arrangements and key
geometric parameters.

2.3. Nonlinear and Reconfigurable Mechanical Behavior

MMs can usually sustain considerably larger uniaxial tensile
strains than their constituent materials owing to their artifi-
cial structure and topological arrangements. The stretchability of
MMs with straight ligaments depends mainly on the rotation of
the structural nodes. However, the wavy ligaments of the horse-
shoeMMs significantly increase their stretchability by inducing a
bending-dominated phase in the structural deformation pattern.
In this section, themechanical behavior ofMMswith straight and
horseshoe ligaments under large deformations has been compar-
atively studied.
Uniaxial tensile experiments and finite element analysis (FEA)

were carried out to investigate the effect of the geometric pa-
rameters, including R/L, 𝜃, and 𝜂, on the MMs. The commercial
software ABAQUS (3DS Dassault Systemes, France) was used
to analyze the mechanical behavior of the MMs. The central
areas in sufficiently large models (11 × 6 unit cells) were uti-
lized to avoid possible edge effects. C3D8 solid units and static
analysis steps were adopted, the film and MM skeleton were
bound by tie constraints, and the central reference points 1 and
2 were set at both ends of the component. Reference point 1
was set as a fixed support condition to constrain all degrees
of freedom and displacement boundary conditions were set for
reference point 2 to simulate the mechanical behavior of ten-
sion and compression. The evaluation of v was derived from
the original configurations v = 𝜀x∕𝜀y and 𝜆 = Δ𝜀y∕𝜀y, where ɛx
and ɛy are the transverse and applied strains, respectively. The
MMs as well as horseshoe-MMs exhibited auxetic effects (see de-
tails in Video S1, Supporting Information). The MMs provided
a wide range of negative Poisson’s ratios (from 0 to -1.08) with a
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Figure 3. Mechanical properties and reverse design strategy of the MM skeleton: (I-a) Stress contour diagram of a hexa-MM substrate under uniaxial
tension, b) transverse strain contour diagram of a hexa-MM skeleton subjected to uniaxial tensile loads; v–𝜆 curves and contour plots of hexa-MMs with
𝜃 = (c) and (f) 30°, (d) and (g) 45°, and (e) and (h) 60°. (II-a) Stress contour diagram of a tetra-MM substrate under uniaxial tension, b) transverse
strain contour diagram of a tetra-MM skeleton subjected to uniaxial tensile loads, v-𝜆 curves and contour plots of tetra-metamaterials with 𝜃 = (c) and
(f) 30°, (d) and (g) 45°, and (e) and (h) 60°. III) Heatmap of the Poisson’s ratio as a function of R/L and 𝜃 for a) tetra and b) hexa units. c) Comparison
of 𝜎–𝜆 curves between metamaterials and tissues/organs.[45] d) Shape memory conversion between biological tissues through programming.

large strain range (up to 71%). The mechanical properties could
be adjusted by changing either of the crucial parameters (𝜂, 𝜃,
and R/L). For the straight ligament MMs, the auxeticity perfor-
mance results from the rotation of structure nodes, and v ranged
from 0 to -0.7. Compared to the straight ligaments (Figures S7
and S8, Supporting Information 5), the structures with horse-
shoe ligaments nearly doubled the range of v, as illustrated in
Figure 3I,II.

For hexa-MMs, the transverse strain, 𝜆tr, increased as 𝜃 in-
creased and decreased as R/D increased, whereas vmin decreased
as 𝜃 increased and increased as R/D increased. For tetra-MMs,
the 𝜆tr increased as R/L increased and decreased as R/D in-
creased, whereas vmin decreased as 𝜃 decreased and increased
as R/D increased. These results indicate that the key parameters
(R/D, 𝜃, and 𝜂) could be utilized to adjust the mechanical proper-
ties of the MMs. The turntable domain of v along the horizontal

Adv. Funct. Mater. 2024, 2406789 © 2024 Wiley-VCH GmbH2406789 (6 of 12)
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direction is −1.08 to 0.05. Furthermore, the average elongation
with horseshoe ligaments increased by ≈17–22% for MMs with
the same topological pattern and geometric parameters.
Therefore, it can be inferred that horseshoe ligaments signif-

icantly enhance the stretchability, auxetic properties, and flexi-
bility of MMs. The responses of the MM skeletons and the as-
sembledMM e-skin to uniaxial tensile loads were determined us-
ing FEA. It can be intuitively observed from Figure S9 (Support-
ing Information) that the MMs and horseshoe ligaments signifi-
cantly enhance the auxetic effect of the e-skin when subjected to
uniaxial tensile loads. The enlargement of adjusting the Poisson’s
ranges mainly results from the bending of the ligaments and the
enhanced rotation of the lattice nodes. Furthermore, when sub-
jected to large strains, horseshoe MMs exhibit different configu-
rations compared to straight-ligament materials and exhibit su-
perior auxetic performance. For horseshoe MMs, the deforma-
tion is dominated by the bending of the ligaments in the initial
stage, where v has a stable value as 𝜆 increases. As the relative
strain exceeds the transverse value (𝜆tr), v reaches the minimum
value (vmin) and then increases sharply to zero. The heat maps
in Figure 3IIIa,b demonstrate the relationship between the ge-
ometric configuration of metamaterial units and the minimum
negative Poisson’s ratio.
Due to the abundant design space, the designed MMs can

imitate the nonlinear mechanical behavior of specific biologi-
cal tissues[45] as shown in Figure 3III-c. Furthermore, benefiting
from its electrically driven shape memory reconstruction func-
tion, the biomimetic nonlinear mechanical properties of meta-
materials can be transformed between different biological tis-
sues, as shown in Figure 3III-d and Figure S5 (Supporting Infor-
mation). For example, the nonlinear 𝜎-𝜆 response of hexa-MMs
before and after reconstruction was similar to that of lens capsule
and skin, respectively.

2.4. Output Characteristics of the e-Skin

In this section, the multimodal sensing performance of the MM
e-skin is described. First, the precontact electrical output perfor-
mance of the e-skin was evaluated. Electrets with different sur-
face charge densities were obtained by applying the same thermal
charge treatment to the piezoelectric films with different particle
contents. The electrical signal of the electric receptor on the prox-
imal target was simulated using the commercial software COM-
SOL, as illustrated in Figure 4a. Subsequently, their perception
of the same target (polytetrafluoroethylene (PTFE) film) at a dis-
tance of 5–60mmwas tested, as illustrated in Figure 4b andVideo
S2 (Supporting Information). It can be seen that the sensitivity
and output voltage increase with increasing surface charge den-
sity, which is consistent with the results of the simulation (see
Supporting Information 6 and Figure S10, Supporting Informa-
tion). Further, the sensitivity of the device to distance recognition
was demonstrated, as illustrated in Figure 4c, showing its appli-
cation value in proximal sensing.
Subsequently, the piezoelectric properties of the e-skin were

characterized. The output signals of the gradient pressure and
gradient frequency load were obtained as illustrated in Figure 4d.
An evenly distributed load with a fixed frequency (1Hz) and pres-
sure (1 kPa) was applied to the e-skin, and a short-circuit current

output result was obtained. The average open-circuit voltage (Voc)
of the different e-skins under an external load was characterized,
as illustrated in Figure 4e. The Voc of the e-skin was found to in-
crease with increasing volume fraction of the particles in the film
under the same pressure. The output signal also exhibited good
linearity with increasing pressure.
Finally, the response of the e-skin to in-plane strain was eval-

uated. The electrical reliability of the e-skin with representative
MM skeletons was characterized through loading–unloading ex-
periments, as illustrated in Figure 4f. The test results confirmed
that the configuration of the MM skeleton significantly affected
the strain sensitivity of the e-skin. E-skins with different MM
skeletons produced different electrical signal feedbacks to the
same input signal because the MMs influenced the dispersion
of the conductive network. The relative resistance values could
be restored to the original state in each cycle, indicating that
the conductive network possessed good repairability. This excel-
lent stability and repeatability mainly resulted from the high-
density conductive network formed by the deposition of carbon-
basedmaterials on the sensor surface and its tight bonding to the
Ecoflex substrates. The Gauge factor (GF) and linearity (R2) of the
e-skin to the in-plane strain were obtained from the uniaxial ten-
sile test. GF is commonly utilized to evaluate the sensitivity of
sensors and can be obtained by the relative change in resistance
(ΔR/R0) to the applied strain (𝜆). The larger the GF, the higher
the sensitivity. It can be expressed as:

GF = ΔR
𝜆R0

(14)

whereΔR represents a numerical change in resistance, R0 repre-
sents the initial values of resistance, and 𝜆 represents the strain
of the sensor.

R2 =
∑ (explained variation)2

(total variation)2
(15)

Figure 4g displays the GF–𝜆 curves of the e-skin with differ-
ent skeletons. The three curves demonstrated an overall bending
upward trend in the 0–20% region, and the resistance changed
slowly when the strain was small. In contrast, devices without
MM structures exhibited relatively small changes in resistance
when subjected to the same external tensile load. This implies
that the sensitivity of the sensors with an MM skeleton is consid-
erably higher than that of the sensors without it, reflecting the ad-
vantage of sensitivity enhancement. The linearity and GF results
are presented in Table S5, Supporting Information (Supporting
Information 6). It is worth noting that the geometric design of the
horseshoe ligaments further improves the sensitivity attributed
to the enhancement in the degree of separation of the sensitive
materials under tensile strain, as illustrated in Figure 4h. The
mechanism of strain sensing involves altering the conductive
path through the deformation of conductor materials, resulting
in a change in material resistance. For a structure with a positive
Poisson’s ratio, applying tensile strain in the x-direction causes
contraction in the y-direction. This leads to increased dispersion
of the conductivematerial in the x-direction but decreased disper-
sion in the y-direction. Such an offsetting effect limits the sensi-
tivity of the strain sensor. In this study,mechanicalmetamaterials
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Figure 4. Characteristics of e-skin for multimodal sensing. a) Simplified physical model of the electroreceptor and its simulated outputs when a PLA
approaches with gradient distance, b) response of a precontact sensor to the single axis sinusoidal motion of the object with gradient distance,
c) electrical response of the precontact, d) output current results when subjected to uniform sinusoidal pressure loads, e) relationship between the
output voltage and the uniform pressure loads of the e-skin, f) optical images of the MM e-skin and the response characterization results of the e-skin
obtained through the loading-unloading cycle tests under gradient tensile strain and tensile speeds, g) comparison of the sensitivity of the e-skin un-
der uniaxial tensile loads corresponding to the three types of MM skeletons, h) schematic of the changes in the conductive pathway before and after
deformation, and durability test of the e-skin under i) uniform pressure load and j) uniaxial tensile loads.
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were integrated into the e-skin structure, endowing it with a neg-
ative Poisson’s ratio characteristic. This improvement enhanced
the dispersion of conductive particles on the surface of the e-skin
when subjected to tensile load, thereby significantly increasing
its sensitivity to strain. The GF of the e-skin with a horseshoe
ligament MM increased to 2432.85, which is approximately 20
times that of the e-skin with a straight ligament MM. In addi-
tion, a durability test of the piezoelectric e-skin was conducted
over 1000 cycles. The test results of 0–5 and 996–1000 repeti-
tions were compared, as shown in Figure 4i, which indicates its
superior stability. Subsequently, a dynamic tensile cyclic loading
experiment demonstrated its superior durability and extremely
short response time (≈20 ms) to pressure, as shown in Figure 4j.

2.5. Multimodal Sensing of the e-Skin

The proposed self-powered e-skin can obtain energy from the
environment or users’ action without relying on external power
sources. Furthermore, by integrating with a microcontroller, this
e-skin achieved continuous self-powered monitoring and wire-
less signal transmission. Compared to traditional electronic de-
vices, this self-powered e-skin achieves long-term usability, con-
venience, and lightweight. This section demonstrated the multi-
modal sensing function of the self-powered e-skin by real-time
wireless information transmission and human-machine inter-
action functions for multiple scenes and senses, as illustrated
in Figure 5a. The customized wireless data transmission and
data visualization systems are illustrated in Supporting Informa-
tion 7. By the detection and recognition of sound signals, real-
timemonitoring of humanmovement, near-field target position-
ing, somatosensory games, and other real-scene functions, it was
confirmed that the sensor could be applied to a variety of real
scenarios.
To verify its ability to monitor the motion signals of the joints,

we pasted the sensor on a finger knuckle, wrist, elbow, and
knee, as illustrated in Figure 5b. First, the e-skin was attached
to the second knuckle of the index finger for testing. The fin-
ger joint was continuously bent inward by 0°, 30°, 60°, and
90°, and each bending angle was kept stable for a few seconds
and then restored from 90° to 0° as a complete test cycle. Each
cycle was repeated four times. Although there is some jitter
in the curves, which might be due to the shaking of the fin-
ger and the speed of bending, all the e-skins can distinguish
the gradient bending angles of the finger joints through the
peak characteristics of the signal. Motion tests in the wrist,
knee, and elbow were performed using the same test meth-
ods (see real-time monitoring video in Video S3, Supporting
Information).
Pronunciation-syllable detection and motion tests were also

performed. Syllable detection by the sensor was performed us-
ing an audio source. Three commonly used words, “hi,” “happy,”
and “population,” with different syllables were selected, corre-
sponding to monosyllables, two-syllables, and four-syllables. As
illustrated in Figure 5c, the sensor was covered with a Bluetooth
speaker to detect tiny vibrations of the speaker. Each word was
composed of several syllables, each of which corresponds to a
small vibration related to the spikes on the curve. The number of
syllables and resistance response spikes correspond to each other,

indicating that the four words could be successfully detected. The
sensor responded remarkably even though the relative resistance
changes were very small, demonstrating that it could detect ex-
tremely small vibrations.
The sensitivity of the precontact sensing function is affected

by the charge density of the object to be measured and the sensor
surface, and it is possible to achieve precise sensing of the rela-
tive distances for specific objects and devices. Based on the afore-
mentioned principles and the stable output of the sensing signal,
as illustrated in Figure 5d, we developed a real-time near-field
distance-sensing interface using the LabVIEW program. When
a naturally charged target approaches, the output voltage of the
e-skin is monitored and converted into a distance signal in real
time. The signal was wirelessly transmitted to a data acquisition
board via Wi-Fi and converted into a distance signal output. The
flexible human–computer human–machine interaction function
could also be used to immersively control virtual game charac-
ters, as shown in Figure 5e. In this study, the noncontact con-
trol pad was used to control the famous computer game “Angry
Birds.” In this system, we used the distance between the hand
and the control panel to control the flying height of the bird
to avoid obstacles. A demonstration of users playing the Angry
Birds game through contactless interaction is shown in Figure 5f
and Video S4 (Supporting Information).

3. Conclusion

In this study, we have proposed a MM-based self-powered e-
skin with a multimodal fusion perception function that real-
izes real-time acquisition of hearing, touch, and visual multi-
modal signals. First, by imitating the mechanical properties of
bio-tissues, we designed a series of MMs and developed theoret-
ical models to obtain analytical solutions for their Poisson’s ratio
and elastic modulus. Subsequently, the influence of the topolog-
ical parameters on the mechanical properties of the MMs was
verified through experimental and finite element analyses. Fur-
ther, reconfigurable mechanical properties of MMswere clarified
through transformation between different bio-tissues.
Assembling a mechanical MM in the layered e-skin not only

improved the mechanical disorders between the e-skin and hu-
man tissues but also improved the sensitivity and linearity of the
strain sensor. It is worth noting that the value of GF of the e-
skin with the horseshoe ligament MM increased to 2432.85 with
a linearity above 0.98, which is approximately 20 times that of
the e-skin with the straight ligament MM. The measurable strain
range was increased to 50% for the MM e-skin with a short re-
sponse time of 20ms. The e-skin exhibited a sensitivity of 3 kPa−1

and could maintain consistent performance over 10 000 cycles.
In addition, inspired by bioinductive systems, we have achieved
tactile perception and precontact visual perception functions by
integrating self-powered artificial receptors on the e-skin. It can
not only perceive and recognize tactile signals but also achieve vi-
sual perception through a stable voltage output based on the dis-
tance and charges carried by the approaching target. Finally, the
multimodal signal acquisition function of the self-powered e-skin
was verified by the real-time detection of humanmotion informa-
tion, sound signal recognition, and somatosensory games. The
self-powered e-skin converts widely available mechanical energy
into electrical energy needed for information perception. This

Adv. Funct. Mater. 2024, 2406789 © 2024 Wiley-VCH GmbH2406789 (9 of 12)
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Figure 5. a) Integration of the wireless monitoring system based on the MM e-skin. b) Real-time motion monitoring of a finger, wrist, and elbow at
different bending angles with different MM e-skins. c) Real-time acoustic monitoring results for different words. d) Real-time output response of the e-
skin to the proximity of the external targets. e) Playing somatosensory games using the near-field distance recognition function of the e-skin. f) Schematic
for controlling the flight altitude of a game mission using the noncontact distance perception function of the e-skin.
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strategy eliminates the dependence of wearable electronic devices
on external power sources, reduces the weight of wearable de-
vices, and achieves passive and wireless sensing functions in e-
skin.
In brief, an artificial e-skin not only realizes excellent reconfig-

urable mechanical properties similar to the biological skin but
also integrates the self-powered multimodal signal acquisition
functions. It is expected to apply to crossmodal perception robot
systems based on multisensory neural networks.

4. Experimental Section
The fabrication process of the e-skin is described in Supporting Informa-
tion 1. The details of the design strategies for metamaterial skeletons are
summarized in Supporting Information 2. The thermal-driven process
of the shape memory e-skin is illustrated in Supporting Information 3.
The derivation process of the analytical model is illustrated in Supporting
Information 4. The effects of geometrical parameters on the non-linear
mechanical properties and the reversal design strategy are analyzed in
Supporting Information 5. Finally, details of the electrical experiments
and characteristics of e-skin are provided in Supporting Information
6. The customized wireless data transmission system is illustrated in
Supporting Information 7.

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