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ABSTRACT: Human bodily kinesthetic sensing is generally
complicated and ever-changing due to the diversity of body
deformation as well as the complexity of mechanical stimulus,
which is diﬀerent from the unidirectional mechanical motion. So,
there exists a huge challenge for current ﬂexible sensors to
accurately diﬀerentiate and identify what kind of external
mechanical stimulus is exerted via analyzing digital signals. Here,
we report a ﬂexible dual-interdigital-electrode sensor (FDES) that
consists of two interdigital electrodes and a highly pressuresensitive porous conductive sponge. The FDES can precisely
identify multiple mechanical stimuli, e.g., pressing, positive
bending, negative bending, X-direction stretching, and Y-direction
stretching, and convert them into corresponding current variation
signals. Moreover, the FDES exhibits other exceptional properties, such as high sensitivity, stretchability, large measurement range,
and outstanding stability, accompanied by simple structural design and low-cost processing simultaneously. Additionally, our FDES
successfully identiﬁes various complex activities of the human body, which lays a foundation for the further development of
multimode ﬂexible sensors.
KEYWORDS: ﬂexible sensors, multiple mechanical stimuli, interdigital electrodes, resistance eﬀect, bodily kinesthetic identiﬁcation
pressure, strain, bending, etc.21−23 Unfortunately, most of
these multimode ﬂexible sensors can solely convert diﬀerent
mechanical stimuli into the same tendency of resistance
change, failing to diﬀerentiate the types of stimuli.24−27 We
summarized the research progress of sensors based on multiple
mechanical stimuli in recent years, as shown in Table S1.28−33
Especially, Pang et al.30 reported a multimodal ﬂexible sensor
based on 1D conductive ﬁbers that failed to detect the
deformation in a 2D plane. Bao et al.28 used three independent
variants to diﬀerentiate multiple mechanical stimuli, but they
worked poorly at small deformations due to the insensitivity of
the plane electrodes. Therefore, the signal analysis system
cannot precisely decouple and identify the complex multidimensional mechanical stimuli according to electrical
resistance-varying signals. As a result, a huge challenge remains

1. INTRODUCTION
Flexible and stretchable sensing devices have consistently been
applied in the accurate visualization of physiological signals
and mechanical deformations, attracting increasing attention to
ﬂexible electronics,1,2 human−robotic interfaces,3,4 biomedical
devices, etc.5,6 Flexible sensors, the basic functional units in
sensing devices, are of profound importance in eﬀective body
motion monitoring.7−12 Recently, a series of mechanical
sensors (for pressure, strain, or bending) with an outstanding
ﬂexibility, high gauge factor, and broad sensing range were
perspicuously presented.13−17 Lee et al. developed a ﬂexible
sensor with high sensitivity and linear response over an
exceptionally broad pressure range based on a ferroelectric
composite material and a multilayer interlocked microdome
geometry.16 Liu et al. reported an all-textile pressure sensor
that had excellent sensitivity due to the combination of Ni
coatings and CNT fabrics.18 However, a single sensing
capability cannot accurately detect multiple mechanical stimuli
simultaneously.19,20 There are still major challenges for ﬂexible
sensors that possess complex-deformation-sensing capabilities.
Some researchers proceed to develop ﬂexible sensors that
can respond to multiple mechanical stimuli simultaneously, like
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Figure 1. Dual-interdigital-electrode ﬂexible sensor. (a) Fabrication process and structure of the FDES with two interdigital electrodes. (b) Digital
photograph of the fabricated CNTs/PDMS sponge. (c−e) Representative SEM images of the CNTs/PDMS sponge with diﬀerent magniﬁcations.
(f) Optical image showing the bendability of the interdigital electrode. (g) SEM image of the line boundary in the pattern. (h) Details of the
stretchable nanonetwork electrode. (i) Photograph showing the ﬂexible sensor at 180° twisted states.

for the ﬂexible sensors that can simultaneously diﬀerentiate
and identify multiple external stimuli, including pressure,
bending and strain, etc. In addition, other practical issues such
as ﬂexibility, stretchability, and durability also need to be
properly addressed so as to satisfy higher application and
commercial demands.
In this study, we report a ﬂexible dual-interdigital-electrode
sensor (FDES) that possesses the capabilities for precisely
diﬀerentiating multiple mechanical stimuli based on the
diﬀerent current variation signals using an unprecedented
dual-interdigital-electrode layout. The FDES is composed of a
carbon nanotubes/polydimethylsiloxane (CNTs/PDMS) porous sponge sandwiched by two sets of interdigital electrodes.
The conductive porous sponge guarantees excellent performance of the sensor (high sensitivity, large measurement range,
and high stability) owing to its high speciﬁc surface conductive
area, outstanding mechanical ﬂexibilities, and compressibility.28,34−36 More speciﬁcally, when the FDES is subjected to
external stimulation (such as pressure, stretching, and
bending), the top and bottom interdigital electrodes made
responses to the applied force and converted them into current
variation signals, respectively. Whereafter, the response current
direction and magnitude of the two electrodes work together
to reversely speculate the type of external stimulus and the
degree of deformation. Furthermore, the ﬂexible sensing device
exhibits high sensitivity, stretchability, large measurement
range, and outstanding stability, accompanied by cost-eﬀective
operation. These distinctive performances have further been
proven through bodily kinesthetic identiﬁcation application,
conﬁrming its promising utility for a new generation of
accurately identifying the complexity of human body motions.

2. RESULTS AND DISCUSSION
Figure 1a illustrates the fabrication process of the FDES, which
consists of a conductive sponge active layer and two
interdigital electrodes. More speciﬁcally, the active layer was
constructed by the deposition of CNTs on an elastic PDMS
sponge. To fabricate this conductive porous sponge, a
sacriﬁcial template method was applied, as shown in Figure
1a. The sodium chloride (NaCl) particles were added into
uncured PDMS liquid, which was followed by uniform mixing
and thermal curing, and then the NaCl particles were washed
away by soaking this layer in deionized water. After that, the
PDMS sponge was immersed in the dispersion of CNTs and a
cross-linking agent (chitosan) with an ultrasonic treatment in a
low temperature. Subsequently, the stretchable conductive
PDMS sponge ﬁlled with CNTs was fabricated after vacuum
freeze-drying.37,38 Above and below the conductive active
layer, there are two nanonetwork skin interdigital electrodes,
which were fabricated based on the protocol reported
recently.39−41 According to the technology of electrospray
and electrospinning, silver nanowires and polyurethane
nanoﬁbers were simultaneously collected on a metal collector
layer by layer to form a conductive ﬁlm, as portrayed in Figure
1a. After the laser scribing on the conductive ﬁlm with the
designed patterns, the interdigital electrodes were obtained.
Finally, the electrodes were transferred on 3M VHB adhesive
tapes and then the tapes, working as an encapsulation layer,
were used to ﬁx the electrodes on the top and bottom of the
conductive sponge. It is worthwhile to note that all the
fabrication process is green, low cost, simple, and easily
scalable, which makes the FDES promising for a large amount
of practical applications. Additionally, the fabrication details
are further described in Section 4. Figure 1b describes the
B
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Figure 2. Schematic illustration of the sensing mechanism and current changes in response to the recorded various physiological signals.

ﬂexibility and bendability of the conductive CNTs/PDMS
sponge with open networks of pores. To zoom in, a scanning
electron microscopy (SEM) image of the conductive sponge is
shown in Figure 1c, indicating that the microstructure of the
sponge is the inverse matrix of the NaCl particles with an
average pore size of 200 μm. A magniﬁed view of the inner
surface clearly shows that the CNTs are conformally attached
to the walls of elastic porous sponge PDMS scaﬀolds (Figure
1d) to form conductive pathways (Figure 1e). The electrical
and mechanical properties of the conductive porous sponge are
adjusted and controlled by PDMS scaﬀolds as well as CNT
contents, respectively. Therefore, there is an indistinguishable
diﬀerence between the sponges with CNTs (1.3%) and
without CNTs in terms of the tensile strength (Figure S1a,
Supporting Information) but a noticeable diﬀerence for
conductivity (shown in Figure S1b, Supporting Information).
This novel design not only leads to excellent break elongation
(120%) but also accounts for high sensitivity for the exertion of
multiple physiological motions, making the sensor practically
reliable and durable. Next, as for the interdigital electrodes,
laser cutting was utilized to fabricate high-precision electrodes
without any mask. A piece of the prepared interdigital
electrode with clear-cutting lines is exhibited in Figure 1f. At
higher magniﬁcation, the accuracy of the cutting line is clear
(as shown in Figure 1g). Figure 1h is down to the ﬁnest detail
of the stretchable nanonetwork electrode, in which the silver
nanowires are evenly interspersed in polyurethane nanoﬁber
networks to form conductive pathways. Figure 1i shows the
optical image of a representative ﬂexible dual-interdigitalelectrode sensor when twisted at 180°, revealing excellent
ﬂexibility as well as mechanical robustness.
The FDES operated on the highly sensitive resistance eﬀect
of the conductive CNTs/PDMS porous active layer

sandwiched between two interdigital electrodes. When any
mechanical stimuli occur on the FDES, the top and bottom
interdigital electrodes go through diﬀerent movement trends.
Therefore, the response trends and magnitudes of the two
electrodes work together to reversely speculate and pinpoint
what kinds of external stimuli were exerted and the degree of
deformation. Figure 2 discloses the working principle of the
FDES in terms of its response to the mechanical changes. The
FDES can successfully diﬀerentiate and identify various
mechanical stimuli, including pressing, positive bending,
negative bending, and X-direction and Y-direction stretching.
In addition, there is a one-to-one correspondence between
each kind of deformation and the resistive variation trend. The
response of the sensor to diﬀerent deformations would be
respectively explained in the subsequent section.
Compression always comes to the ﬁrst remarkable
deformation of the sensing device. Figure 3a demonstrates
the speciﬁc deformation of the FDES when pressed by a ﬁnger
or a nonplanar surface. Applying an external pressure would
cause an increase in the contact area between the CNTs/
PDMS sponge and two interdigital electrodes, which can
generate more conductive pathways between them. However,
for the top interdigital electrode, ﬁnger electrode length (d)
and insulating gap width (b) increased with the enhancement
of pressure, which will lead to an increase in resistance. The
detailed size of the interdigital electrode is depicted in Figure
S2 (Supporting Information). Allowing for the double action
of pressure and deformation on the top interdigital electrode,
the bottom interdigital electrode shows larger changes in
current than the top interdigital electrode when the same
pressure is applied. To explore the pressure-sensing properties,
the current responses were measured when applying diﬀerent
forces on the device. The sensing device was ﬁxed on a
C
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Figure 3. Evaluation of pressure-sensing performances. (a) Schematic illustration of the direction of the applied pressure and the relative position
of the double electrodes. (b, c) I−V curves of the top and bottom electrodes in the FDES, respectively. (d) Diﬀerence in current changes between
the top and bottom electrodes under diﬀerent pressures. (e) Pressure response curves of double electrodes of the FDES for diﬀerent ratios of
CNTs/PDMS (0.21−1.30 wt %). (f) Delay of response (left)/release (right) time of the bottom electrode with loading/unloading pressure. (g)
Relative current variation under cyclic loading/unloading at diﬀerent frequencies.

compared to the others (0.21, 0.43, and 1.30%). This is
because, within a certain range, more carbon nanotubes will
form more conductive pathways when pressed. However, the
excess addition of CNTs will signiﬁcantly increase conductivity
(when the ratio of CNTs is more than 1.30%), in return
aﬀecting its further increase in corresponding conductive
pathways. In the following experiments, it is observed that the
delay response of the bottom electrode is 10 ms longer than
that of the top electrode due to the excellent elasticity of the
sponge when the sensor responded to a pressure of 1.5 kPa
(Figure 3f). This is another important characteristic rule when
the FDES is pressed. As shown in Figure 3g, the relative
resistance changes of the FDES exhibit almost no frequency
dependence within the tested frequency range from 0.15 to
1.00 Hz in the top and bottom electrodes. In addition, the
cycling stability of the ﬂexible sensing device was measured
under a pressure of 5 kPa. As shown in Figure S5 (Supporting
Information), our FDES represented excellent reproducibility
and durability with negligible signal variations in 8000 loading
and unloading tests.
Next, the second major deformation of the FDES is bending.
The bending and initial state of the as-prepared ﬂexible sensor
are schematically illustrated in Figure 4a. Here, the initial
length of the sensor was termed as d0 and the moving distance
in the bending state was Δd. The bending angle θ was deﬁned
as the external angle of the two ends, as shown in Figure 4a.
Figure 4b shows a positive bending ﬂexible sensor, in which
the top electrode is on the outer arc with the maximum

homemade system (Figure S3, Supporting Information), which
detects the current change of the two interdigital electrodes
simultaneously. The FDES showed a steady response to each
static pressure (Figure 3b,c), indicating that the resistances
(slope of I−V curves) remained constant. At the same time,
the slope of the I−V curves increased obviously when the
applied pressure changes from 0 to 25 kPa. In addition, the
sensitivity of the sensing device is generally deﬁned as S = (ΔI/
I0)/ΔP, where ΔI is the relative current change, I0 is the
current without any applied pressure, and ΔP is the change of
the applied pressure. According to the experimental results, the
FDES based on porous sensing layers and nanonetwork
interdigital electrodes showed high sensitivity. As shown in
Figure S4 (Supporting Information), in a low-pressure region
under 1 kPa, the sensitivity of the top electrode is 0.75 kPa−1
and that of the bottom electrode is 1.1 kPa−1. In the highpressure regions over 1 kPa, the sensitivity of the top electrode
is 0.23 kPa−1 and that of the bottom electrode is 0.3 kPa−1.
Moreover, the bottom electrode has higher sensitivity
compared to the top electrode at the same sensing device,
which is a characteristic rule when the FDES is pressed.
Deserved to be mentioned, the diﬀerence in current changes
between the top and bottom electrodes was slowly increased
with the increase in compressive load (Figure 3d). Figure 3e
shows the relative current change of the sensors with various
CNT ratios in the conductive sponges when the applied
pressure increased from 0 to 5 kPa. It was found that the
sensors with a CNT ratio of 0.85% have the highest sensitivity
D
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Figure 4. Sensing performance of the FDES under bending states. (a) Schematic illustration of the bending FDES. (b) Deﬁning the relative
positions of the top and bottom electrodes. (c) Relationship between relative current changes and bending angles for diﬀerent ratios of CNTs/
PDMS. (d) Relative current changes of the top electrode and (e) bottom electrode when bending the FDES at diﬀerent angles (20, 60, 90, and
120°), respectively. (f, g) Bending responses of the FDES over 5000 cyclic tests.

The third inherent mode of the FDES is the perception of
stretching. Figure 5a shows the diagram of the shape and size
of the interdigital electrode before strain. The resistance of the
interdigital electrode in a single period is divided into two
small rectangular resistors, R1 and R2, as shown in Figure 5b. A
more detailed analysis of the particular expression of R is
thoroughly presented in the Supporting Information. The
resistance of the interdigital electrode R is equivalent to nine
R1 in parallel. Based on the ﬁnal equation of R (eq 5 in the
Supporting Information), the value of R dominantly depends
on the value of b, d, and square resistance of the sensing layer,
which has been proven in the Supporting Information. When
the stress was applied in the X-direction, the current of the
electrode gradually increased with the stretch due to the
coupling of conductive sponge deformation as well as the
decrease in insulating gap width (Figure 5b). On the contrary,
if the stress was applied in the Y-direction, then the current of
the electrode would gradually decrease (Figure 5b). Upon Xdirection and Y-direction stretching, the resistance of the
interdigital electrode would decrease and increase, respectively.
Figure 5c,d shows the two directions (X-direction and Ydirection) of the stresses that were being applied on the FDES,
respectively. Here, the X-direction is parallel to the ﬁngers of
the interdigital electrode and the Y-direction is perpendicular
to them. Due to the symmetry of this sensor, the two
electrodes exhibit a high consistency in terms of the variation
trend and magnitude of their resistance when the sensor is
stretched. Therefore, one of the pattern electrodes was studied
in the subsequent stretch test. It is seen from Figure 5c,d that a
diﬀerent resistance−strain relationship was obtained after the
stress was applied in the X- and Y-directions, respectively. This
was due to the anisotropic geometry of the electrode design.

tension. Meanwhile, the negative bending, in contrast, is
another bending deformation with the top electrode located on
the inner arc under the largest compression. It is worth noting
that in order to avoid the pressure of the packaging layer on
the upper electrode during the bending process, packaging
materials with low Young’s moduli are necessary. This
experiment adopts polyurethane nanoﬁbers combined with
VHB as the low Young’s modulus packaging layer (Figure S6,
Supporting Information). The TPU nanoﬁber has better
tensile properties (600%) and lower Young’s modulus
compared to a commercial TPU ﬁlm. Because the two kinds
of bending are completely opposite and extremely symmetric,
only the positive bending was discussed in detail. Figure 4c
shows the relative current change of the sensors with diﬀerent
CNT contents when the bending angle θ increased from 0 to
150°. Additionally, the current of the top electrode (on the
tensile surface) gradually decreased with the increase in the
bending angle due to the coupling of conductive sponge
deformation and increasing insulating gap width (b), while the
current of the bottom electrode (on the compressive surface)
gradually increased with the increase in bending angle, and this
is because of the decreased b and compression of the
conductive sponge. It was found that a CNT ratio of 1.30%
has the highest sensitivity compared to the other ratios (0.21,
0.43, and 0.85%). As shown in Figure 4d,e, under various
dynamic bending (20, 60, 90, and 120°), the FDES revealed
stable and repeatable responses. Moreover, reliability and
stability are also common aspects of concern for evaluating
sensors. The sensor showed a long-term reliable operation for
up to 5300 cycles under a bending angle of 120° (Figure 4f,g).
Additionally, the insets show that the amplitude of the current
change hardly varied after the repeated tests.
E
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Figure 5. Strain performance of the FDES. (a) Diagram of the shape and size of the interdigital electrode before strain. (b) Corresponding physical
models under diﬀerent deformation conditions, including deformation in X- and Y-directions. (c) Relative current changes of the FDES versus the
applied strain in the X-direction and schematic illustration of the strain direction. (d) Relative current changes of the FDES versus the applied strain
in the Y-direction and schematic illustration of the strain direction. Relative current changes at diﬀerent strains (5, 20, 35, and 50%) in the (e) Xdirection and (f) Y-direction, respectively.

to detect and identify the ﬁnger movements during clicking the
mouse, bending, and picking up the beaker, which was also
demonstrated in Video S1 (Supporting Information). When
the ﬁnger left clicks, two interdigital electrodes were under
pressure from the ﬁnger and presented a consistent current
change due to the similar deformations of electrodes (Figure
6c). In bending, however, the top and bottom interdigital
electrodes show diﬀerent movements: the top electrode
suﬀered more deformation and presented more changes in
current (Figure 6d). In the scenario of picking up a beaker, the
ﬁngers ﬁrst bent upward and then pressed the beaker, which
consequently led to two peaks (bending and pressure peaks) in
current monitoring signals (Figure 6e). This current variation
trend is fully coherent to the formulation in Figure 6b(i).
Notably, during the stage of putting down the beaker, the
ﬁnger recovered from two kinds of deformations to an initial
state simultaneously, so there was only one peak corresponding
to the release stage. Furthermore, Figure 6f,g shows the optical
images and corresponding current signal of the FDES to
identify the motion of the wrist. When the wrist is moving, the
two electrodes were stimulated by the same deformations
(stretch or compression) due to the inﬂuence of a neutral
surface. Far away from the neutral surface, the top electrode
presented greater relative current variation than the bottom
electrode despite folding backward (Figure 6f) or forward
(Figure 6g), which can be seen in Video S2 in the Supporting
Information. Figure 6h shows the optical image and relative
current signal changes responding to elbow bending. When the
elbow bends, the electrodes produce a single bending signal. If
the elbow encounters external stimuli during bending, as

The inset of Figure 5c,d shows the deformation of the FDES in
detail. In addition, the current responses to applied strains with
diﬀerent degrees and diﬀerent directions are clearly measured
and depicted in Figure 5e,f. Its stable and reliable response
paves the way for applications in motion detection. We have
also explored the signal stability over 2000 stretching−
releasing cycles (Figure S7a,b, Supporting Information). The
initial and ﬁnal cycles cause no obvious diﬀerence in the
resistance change amplitude, which indicates the excellent
durability of the ﬂexible sensor.
The working pattern of bodily kinesthesia and mechanical
stimulus is always the random superposition of various actions
such as pressing, bending, and stretching. In a basketball game,
for example, the ﬁngers bend and suﬀer from pressure during
shooting. Figure 6a illustrates a silhouette of two basketball
players who present various body movements for diﬀerent
purposes in a game, such as oﬀense, cutting, passing, and
shooting. Also, it is a superimposed eﬀect that induces the
change trend of electric current under complicated bodily
kinesthesia. Over here, the FDES based on two interdigital
electrodes demonstrates a great advantage in the simple
deformation (such as pressure, stretching, and bending) and
complex body motion detection. In the subsequent ﬁgure
(Figure 6b), we presented two explanatory formulas to clearly
illustrate the electric current variation trend responding to
complex stimulus. To further verify these formulas, a series of
application scenarios are designed where the FDES demonstrated excellent sensing capabilities in accurate bodily
kinesthetic identiﬁcation (Figure 6c−g). The FDES was
attached to the knuckles of ﬁngers, as shown in Figure 6c−e,
F
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Figure 6. Applications of the FDES in accurate bodily kinesthetic identiﬁcation. (a) Schematic illustration of the diversity and complexity of human
deformation during movement. (b) Superposition principle of current corresponding to complex deformation. (c−e) Optical images and current
signal responding to various ﬁnger motions: (c) clicking a mouse, (d) bending, and (e) picking up a beaker. (f, g) Optical images and
corresponding current signal of the FDES to identify the motion of the wrist: (f) folding the wrist backward and (g) folding the wrist forward. (h)
Optical image and current signal responding to elbow bending. (i) Optical image and corresponding current signal of elbow bending and hitting
something.

the human body and lay a foundation for the further
development of ﬂexible sensors.

shown in Figure 6i, then there is an additional signal in the
primary bending signal to express the presence of external
stimuli. This current variation trend is fully consistent with the
formula in Figure 6b(ii). Movement monitoring of the elbow
can be seen in Video S3 in the Supporting Information.
Therefore, our FDES shows a unique ability in multiple
movements’ identiﬁcation.

4. EXPERIMENTAL SECTION
4.1. Fabrication Process of the FDES. The FDES, a
symmetrical multilayered structure, consists of a highly pressuresensitive CNTs/PDMS porous sponge, two interdigital electrodes,
and necessary encapsulation layers. The fabrication process of the
FDES is as follows:
4.1.1. Fabrication Process of the CNTs/PDMS Porous Sponge.
First, 10 g of PDMS prepolymer and 1 g of curing agent (10:1) were
added into a beaker and mixed thoroughly before use. Then, 100 g of
NaCl (sodium chloride, Aladdin) particles as sacriﬁce templates was
added in the beaker and kept under stirring for 1 h. Then, the mixture
was transferred into a cubic mold (40 × 40 × 3 mm) and compacted
under pressure. Next, the mold was placed in an oven at 75 °C for 2 h
to make PDMS completely cured. Subsequently, this cured composite
body was removed from the mold and after the NaCl particles were
cleaned up by ultrasonication (80 W, 2 days) in deionized (DI) water,
the PDMS porous sponge was obtained. The CNTs can be uniformly
dispersed in water to get a CNT dispersion at diﬀerent concentrations
with an ultrasonic method. Then, 49.5 mL of DI water, 0.5 mL of
acetic acid, and 0.25 g of chitosan (Aladdin) were added in a 100 mL
beaker to get a 0.5% chitosan solution as a physical cross-linking agent
after stirring for 30 min. In the next step, the PDMS porous sponge

3. CONCLUSIONS
In order to improve the ability of the ﬂexible sensor to
accurately identify multiple deformations and external stimuli,
we have developed a dual-interdigital-electrode ﬂexible sensor
that consists of two interdigital electrodes and a highly
pressure-sensitive porous sponge. This unique mechanism
makes our FDES successfully diﬀerentiate various mechanical
stimuli, i.e., pressing, bending, and X-direction and Y-direction
stretching, and realize a one-to-one correspondence between
each kind of deformation and the current variation trend.
Notably, our sensing device exhibited high sensitivity,
stretchability, large measurement range, and outstanding
stability simultaneously. All of these, consequently, enable
this FDES to successfully identify various complex activities of
G
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was put into the CNT dispersion with ultrasonic treatment for 30
min, which makes the holes of the PDMS sponge ﬁlled with CNT
dispersion. Then, 2 mL of 0.5% chitosan solution was added to crosslinking CNTs after ultrasonic treatment for 10 min. Finally, the
CNTs/PDMS porous sponge was prepared from the composite of the
PDMS porous sponge and CNT dispersion through vacuum freezedrying.
4.1.2. Fabrication Process of the Interdigital Electrode. The main
process was divided into two sections, i.e., preparation of nanonetwork skin electrodes and patterning. First, skin electrodes were
fabricated by the techniques of electrospray and electrospinning
reported recently. Polyurethane masterbatches (TPU, Elastollan, 1180
A) were added to the solvent hexaﬂuoroisopropanol (HFIP, Aladdin)
and then stirred at room temperature for 6 h to get a 4 wt % TPU
solution. Silver nanowires as conductive ﬁllers were evenly dispersed
in alcohol at a concentration of 1.5 mg/mL. Electrospinning TPU
nanoﬁbers and electrospraying silver nanoﬁbers were simultaneously
carried out on an electrospinning device (Ucalery, ET-2535H).
During the spinning process, the pump rates of TPU electrospinning
and silver nanoﬁber electrospraying were set at 0.04 and 0.4 mL
min−1, respectively. The positive voltage of electrospinning and
spraying was 15 kV, and the negative voltage was 2 kV. The
nanonetwork electrode that consisted of silver nanoﬁbers and TPU
nanoﬁbers was collected on a metal collector of a winding roller. The
nanonetwork electrode was peeled oﬀ the metal collector with the
help of a polyethylene terephthalate (PET) frame, and then the
electrode was attached close to a polydimethylsiloxane (PDMS) ﬁlm
in a wetted state. Then, the nanonetwork electrode was cut into
interdigital with designed patterns using a commercial laser cutter.
4.1.3. Preparation of the FDES. A TPU nanoﬁber ﬁlm was
prepared by the electrospinning method, and then the TPU ﬁlm was
peeled oﬀ the metal collector with the help of a polyethylene
terephthalate (PET) frame. One side of VHB tape was pasted onto
the TPU nanoﬁber ﬁlm, whereas the other side bonded with the
prepared interdigital electrode. Conductive wires were glued with
silver paste at the two ends of the interdigital electrode. Finally, parts
of VHB tape were exposed and ﬁxed to the conductive sponge
through the gaps inside the patented interdigital electrode, which
contributes to our multistimuli-diﬀerentiable sensor.
4.2. Performance Tests and Characterization of the FDES. A
computer-controlled stepper motor (Linmot E1100) with a hemispherical surface was used to provide external pressure, and the value
of the external pressure was measured using a digital force gauge
(Mark-10 Corporation, M5-20). The bending and stretching
deformations of the device were precisely controlled by the stepper
motor. Two independent digital source meters (Keithley 2611B/E)
were utilized to measure the I−t curve of the two interdigital
electrodes in real time, respectively, and the source−drain voltage was
set at 0.1 VDC. An electrochemical workstation (CH Instruments,
CHI660E) was used to measure the I−V curve under diﬀerent
external pressures. The microstructures of the CNTs/PDMS porous
sponge as well as the nanonetwork electrode were characterized using
a Nova NanoSEM 450 (FEI). A universal testing machine was used to
test the tensile properties of each layer of the FDES.

■

■

Research Article

ﬁlms, physical models under strain conditions, and
stability analysis under strain conditions (PDF)
Video of three typical ﬁnger movements (AVI)
Video of the bending of the wrist (AVI)
Video of the movement recognition of the elbow (AVI)
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