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Biomimetic Skins Enable Strain-Perception-Strengthening

Soft Morphing

Peng Xiao, Wei Zhou, Yun Liang, Shiao-Wei Kuo, Qing Yang, and Tao Chen*

Biological soft tissues are typically characterized of strain mechanical stiff-
ening for injury prevention, yet the capability to achieve active awareness via
perception strengthening still remains a challenge. However, creatures have
projected their 2D or 3D deformation in a safe way via perception regulation.
In this work, strain-perception-strengthening (SPS) enabled soft skins that
allow the dynamic transformation from tactile to pain-sensing are proposed.
The synthetic skin featured with elastic, conductive, and adaptive properties
is composed of elastomeric thin-film and assembled graphene nanosheets
with an interlocked structural interface. In the SPS-enabled sensory system,

the strain-perception-threshold value can be regulated from =7.2% to =95.3%.

The integrated skin-like system can effectively imitate the normal tactile and
pain feeling of soft tissues (e.g., unidirectional stretching of muscle tendon
and irregular stretching deformation of hand skin). Furthermore, inspired by
the pufferfish, a bionic pufferfish with synthetic skin is designed, enabling it
to sensitively capture the external mechanical stimuli such as tiny airflow and
finger touch, and further inflate itself to a 3D deformation determined by the
SPS effect. The concept of soft skins with SPS effect demonstrates potential

fields in safe human-machine interaction, smart prosthetics and soft robotics.

moldable elastomers with strain mechan-
ical stiffening through the self-assembly
of linear-bottlebrush-linear  triblock
copolymers, allowing the typical imitation
of tissue-like mechanical characteristics.!

Beyond the mechanics of the materials,
certain tissues of creatures such as ver-
tebrates have the capabilities to actively
perceive the mechanical stimuli that may
cause injury, and further rapidly react to
prevent dangers.®] These tissues, cou-
pled with somatosensory systems, can
experience a regulated sensory threshold
transition from tactile to pain-sensing.
In the creatures’ sensory systems, tac-
tile receptors are responsible for the
discriminative touch and non-harmful
stimuli.™ Nociceptors that depend on
locality and modality are also considered
to be important and indispensable, which
can deliver danger signals to brains for
risk management.’>V] Therefore, prior

1. Introduction

In biological systems, soft tissues can effectively regulate their
mechanical strength via strain stiffening to avoid injury, in
which the elastic moduli increase rapidly and sharply under
a narrow strain range.l! Specifically, the mechanical adap-
tion arises from their intrinsic composite structures based on
the mechanics of natural materials.”) The passive mechanical
defense has inspired the synthesis of biomimetic materials with
tissue-like mechanics.?~% For example, Sheiko et al. designed

to strain mechanical stiffening, the active

protection requires intense and rapid
pain warning triggered by the sensory system. Although the
conventional electronic skin systems can simulate the human
tactile functions or pain ones via the predetermined threshold
of resistance change, 822 few synthetic soft skins focus on
dedicated capabilities for strain perception strengthening (SPS)
with a similar trend as the strain mechanical stiffening.?}l In
the SPS-enabled strain-responsive system, the gauge factor
(GF) (the first derivative of the normalized resistance versus
strain) can experience a positive correlation with the applied
strain. When the strain value is lower than the threshold, the
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GF value increases slowly, which corresponds well to the tactile
sensing of creatures’ sensory system. Once the strain that is
higher than the threshold value is applied, the GF value can
experience a sharp increase under the same strain increment.
The fast change of the GF value under unit strain can be con-
sidered as a reminder of pain-sensing. Note that this changing
trend is similar to the function of nerve endings, which pro-
vides a warning signal for mechanical strain danger. Therefore,
the SPS-based sensory skin can respond sharply to the strain
threshold for remarkable improvement of GF value, allowing
the perception transition from tactile to pain-sensing. More
importantly, the exploration of SPS materials systems that
are independent of physical size, shape and initial conduc-
tivity will inspire the development of self-regulated sensors
and integrated soft robots for risk control of human-machine
interfaces.

We demonstrate a SPS-effect enabled ultra-thin skin (elastic
and conductive film [ECF]), formed by the interface interlocked
structure of assembled 2D nanomaterials and thin elastomers
interacting on the water surface. Here, graphene nanosheet
is used as a 2D model due to its layered topology, excellent
conductivity and uniform assembled structure. Unlike the 1D
nanotubes-based ECFs, the 2D-based ones demonstrate a posi-
tive correlation between GF and strain, which is analogous to
the sensory systems of vertebrate creatures. They can form a
dynamic sensing network that responds sensitively to low strain
stimuli for normal sensing and also reacts to strain threshold
with several orders of magnitude enhancement in normalized
resistance for pain-sensing. Specifically, the strain threshold can
be effectively regulated from =72% to =95.3%, which can con-
tribute to the development of diverse SPS-related applications,
such as smart muscle tendon under uniaxial stretch, and artifi-
cial hand skin under pinch and stretch. Furthermore, inspired
by the pufferfish, a smart fish model featured with a morphable
and perceptible belly was designed to sensitively perceive tactile
signals of tiny airflow, mechanical touch and further be actu-
ated to a bulged shape with 3D deformation detection and pain
warning under strain threshold. This proposed SPS concept
is expected to provide an alternative and effective pathway for
self-regulated soft robotics and safe human-machine interacted
interfaces.

2. Results and Discussion

2.1. Strain-Perception-Strengthening Enabled by Assembled
Graphene-Based ECF

In nature, creature’s skins have evolved into rich diversity.
As the first protective barrier, skins are further endowed with
unique capabilities of perception and desirable deformation to
adapt to the changeable environment. Specifically, compared
with conventional synthetic materials, a typical characteristic of
soft tissue (e.g., skin) is mechanical strain induced skin stiff-
ening (passive protection) to prevent injury.!!l However, these
tissues are also endowed with sensory systems to achieve active
protection. For example, human skin can sensitively capture
the mechanical stimuli of typical stretching strain, and fur-
ther distinguish them into specific signals, such as tactile and
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pain-sensing (Figure 1A). For the real skin, tactile corpuscles
and nociceptive endings located in the dermis layer are respon-
sible for tactile and pain-sensing, respectively. When a gentle
mechanical force is applied to the skin, the tactile receptors
can rapidly respond and further convert it into a normal tactile
signal. Further increased force (e.g., hard pinch, high stretch)
that may induce uncomfortable feelings will be captured by
the nociceptive endings (Figure 1B). In our system, an artificial
skin featured with thin, deformable and perceptive properties
was designed and further transferred onto a hand model sur-
face for mechanical sensing. We observe that it can be easily
stretched, followed by the formation of wrinkles (Figure 1C).
Here, the artificial skin composed of a conductive graphene
layer and elastic Ecoflex layer can be fabricated at the air/water
interface on a large scale and easily transferred onto diverse
substrates. Similar to the human skin, the artificial skin on
the water surface can be readily touched, pinched and further
stretched (Figure 1D).

Generally, creatures with compliant soft tissues can respond
to the overstretched strain via a typical mechanical stiffening to
prevent potential injury. Note that collagen is widely distributed
in the tissues of mammals. The mechanical stress-strain char-
acteristics of the collagen are featured with a specific shape like
“J”, which is also defined as mechanical strain-adaptive stiff-
ening.22% Therefore, the strain-adaptive mechanical stiffening
phenomenon exists in most of the mammals. Here, the tissue
of pig skin was alternatively acquired to test the mechanical
behavior, demonstrating a specific strain mechanical stiffening
(Figure 1E). Note that the achieved mechanical strength can
experience a fast increase under the strain threshold (Figure S1,
Supporting Information). The mechanical stiffening aims to
generate considerable strength to avoid injury. However, the
effective perception of danger signals is expected to be more
important for the realization of active protection. The mechan-
ical strain stiffening has also inspired us to develop an elec-
trical perception strengthening system that we refer to as the
SPS effect. In the SPS-based materials, the normalized resist-
ance can experience a typical “J”-like changing trend under
the applied strain, which can function as the strain-responsive
pain sensor to actively perceive the overstretching behavior
(Figure S1, Supporting Information). Owing to the introduc-
tion of the graphene nanosheet layer, the elastic membrane was
further endowed with the capability of perception to external
mechanical stimuli. As displayed in Figure 1F, when the applied
strain reached a certain stretched threshold, the normalized
resistance represented a strain perception strengthening
effect. The phenomenon is similar to the sensory system of
humans, which can simultaneously capture the tiny and sharp
mechanical force, and further distinguish and name them. In
the artificial skin system, the whole curve can be divided into
two parts, including the tactile sensing before the threshold
and pain ones after the threshold (Figure S2, Supporting
Information). It is noted that analogous to the skin perception
system, the slope of normalized resistance also experiences an
increasing tendency to the increased strain. In our work, the
potential working mechanism was schematically illustrated in
Figure 1G. In the stretching process, the low strain just leads
to the relative sliding of graphene nanosheets with contacted
states. Furthermore, higher strain allows remarkable separation
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Figure 1. Bioinspired artificial skins composed of ultrathin and conductive films enabling stain-perception-strengthening effect for sensing regulation.
A) Photo of a real hand skin that is highly stretched with a pain feeling. B) Schematic illustration of skin morphology with fingers touched and stretched
state, showing tactile and pain feeling. C) An artificial skin attached onto a hand model surface is easily stretched, showing remarkable skin-like wrin-
kles. D) Photos of ECF at air/water interface that is touched, pinched and stretched with good artificial skin behaviors. E) A schematic of soft tissue’s
stress-strain curve (pig skin was used here), showing the mechanical response of intense strain stiffening behavior. F) The normalized resistance versus
applied strain curve in a uniaxially stretched state, demonstrating a tendency of strain strengthening of the normalized resistance (the sample size:
5 cm X 5 mm, test number n = 5). G) The potential micro-scale mechanism of transition from tactile to pain-sensing.

of nanosheets, resulting in a sharp decrease of the normalized
resistance.

2.2. Construction and Characterization of ECF

To construct a biomimetic skin with thin, elastic and conduc-
tive features, a fabrication strategy based on a liquid substrate is
achieved in Figure S3, Supporting Information. The mechani-
cally exfoliated graphene nanosheets with an average thick-
ness of about 2.4 nm were assembled into a closely packed
film on the water surface enabled by the Marangoni effect and
capillary force driving compression (Figure 2A and Figure S4,
Supporting Information).[”28] Based on the interface function-
alization strategy, [?%) the water supported graphene film can be
further functionalized by elastomer to achieve an ECF, of which
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the graphene nanosheets were partially embedded into an
elastic matrix with good structural stability. In our system, the
graphene film was assembled on the water surface and partially
wetted by water molecules. Once the elastomeric precursor in
heptane solution was applied onto its surface, the air side of the
graphene film could be covered by the polymer solution. After
in situ curing process, the water side of the film was protected
by water phase, resulting in the partially embedded graphene
nanosheets into the elastomer matrix. As shown in Figure 2B,
the as-prepared ECF could be easily lifted from the water sur-
face. The schematic in Figure 2C illustrates that graphene
nanosheets were partially embedded into the elastomer matrix
with favorable conductivity. Prior to elastomer functionaliza-
tion, a scanning electon microscopy (SEM) image of assembled
graphene film was characterized, showing a close-packed lami-
nated structure (Figure 2D). After interfacial functionalization,
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Figure 2. ECF fabrication and structural characterization. A) Photo of assembled graphene nanosheets on large scale on the water surface. B) Photo of
large-area ECF fabricated at air/water interface, which can be easily transferred from the water surface. C) Schematic of thin ECF composed of partially
embedded graphene nanosheets and elastic elastomer layer. D) SEM images of assembled graphene film, ECF: E) surface morphology of graphene
side and F) cross-section with bilayer structure. G) ECF on water touched with fingers, showing highly compliant feature. H) ECF attached to beaker

for a self-supported one. I) ECF was easily actuated by air pressure.

an interlocked structural interface was formed (Figure 2E and
Figure S5, Supporting Information). SEM cross-sectional image
further confirmed the layered structures in ECF (Figure 2F). In
addition, 2D mapping of the Raman spectrum of the ECF was
also investigated in Figure S6, Supporting Information, demon-
strating a remarkable color difference of characteristic G peak
in ECF.

In our system, the molecular-level water surface enabled the
formation of thin, uniform and easy-transferrable ECF due to
the Marangoni effect. The gentle touch of the fingers resulted
in compliant adaption and wrinkled geometry of the ECF
(Figure 2G). Furthermore, it could be conformally transferred
onto the non-planar surface and further employed as a self-sup-
ported film, which was easily actuated to 3D morphing via the
pressured air (Figure 2H,I). Analogous to creatures’ skins, the
ECF was endowed with highly conformal characteristics, and
could spread smoothly along the hierarchical surface of natural
skins (Figure S7, Supporting Information). To measure the elec-
tric stability of the cyclic stretching, varied strain ranging from
0.1% to 30% was loaded on the ECF-based sensor. It shows a
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reversible resistance variation during the load and unload strain
cycles (80 cycles) (Figure S8, Supporting Information). Besides,
the sensor can also realize a real-time response and recovery to
the dynamic mechanical strain with a wide range of frequen-
cies ranging from 0.01 to 1 (Figure S9, Supporting Informa-
tion). Although the graphene-elastomer composite films have
been widely studied to construct strain sensors, compared with
the previous research, the interface strategy enabled ECF can be
endowed with an ultra-thin thickness (about 32 um) and higher
GF value (higher than 7500). Superior to the conventional com-
posite film fabricated on solid substrates, our ECF fabricated
on the water surface can not only effectively detect 2D defor-
mation, but actively perceive the pneumatic 3D morphing
behavior. Also, we summarized the recent works of graphene-
elastomer-based strain sensors in Table S1, Supporting Infor-
mation, in which the ECF represented typical features of thin
thickness, high GF and self-perceptive 3D morphing. Moreover,
we also conducted the hysteresis measurement of the gra-
phene-Ecoflex system, which demonstrated a good overlapping
during the stretched and released cycles under the strain of
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lower than 25% (Figure S10, Supporting Information). Owing
to the intrinsic 2D feature of the graphene layer, the ECF can
effectively simulate and achieve the function of skin-like tactile
and pain feeling. Note that the graphene nanosheets and elasto-
meric substrate can experience a shear strain for sheets sliding
and normal strain for reversible deformation, individually.?"!
Based on this reason, to simplify the definition of the strain,
the uniaxial stretching of the ECF is defined as the strain. As
illustrated in Figure S11, Supporting Information, a simplified
sketch of the working mechanism represents that the assem-
bled graphene nanosheets experience face-to-face sliding at low
strain, leading to a relatively slow increase of the contact resist-
ance in the tactile sensing range. When the stretching strain
further increased, the distance between adjacent sheets was
remarkably widened. The sharp decrease of contact area among
graphene nanosheets may result in the rapid increase of con-
tact resistance of ECF for the pain-sensing area.

2.3. SPS Behavior Adjustment and Potential Mechanism

We further investigated the resistance change mechanism of
2D and 1D nanotubes based ECF strain sensors. As displayed in
Figure 3A and Figure S2, Supporting Information, the normal-
ized resistance versus strain curve of 2D-based ECF was divided
into four stages by using the slope value, which was also defined
as GF. As a result, it presents an ever-increasing GF with the
value of 22 and 130 at the first and second stages, respectively.
The changing trend of GF values showed a slow increase at low
strain for tactile perception and a rapid increase at high strain
for pain (Figure S12, Supporting Information). It is noted that
the continuous increase of GF is analogous to sensory sys-
tems of creatures’ skins that represent a positive relationship
between sensing intensity and the applied mechanical force.
To further investigate the reproducibility and stability of the 2D
based ECF, a large-area ECF was fabricated on the water sur-
face (Figure S13A, Supporting Information). And three samples
were acquired from different parts of the ECF, demonstrating
similar conductivity in the I-t curve (Figure S13B, Supporting
Information). In addition, we also explored the normalized
resistance versus strain curves of the three samples, showing
an analogous SPS trend (Figure S13C, Supporting Informa-
tion). The result illustrates that the interfacial functionalization
method can be successfully scaled up, enabling favorable uni-
formity and repeatable electrical performance. However, com-
pared with the 2D nanosheets, 1D-based nanomaterials, such
as metal nanowires, are featured with a large length/diameter
(L/D) ratio, demonstrating extensible applications in stretch-
able electronics.B*4 Moreover, for the 1D nanotubes-based
ECF, the normalized resistance curves of multi-walled nano-
tubes (MWNT) and single-walled nanotube (SWNT)-based ECF
both demonstrated the wide response range of the uniaxial
strain of 450% and 600%, individually (Figure S14, Supporting
Information). This may derive from the intrinsic high L/D ratio
with slow change of the contacted resistance. Compared with
the 2D-based ECF, the GF of 1D-based ECF at low strain range
demonstrated prominently reduced values of 8.12, 2.25 and
1.71, 0.78, respectively, during the first two stages (Figure 3B,C,
Supporting Information). The result indicates that there exists
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a negative correlation between strain and GF values in the low
strain range for 1D-based ECF sensors.

More importantly, it was found that the composite of gra-
phene nanosheets and SWNT demonstrated either a 1D or
2D-based ECF-like GF changing trend, which could be effec-
tively controlled by adjusting the weight ratio of the above-
mentioned two nanomaterials. When higher content of SWNT
(graphene/SWNT is 1:5 and 1:3) was applied, the entire ECF
presented the GF characteristic of 1D-based ECF (Figure 3D).
Further increasing the content of graphene (the weight ratio of
graphene/SWNT is higher than 1) can remarkably transform
the GF characteristic to that of 2D-based ECF (Figure 3E,F).
Note that the appropriate introduction of 2D nanomaterials
into 1D-based ECF can result in a positive correlation between
GF and applied strain, which can be a favorable candidate for
the realization of pain-sensing. In our experiment, we have
adjusted the weight ratio of 2D graphene nanosheets and 1D
SWNT for pain-sensing. As illustrated in Figure S15, Sup-
porting Information, when the weight ratio of graphene in the
1D/2D composite is maintained at more than 0.5, the achieved
ECF can represent the characteristics of 2D-based ECF. There-
fore, for the samples of S1G1, S1G3, and S1GS5, the pain strain
threshold could reach up to =116%, =95%, and =52%, respec-
tively. The result demonstrates that the pain strain threshold
can be effectively controlled via the controllable hybrid of 1D
and 2D nanomaterials. In the biomimetic sensing system, an
adjustable strain threshold is highly desired for the adaption
to diverse application. In our system, the controllable combi-
nation of 1D and 2D nanomaterials can enable adjustable pain
strain threshold to meet diverse demands. As a result, a skin-
like sensing performance can also be effectively simulated and
further adjusted using the composite system. In our work, a
simplified sketch of a potential working mechanism is sche-
matically illustrated in Figure 3G. For the 1D-based ECF, when
the uniaxial stretch is applied, randomly entangled nanotubes
fixed in the elastic polymer may firstly experience rapid dis-
placement, followed by a quick increase of contact resistance.
Further applied strain may straighten the bent nanotubes, in
which process the contact points/areas and resultant contact
resistance among nanotubes change slowly. As a result, GF
values firstly increase and then decrease with the increase of
applied strain. However, for the 2D-based ECF, the graphene
nanosheets with a low L/D ratio experience a face-to-face
sliding with a slow decrease of contacted areas at low strain and
severe separation with a sharp decrease of contacted areas at
higher strain. For the potential mechanism of the SPS effect,
SEM characterization was conducted to further investigate
the surface morphology under the uniaxial strain. In order to
clearly observe the morphology information, assembled gra-
phene nanosheets were directly transferred onto the elastomer
surface for the ECF. As shown in Figure S16, Supporting Infor-
mation, it was found that with the increase of uniaxial strain,
the cracks of assembled graphene nanosheets showed a gradu-
ally increased tendency. More importantly, a higher strain may
cause larger cracks generation and severely reduced conductive
pathways. In addition, finite element simulation and analysis
(FEA) enabled by the COMSOL Multiphysics software was also
conducted to simulate the changing process of the normalized
resistance under the stretched strain (Figure S17, Supporting
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Figure 3. The control of SPS performance and its mechanism. A) The normalized resistance versus curve of graphene-based ECF with ever-increasing
GF within two stages. B-C) The normalized resistance versus strain curves of MWNT and SWNT-based ECF, representing decreased GF in the second
stage. D—F) The composites of graphene and SWNT with a series of weight ratios demonstrate adjustable GF (all the sample size: =5 cm X 5 mm,
test number: n = 5). G) Schematic illustration of the working mechanism of a series of ECF derived from 1D, 2D and 1D/2D composite nanomaterials

under the increased strain.

Information). In the simulation analysis, graphene nanosheets
(six nanosheets as one layer) were directly attached onto the
elastomer surface with a series of layers. With the increase of
applied strain, the surface stress and surface potential were
simulated and collected. When the uniaxial strain reached the
threshold value, the calculated normalized resistance dem-
onstrated a sharp increase with a “J” like shape, which was
similar to the experimental result (Figure S18, Supporting
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Information). Figure S19, Supporting Information clearly indi-
cated that there was an apparent difference in the changing
tendency of GF between 1D and 2D-based ECF at low strain
(samples with 40% strain). Besides, the introduction of high-
content nanotubes into 2D-based ECF can prominently bridge
the separated gaps between graphene nanosheets to effectively
decrease the contact resistance for the controllable transfor-
mation of GF changing trend. Therefore, the effective balance
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Figure 4. The threshold control and mechanism of assembled graphene-based ECF. A) The normalized resistance versus strain curves, in which the
pain threshold can be effectively controlled through the graphene layer thickness enabled by changing graphene suspension concentration (the sample
sizes: =5 cm X 5 mm). B) Pain threshold strain versus graphene suspension concentration curve (test number, n =5). C) Schematic illustration of the
working mechanism of ECF with different graphene layer thickness, demonstrating an adjusted pain threshold.

of 1D nanotubes and 2D nanosheets can lead to controllable
sensing performance for specific electronic applications.

2.4. SPS Threshold Control of Graphene-Based ECF and its
Mechanism

In creatures’ sensory system, the pain threshold may vary with
different parts of skins/tissues, or different individuals in the
same part. Therefore, an effective control of the pain threshold
is considered to be significant in the biomimetic skins. Based
on this, the approach of pain threshold control was explored
in our system. As shown in Figure 4A, the strain threshold
can be effectively adjusted ranging from =72% to =95.3% by
changing the concentration of graphene sheets. The concen-
tration of graphene nanosheets from 0.1 to 4 mg mL™. ena-
bled the formation of a controllable thickness of assembled
graphene films. Note that higher concentration (>4 mg mL™.)
can be not adopted in our experiment due to the poor gra-
phene dispersion in ethanol solvent. As a result, there is a posi-
tive relationship between pain strain threshold and graphene
nanosheets concentration (Figure 4B). In addition, the poten-
tial control mechanism shown in Figure 4C illustrates that the
assembled graphene film with thinner thickness may lead to
the formation of separated nanosheets at low uniaxial strain.
Further increasing the thickness of graphene layers can effec-
tively expand the conductive path and transform the pain strain
threshold to a higher value. Furthermore, the control mecha-
nism of the strain threshold was also simulated in FEA, in
which 2, 4, and 6 layers of graphene nanosheets were applied
to simulate the trend of the threshold control. As displayed in
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Figure S18, Supporting Information, with the increase of gra-
phene layers, the calculated strain threshold could move to a
higher value, demonstrating a positive correlation between
layer numbers and strain threshold. The simulated result fur-
ther confirmed the feasibility of threshold control. The gra-
phene layer thickness-dependent strain threshold is expected
to show significant potential in the wide-range simulation of
natural creatures’ sensory systems.

2.5. 3D Morphing and their SPS Performance

Owing to the ultra-thin and adaptive feature of ECF, it can also
function as a self-supported one for a circumferential 2D shape
and be further inflated to realize a stretch for 3D displacement.
The resulted 2D to 3D transformation, similar to the skin
behavior of creatures (e.g., air-blowing of pufferfish, bulging of
frog sound-sac), can be inflated to a series of states from flat to
highly stretchable near-sphere form.??33 Inspired by the nat-
ural phenomenon, the shape-morphing behaviors of 3D shapes
are highly explored and are of significant interest for a variety
of soft robotics.[*®¥”] Specifically, for the pneumatic or hydraulic
systems, the effective control of actuation is highly important to
determine the actuated degree and avoid the potential breakage.
Similar to self-perceptive 2D morphing, the introduction of
sensing function into the 3D morphing system can effectively
regulate the actuation behavior. The achieved ECF can effec-
tively adapt to the targeted surfaces for supported mechanical
sensing under 2D morphing. More interestingly, superior to
conventional supported devices, it was further employed to
function as a self-supported sensor for effective 3D morphing
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Figure 5. 3D pneumatic actuation and SPS enabled morphing regulation. A) Photo of ECF attached to container surface for a self-supported one, which
can be easily inflated into a bulging state driven by gently pressing it into water. B) Schematic illustration of ECF-based integrated actuator pneumati-
cally driven by low pressure, and the 3D deformation stages can be sensitively monitored, including the tactile and pain-sensing state. C) Photos of
ECF-based actuators that experience specific 3D actuation behaviors, and the pain strain can be effectively adjusted (the diameter of the self-supported
circular film: =4 cm). D) Area strain versus actuated pressure under applied pressure lower than 100 Pa (test number, n = 5). E) Current versus time
curves in the pneumatic actuation process. F) The normalized resistance versus applied pressure curves in 3D actuation, in which the pain threshold

can be controlled (test number, n = 5).

sensing (Figure S20, Supporting Information). In addition,
the hydraulic actuator based on ECF was also constructed with
high stability and load. As displayed in Figure S21, Supporting
Information, the introduction of water medium endowed the
actuator with prominent improvement of loading capability
(more than one thousand times weight heavier than itself).
Further combination of programmable rigid templates could
enable 3D morphing, such as a face with various shapes of
organs and succulent plants (Figure S22A,B, Supporting Infor-
mation). Even hierarchical geometries of Chinese words could
be also dynamically displayed, demonstrating significant poten-
tial in the design of biomimetic models and their applications
(Figure S22C, Supporting Information). Specifically, owing to
the thin feature of the ECF, it could be conformally attached to
the edge of a tube for a self-supported one. When it was gently
pressed into water. A 3D deformation driven by air pressure
inside the tube was easily realized even without any pneumatic
devices (Figure 5A). In our device, the ECF integrated with elec-
trodes was adaptively adhered onto a model with air pump for
a sealed device, which could be pumped to a certain 3D shape
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with the tactile and pain-sensing function (Figure 5B). Note
that compared with the uniaxial strain, the inflated 3D shape
with circumferential strain prominently increased the contact
resistance from the circumferential direction. Here, we use
area strain that is defined as the relative area change to define
the degree of 3D stretching strain.

To measure the possibility of the self-perceptive 3D actua-
tion, an inflatable model with a hollow circle was designed and
further integrated with ECF and electrodes (Figure 5C). Analo-
gous to the uniaxial stretch, the 3D inflation also demonstrated
the pain-sensing function under the stretched area strain. Com-
pared with the pure elastomer films, the ECF-enabled pneu-
matic actuator resulted in remarkable change of current signal
and represented good repeatability under cyclic stretching strain
(Figures S23 and S24, Supporting Information). In our system,
the pain threshold of 3D actuation was controlled by adjusting
the concentration of graphene suspensions, demonstrating the
area strain threshold of 45.5% for ECF-1 (graphene concentration
of 2 mg mL™) and 63.7% (graphene concentration of 4 mg mL™)
for ECF-2, respectively. Owing to the thin feature of ECF, it can be
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easily inflated with low pressure (lower than 100 Pa) for high area  mechanical sensor (ECF with graphene concentration of
strain (Figure 5D). The low energy consumption can effectively 0.5 mg mL™) was further employed to function as an artifi-
simplify the device and reduce the potential risk of explosion  cial muscle tendon. As shown in Figure 6A, a skeleton model
induced by high pressure. To detect the electrical signal during  with movable joints was selected and integrated with the arti-
the 3D actuation, the real-time current versus time curves of ficial muscle tendon. When the ankle was bent to different
ECF-2 and control (pure Ecoflex film) samples were investigated  states under the uniaxial strain (5.7%, 12.2%, 14.9%, 19.2%, and
in Figure 5E. With the increase of pumped air pressure from 20  25.0%), the ECF-based sensor could sensitively perceive the
to 100 Pa, the corresponding current of ECF-2 presented a step-  varied bending angels (Figure 6B). When the uniaxial strain
by-step decrease. The normalized resistance versus air pressure  reached a threshold value, the remarkable improvement of GF
curves illustrated that compared with the control sample, the  (value from =22 to =358.2) could give suggestive information of
normalized resistance of ECF-1 and ECF-2 both demonstrated  pain warning (Figure 6C). Specifically, a visual display could be
remarkable strain strengthening effects at a certain pressure  achieved via nonlinear fitting of the exponential function, sub-
threshold. Specifically, the pumped pressure of pain threshold for ~ sequent linear fitting of two lines at different stages of the “J”
ECF-2 was higher than that of ECF-1 (Figure 5F). shape curve, and final intersection calculation of the two linear

equations for pain-strain color mapping (In the Supporting

Information). Therefore, the red color of strain values can
2.6. Soft Tactile and Pain-sensing using SPS Principle remarkably remind the potential pain warning. In addition, the

applied area strain out of the planar surface was also imposed
Creatures’ skin can adapt itself to a certain deformation state  on the ECF sensor to simulate the behavior of skin stretching.
controlled by the tactile and pain perception. Our ECF-based  Figure 6D showed that the ECF with graphene concentration

A

Uniaxial
strain

Artificial
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tendon 7 Artificial
™ skeleton
model

e

== Electrode

G 600

-21Stage-0 500

400
300

ARIR,

200
100
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Pain sensing e
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Figure 6. Soft artificial muscle tendon and skin with SPS regulation. A) Photo of ECF-based sensor transferred onto the skeleton model for an artificial
muscle tendon for tactile sensing and pain warning under uniaxial strain (the sample size: =6 x 1 cm). B) Photos ECF-based integrated mechanical
sensor as an artificial muscle tendon for bending detection under varied uniaxial strain. C) The normalized resistance versus applied uniaxial strain with
fitted color mapping, demonstrating a remarkable perception transition from tactile to pain-sensing (test number, n =5). D) The ECF is integrated into
a hand model surface as an artificial skin for sensing the varied stretching strain (the whole sample size: =7 x 5 cm, and the circular diameter of the
self-supported part: =3.8 cm). E) The schematic illustration of an artificial skin with tactile and pain-sensing functions. F) Current versus time curves
under a series of stretch stages (test number, n = 5). G) The normalized resistance versus stretch stages curve with fitted color mapping, indicating a
rapid increase of the normalized resistance for pain warning.
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of 2 mg mL™\. was carefully transferred onto the hollow hand
model for a self-supported artificial skin. Moreover, mechanical
force (e.g., pinch and then stretch) was successively applied to
the artificial skin with varied strain. It was found that with the
increase of strain, the partially embedded graphene nanosheets
can experience a reversible transition from contacted state to
a separated one (Figure 6E). A real-time current versus time
curve was obtained, demonstrating a stepped decrease during
the four stages (Figure 6F). As displayed in Figure 6G, the nor-
malized resistance represented a sharp increase at the fourth
stage with suggestive information of pain warning. The same
calculated method introduced in Figure 6C was conducted to
demonstrate the visual color mapping of out-of-plane strain.
For this irregular deformation, the ECF could also show a typ-
ical SPS effect to regulate the specific deformation behaviors.
The active perception of excessive mechanical force can provide
an early warning to effectively respond to the dangers.

2.7. Biomimetic Self-Regulated Demo of Soft Perceptive
Actuators

For natural creatures, stretchable skins can camouflage them-
selves to textured and multiple morphing forms in extreme
conditions.’># Based on this phenomenon, some efforts
have been dedicated to exploring multidimensional sensors.
For example, superior to the conventional single axis-strain
sensors, Ko et al. developed a multidimensional strain sensor
to effectively differentiate strain stimuli from the principal
and perpendicular directions.?% Interestingly, we further
developed artificial skins to imitate the natural pufferfish’s
behavior in inflated and deflated states, which could be moni-
tored in real time. In their systems, superior to the passive
mechanical strain stiffening, the active perception of skins’
strain is considered to be crucial to protect themselves from
external attack and also to avoid the damage of excessive skin
deformation. As shown in Figure 7A, some dangerous sig-
nals could trigger a living pufferfish with morphable belly to
inhale air or water as a globular shape for effective defense.
The sensitive capture of external stimuli and the control of 3D
deformation are determined by their nerve sensory systems.
Inspired by their capabilities, an artificial fish with a self-sup-
ported ECF as its belly was designed, allowing the reversible
transition from 2D to 3D deformation (Figure 7B). Owing to
the thin and adaptive features of ECF fabricated on water sur-
face, the integrated fish model with a morphable artificial skin
experienced a controllable actuation at low pneumatic pres-
sure of =588 Pa. In a biological system, the skin can enable
sensing and actuating functions, behave as a perceptive actu-
ator to sensitively capture the danger signals and further act
to regulate its deformation when exposed to a diverse environ-
ment. Also, there is a need for the attempt to respond to tiny
mechanical stimuli in the design of SPS-effect-enabled skin.
For conventional sensory capability, the integrated fish
model can rapidly and sensitively capture the external tiny
mechanical stimuli, such as rhythmic airflow and finger touch.
As shown in Figure 7C,D, a continuous and gentle non-contact
mechanical stimuli of whistling was blown onto the artificial
skin surface, resulting in a real-time and precise response to
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the whistling signals (the response time was as low as 82 ms).
In addition, mechanical stimuli in a contact mode were also
conducted. When a finger touch with varied force was suc-
cessively applied to the skin, it could experience a real-time
response and represent a positive correlation between the nor-
malized resistance and applied force (Figure 7E). More impor-
tantly, when the air pressure was applied, it was capable of
achieving a series of 3D deformation to simulate the bulging
behavior of pufferfish (Figure 7F). Furthermore, the pneumatic
actuating process was effectively captured. Attributed to the
introduction of SPS effect, the sensory system can dynamically
transform normal tactile mode to pain warning one during
mechanical deformation. Meanwhile, the normalized resist-
ance versus pressure curve was also conducted in Figure 7G.
When the pneumatic pressure was higher than the threshold
value, a sharp increase of the normalized resistance could be
clearly observed. Specifically, the color mapping could give
a more visualized demonstration of pain warning pressure
through the method in the Supporting Information. As a
result, the introduction of SPS into the 3D actuating devices
can further provide an integrated platform for self-regulated
soft robot systems.

3. Conclusion

In this work, we have proposed SPS effect enabled soft skins,
which can sensitively perceive the 2D and 3D deformation and
further provide a pain-sensing warning for overstretched strain.
Moreover, the SPS can be effectively regulated to a series of con-
trollable strain thresholds to adapt to diverse conditions. As a
proof of concept, the ECF integrated soft sensory systems with
the SPS effect can further simulate the pain feelings of human
tissues, such as the uniaxial overstretch of muscle tendons, and
irregular skin deformation of pinch/stretch. More interestingly,
inspired by the pufferfish, the ECF was employed to function
as the self-supported artificial skin to sensitively detect the non-
contact and contact mechanical stimuli and further actively
monitor the real-time 3D pneumatic deformation. Also, the
overinflated 3D deformation could be effectively captured by the
typical SPS effect. The concept of SPS-enabled ECF is expected
to provide a functional platform for achieving a warning system
of 2D/3D mechanical deformation or actuation of a soft robot.

4. Experimental Section

Materials: The mechanically exfoliated graphene nanosheets with a
lateral size of about 3-15 um and thickness of =2.4 nm with a purity
of over 90% were acquired from Ningbo Morsh Co., Ltd., which were
thoroughly rinsed with anhydrous ethanol and dried in a stream of
nitrogen before use. Silicon rubber (Ecoflex 00-50) was purchased from
Smooth-on, USA. Prior to spray-coating, components A and B were
mixed with a 1:1 weight ratio and consequently diluted using hexane with
a weight ratio of 4%. General chemicals in chemical reagent grade were
used as received from Sinopharm Chemical Reagent.

Preparation of Assembled Graphene Film: The ethanol-dispersed
graphene nanosheets suspensions were well-dispersed using the
ultrasonification method. Following a spray-coating method for
appropriate volume, the uniform preassembled graphene film
was formed at the air/water interface due to the Marangoni effect.

© 2022 Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 18810 3deoldde ayy Aq peusenob a1e ssjoiie YO ‘@S Jo SNl 10} ArIqIT8UIIUO A1 UO (SUOTIPUOD-PUB-SWLBIWO A8 | 1M AeIq 1 [BUI|UO//SANL) SUORIPUOD PUe SWie | 8U1 88S *[2202/TT/ST] U0 Akeid)Tauluo A8]IM ‘UeS-Ie A-UNS [euoiieN Ad ZT8T02Z0Z WiPe/z00T 0T/I0p/L00 A8 |1m Ale.d jpul|uoy//:sdny woly pepeo|umod ‘62 ‘2202 ‘8Z0E9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Pneumatic " ufferfish
J fiibe model
, Inflation
—_—
/
Pufferfish Deflation

Deformation
Threshold

Deformable
smart skin

Artificial skin
with deflated state

Inflated state

3 180
C.l Whistling - D Fast E -
response | 1
31 ~ of : 120
3 N g : i g |
= 21 = : } x
< 2 o€ 1 i ) e 904
E @ 82 : : =3
14 < ms " i 60
] A
04 = 4 p— 807
seneffe Hioten : '
g : o
5 10 15 20 25 106 107 108 109 110 0 10 20 30 40 50 60 70 80
Time (s) Time (s) Time (s)
il 2 3 4 5
pumping 1cm
400 307 4 , 5
1 Tactile Tactile Pain Pain
300 48 sensing 4 sensing
o 1% 10 {
@ 200
< { o
100 0 20 40 60
1 Pressure (Pa) 1
0 - —————
Ik - - . -
0 20 40 60 80 100 lactie
Pressure

Pressure (Pa)

Figure 7. Artificial demo of pufferfish model for self-regulated actuation. A) Photo of pufferfish in inflated and deflated states, illustrating that it can
regulate its deformation behaviors triggered by external stimuli and actively realize a mechanical deformation control via sensory systems. B) An arti-

ficial pufferfish model decorated with thin and adaptive ECF (the diameter

of the self-supported film is about 2.3 cm) in a self-supported state, which

can be pneumatically actuated to a similar 3D shape with a threshold control by the SPS effect. C—E) The normalized resistance versus time curves,
including C) whistling capturing, D) fast response time and E) finger touch with different force, present fast and sensitive monitoring of the tiny and
intense mechanical stimuli. F) Photos of artificial pufferfish model actuated by applied pressure for a series of controllable 3D deformation. G) The
normalized resistance versus pressure curve with sharp improvement of the normalized resistance under unit pressure for pain warning, enabling a

remarkable color mapping of pain warning (test number, n = 6).

Subsequently, a commercially available sponge was employed to
drive the preassembled film to form a condensed structure, in
which process siphon-effect induced the effective water absorption
and simultaneously the homogeneous graphene preassembled
layers were closely packed towards the opposite direction of the
siphon direction. After several seconds, the resulted graphene film
is ultimately formed with a closely packed structure. It is noted that
the concentration of graphene suspension can be adjusted to 0.1,
0.5, 0.7, 1, 2, and 4 mg mL™". Further increasing the concentration of
graphene may lead to poor dispersion. As a result, with the control of

Adv. Funct. Mater. 2022, 32, 2201812 2201812

concentration and sprayed volume of graphene suspension, the final
thickness of assembled graphene film can be successfully adjusted.

Preparation of Graphene-Elastomer Film: The well-dissolved mixture
of Ecoflex and hexane solution was carefully sprayed onto the
surface of the as-prepared graphene film for a uniform layer. Note
that the thickness of the ultimate elastomer layer was dependent on
the sprayed volume. When the hexane solvent evaporated, a typical
curing procedure (60 °C for 1 h) was achieved, resulting in a robust
and homogeneous graphene-elastomer hybrid film on the water
surface.

(11 0f 13) © 2022 Wiley-VCH GmbH
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Characterization: Atomic force microscopy (AFM) images were taken
by a multimode AFM (Being Nano-Instruments, Ltd) operating in the
contact and/or tapping mode using silicon cantilevers (spring constant:
0.15 N m™, resonant frequency: 12 kHz for cantilever of contact mode,
spring constant: 3-40 Nm™, resonant frequency: 75-300 kHz for
cantilever of tapping mode). Field emission scanning electron microscope
(FE-SEM) images were obtained with a FE scanning electron
microanalyzer (Hitachi-S4800, 4 kV). Raman spectrum was collected
by R-3000HR spectrometer (Raman Systems, Inc., R-3000 series)
using a solid-state diode laser (532 nm) as an excitation source with a
frequency range of 3000-300 cm™". The electrical signals were obtained
by the CHI660E electrochemical system. All the human wearable sensing
demonstrations based on the Janus membranes were performed at
Ningbo Institute of Materials Technology and Engineering, Chinese
Academy of Sciences, China. And the volunteer in Figure S7, Supporting
Information was the first author of Peng Xiao that volunteered to do the
demo experiment of membrane display. Furthermore, the related project
was fully assessed and approved by the ethics committee of the institute
with permission from all the participants.

Statistical Analysis: The experimental result of the current data was
alternatively preprocessed for the normalized resistance using the
normalization method. And the error bars of experimental data were
presented with mean * standard deviation (SD). The sample size of
the electrical measurement of the normalized resistance versus uniaxial
strain was 5 cm X 5 mm. The software of Origin 2019 was employed
to conduct one-way analysis of variance (one-way ANOVA) and the
difference among samples was considered to be important when the
calculated p-value was lower than 0.05.

Supporting Information

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