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ABSTRACT: Flexible pressure sensors that have high sensitivity, high

linearity, and a wide pressure-response range are highly desired in 24000 4

applications of robotic sensation and human health monitoring. The

challenge comes from the incompressibility of soft materials and the ($16000-

stiffening of microstructures in the device interfaces that lead to gradually G
saturated response. Therefore, the signal is nonlinear and pressure-response < 80001 R2-0.999

range is limited. Here, we show an iontronic flexible pressure sensor that can Sensitivity~49.4 kPa''

achieve high sensitivity (49.1 kPa™'), linear response (R* > 0.995) over a ol

broad pressure range (up to 485 kPa) enabled by graded interlocks of an
array of hemispheres with fine pillars in the ionic layer. The high linearity
comes from the fact that the pillar deformation can compensate for the effect
of structural stiffening. The response-relaxation time of the sensor is <5 ms,
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allowing the device to detect vibration signals with frequencies up to 200 Hz. Our sensor has been used to recognize objects
with different weights based on machine learning during the gripper grasping tasks. This work provides a strategy to make
flexible pressure sensors that have combined performances of high sensitivity, high linearity, and wide pressure-response

range.
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INTRODUCTION

With the development of intelligent robots and wearable
healthcare technologies,' ™® flexible pressure sensors have
called for increasingly improved performances. An ideal flexible
pressure sensor should exhibit combined properties of high
sensitivity, high linearity, and a wide pressure-response range.”
The high sensitivity allows the sensor to detect subtle
mechanical stimuli; the linear signal can result in a simplified
circuit used to process the signal and more accurate detection
of the stimuli; and sensors with a wide pressure-response range
can have much more application scenarios than that with a
narrow range. For example, the emerging soft-rigid hybrid
robots can achieve a much broader loading range than
conventional soft robots, but they need flexible pressure
sensors that have high sensitivity over a wide pressure-response
range to serve for them to achieve sensing function and
accurate feedback.® Furthermore, in wearable virtual reality
devices,” pressure sensors with high sensitivity and highly
linear signals provide a more realistic tactile feeling.
Capacitive-type flexible pressure sensors can serve as a
preferred selection of sensing devices in tactile perception
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systems, because of their simple device structure, stable signal,
and low energy consumption.'”"" A flexible capacitive sensor
often has a trilayered structure of two electrodes sandwiching a
soft dielectric. The capacitance is expressed as C =~ €A/d,
where ¢ is the permittivity, A the contact area between the
electrode and the dielectric, and d the distance between the
two electrodes.'” Because soft dielectric is incompressible
(volume does not change upon loading), the capacitance can
have limited change and, thus, sensitivity is low. The
introduction of microstructures such as microcones,">"*
micropyramids,>'® micropillars,'”'® can improve the sensi-
tivity of the sensors by improving the compressibility of the
soft dielectric. Such microstructures, on the other hand, are
susceptible to signal saturation, because of structural stiffening
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Figure 1. Compressibility of the graded interlocks and its sensing principle. (a) Compressibility and stress distribution of the three
interfacial configurations under pressures up to 1 MPa: dome-plane interfaces without interlocks, simple interlocks, and graded interlocks.
(b) Normalized change in contact area change for the three configurations under pressures over 1 MPa. (c) Schematic for the sensing
mechanism of the iontronic pressure. (d) Simplified equivalent circuit diagram of the iontronic pressure sensor.

that leads to a stronger resistance to increasing load. As a
result, the sensors show poor performances, in terms of signal
linearity and sensing range. Higher linearity in capacitive
sensors has been achieved by using a percolative elastomeric
composite of which the mechanical saturation is compensated
by the increased permittivity,'" or by elaborately designing
foam structures as the dielectric layer.”" >* However, those
aforementioned sensors present a low sensitivity of 0.0046 and
0.00049 kPa™'!, respectively, as a result of the poor
compressibility of the dielectric layer. Iontronic sensors are a
class of devices that exhibit extremely high sensitivity; these
have been developed in recent years.”> > Different from
conventional capacitive pressure sensors, iontronic sensors
employ an ionic film to replace the dielectric layer. The high
sensitivity lies in the electric double layer (EDL) formed at the
electrode/ionic film interface, which has a separation of ~1 nm
for the positive and negative charges. Signal enhancement by a
few orders of magnitude can be achieved because the charge
separation is much smaller than that of conventional capacitive
sensors (mostly 10—100 um).”° For example, a graded
intrafillable architecture-based iontronic pressure sensor with
a high sensitivity (>200 kPa™") up to 360 kPa and micropillar-
based iontronic pressure sensor with a high sensitivity (33.16
kPa™') over a pressure range of 12—176 kPa have been
developed by Guo and co-workers.”**” Recently, Xiao et al.
reported a multilayer double-sided microstructured iontronic
pressure sensor that achieves a sensitivity of 10 kPa™' over a
pressure up to 2 MPa.”® Despite the high sensitivity, existin

inotronic sensors either do not have linear pressure response,”

or suffer from a convoluted fabrication process.”® A feature of
the iontronic sensor is that the capacitance is simply
determined by the interfacial contact area A, between the
electrode and the ionic film, following C o A_. This feature can
simplify the design of sensors, since there is only a single
parameter to be considered to design a structure for which the
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interfacial contact area increases linearly with pressure over a
wide range.

Here, we report a 3D-printed flexible iontronic pressure
sensor with high sensitivity (49.1 kPa™"') and high linearity (R*
~ 0.998) over a wide linear working range up to 485 kPa. The
combined high performances are enabled by the iontronic
interface of graded interlocks that improve the compressibility
by structural complementation and compensate the structural
stiffening by the deformation of dense microscale pillars. The
graded structures also lead to an ultrafast response-relaxation
time of <5 ms and thus the sensor can detect vibration
frequencies up to 200 Hz. We further applied the sensor to
robotic gripping tasks to recognize the weights of the grasped
objects based on machine learning, exhibiting recognition
accuracies of >88%. This work provides a strategy to fabricate
flexible pressure sensors with combined properties of high
sensitivity, high linearity, and a wide pressure-response range
for robotic manipulations.

RESULTS AND DISCUSSION

Design Principle of the Graded Interlocks and
Sensing Mechanism of the Device. The compressibility
of microstructures at the interface of sensors determines their
sensing properties. It has been proven that the proper design of
such microstructures can regulate the sensitivity and pressure-
response range of the devices.”’"*> Here, we introduce a
nanoscale iontronic interface in sensors with submillimeter
interlocked structures that show high compressibility and can
delocalize stresses to avoid signal saturation or nonlinearity,
and the stresses can further be uniformized by introducing
smaller-scale slender structures that fill in the gaps of the
interlocks. The nanoscale iontronic interface consists of an
ionic layer of poly(vinyl alcohol) (PVA) and phosphoric acid
(H;PO,), and an electrode of gold-plated flexible epoxy resin.
The PVA/H;PO, surface has an array of submillimeter
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Figure 2. Preparation of the graded interlock-based iontronic pressure sensor. (a) Schematic of the preparation of the iontronic pressure
sensor. (b, c) SEM images of the PVA/H;PO, film from (b) top view and (c) side cross section view. (d, e) SEM images of the epoxy resin/
Au electrode from (d) top view and (e) side view. (f) Top and bottom photographs of the pressure sensor.

semiellipsoids grown with micropillars, while the electrode has
large microdomes only and is placed opposite to the ionic layer
to form interlocks. An EDL is formed at the iontronic interface
when the ionic layer makes contact with the electrode, and its
capacitance is in direct proportion to the interfacial contact
area. Therefore, in iontronic sensors, the regulation of linearity
is simple—only a single parameter (A.) must be considered.
We studied three dome-based configurations of iontronic
interface with different levels of compressibility determined
using finite element analysis (FEA), as shown in Figure la: (1)
domes placed against a flat surface without forming interlocks;
(2) simple interlocks consisting of top and bottom domes; and
(3) graded interlocks of semiellipsoidal structure with
secondary micropillars, which are placed against smooth
domes. Because A. is related to the compressibility, we
extracted the change in contact area (AA.) from the FEA
result to determine the response to the pressure of the
iontronic interfaces. The first configuration (and many other
configurations alike) has been commonly used in flexible
pressure sensors,””* but the gaps between the domes and the
flat surface can hardly be occupied. As a result, the
compressibility of the interface is poor, and corresponding
AA_ /A, (A, is the initial contact area), as a function of
pressure, is small (Figure 1b). Such gaps can be largely filled
using interlocks, and we show that, in the second configuration
(simple interlocks), the compressibility is significantly
improved and AA./A, becomes more than one time larger.
However, there are still gaps in such interlocks that cannot be
filled up, and saturation and nonlinearity of the AA_/A,—P
plot still occur. In the third configuration, the gaps between the
domes can be further filled by the slender micropillars, and
AA_/A is remarkably increased and determined to have high
signal linearity with a high correlation coefficient (R* = 0.994).
The micropillars play important roles. On one hand, they
improve the compressibility, uniformize the stress distribution,
and contribute to the high linearity of the AA /A —P plot. As
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the pressure increases, the micropillars contact the electrode,
buckle, and gradually fill the gaps between the structures of the
ionic layer and the electrode. It is the collective behavior of the
pillars that significantly uniformizes the stresses at the
interface, thereby relieving the structure stiffening that
otherwise causes signal saturation of the sensors. The stress
distribution is much more nonuniform if without introducing
such dense micropillars on the submillimeter domes. On the
other hand, the micropillars minimize the initial contact area
A of the iontronic interface and improve the sensitivity of the
device. Because the sensitivity of iontronic pressure sensors is
in direct proportion to the normalized change in contact area
(A./A), a smaller A can result in improved sensitivity.
Here, the graded interlocked EDL interface has a variable
contact area that is determined by the applied pressure, as
shown in Figure lc. Note that there are two EDL capacitors
formed at the flat interface (denoted as Cgpy;) and the
microstructured interface (denoted as Cgpy,), respectively. The
two capacitors are connected in series with a bulk resistance
(R,) and in parallel with a coupling capacitance Cy generated
by the two electrodes (Figure 1d). The measured capacitance
can be defined as C = C + 1/[(1/Cgpyy) + (1/Cgp1o)]. Here,
Cepry has a large value and is constant because of its full
contact; Cgpy, is sensitively changed upon loading; and Cg is
far smaller, compared with the EDL capacitance, such that it
can be neglected. Notably, the microstructure deformation at
the iontronic interface is unsaturated within 1 MPa. Therefore,
when the applied pressure is not high, Cgpp, is much smaller
than Cgp ;, and the measured capacitance (C) is approximately
equal to Cgpp,, which is determined by the contact area of the
iontronic interface. Since our FEA simulation indicates a linear
A.—P relationship of the graded interlocks, sensors applying
such structures are expected to show linear responses to
applied pressure. Overall, the graded interlocks allow for
greater compressibility of the structure, resulting in linear
variation in contact area with increasing pressure. The
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Figure 3. Sensing properties of the graded interlocked structure-based iontronic pressure sensor. (a) Normalized change in capacitance as a
function of pressure up to 485 kPa. (b) Comparison of our iontronic sensor with other capacitive sensors with high linearity in terms of
sensitivity, linear sensing range, and Sp. (c) Response and relaxation time when loading a pressure of ~250 kPa and release. (d) Time-
dependent variation of capacitance at different vibration frequencies. (e) Wavelet transform signal of the different vibration signals shown in
panel (d). (f) Compression-release test over 5000 cycles under a high pressure of 300 kPa. (g) Friction stability of the device over 5000

cycles at a peak shear stress of ~60 kPa.

structural design synergizes with the signal enhancement
provided by the nanoscale iontronic interface to achieve a high
sensitivity, linear response and wide sensing range for the
$ensor.

Preparation of the Graded Interlocked Structure-
Based lontronic Pressure Sensor. The fabrication of the
sensor involves three steps: the fabrication of the structured
ionic film, the fabrication of the structured electrode, and
device encapsulation, as shown in Figure 2a. For the
fabrication of the structured ionic film and the structured
electrode, we first 3D-printed resinous structures using the
models in the FEA simulation, serving as the molds to further
make the ionic layer and the electrode. The dimensions
(height, width, pitch, etc.) of the graded interlocking structures
prepared here are determined by the structural design based on
FEA simulation, as well as the limitations of the 3D printer.

Figures 2b—e show the top view and side view scanning
electron microscopy (SEM) images of the PVA/H,PO, film
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(Figures 2b and 2c) and that of the epoxy resin/Au electrode
(Figures 2d and 2e). The PVA/H;PO, layer has an array of
uniform semiellipsoidal structures (width = $S80 ym, height =
165 pm, pitch = 75 ym) with 97 upright micropillars (diameter
= 28 um, height = 70 ym) on top; and the flexible electrode of
epoxy resin/Au has uniform microdomes with a pitch of 190
um and a slightly larger aspect ratio (width = 290 ym, height =
480 um), which can form interlocks with the ionic film
microstructures. The sensor was encapsulated using flexible
epoxy resin/Au with domed structure as the bottom electrode,
microstructured PVA/H;PO, film as the active layer, and 6-
pum-thick double-sided tape as a spacer, warranting the same
initial contact state between the electrode and ionic layer in
different sensors such that the initial capacitance is within
several picofarads, because of the air gap, and a gold-plated
polyethylene terephthalate (PET) film as the top electrode.
Here, two pieces of copper-plated polyimide strips were
adhered to the top and bottom electrodes using silver paste to
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Figure 4. Linear response of the pressure sensor. (a) Schematic diagram of the simple electronic balance using the sensor. (b) Changes in
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Fitted curve for capacitance versus mass when loading standard weights of 2, 5, 10, 20, 50, 100, 200, 500, and 1000 g. (d) Comparison of
masses for the objects measured by our electronic balance and a commercial electronic balance.

connect to an LCR meter for capacitance measurement. Later,
polydimethylsiloxane (PDMS) films were used as the pack-
aging material to encapsulate the four layers as an entirety. All
surfaces except for that of the microstructured iontronic
interface were plasma-treated to introduce chemical bonds
between the layers.*” Figure 2f shows two photographs of the
flexible iontronic pressure sensor, and the flat top electrode
and the structured bottom electrode can be observed through
the transparent PDMS layer. The bending test at a bending
radius () of ~3 mm reflects the desired flexibility and sensitive
response of the pressure sensor to bends (see Figure S1 in the
Supporting Information), which allows it to be used for
bending-related applications, such as motion monitoring of
wrist joint bending and knee joint bending.

The microstructured electrode is required to have a low and
stable resistance. In this work, we used epoxy resin as the
electrode substrate, because it is a metal binder that forms high
bonding strength with metals.**** The strong adhesion leads
to the high stability of the electrode: after the electrode is bent
under high curvature or twisted for several times, its resistance
remains within 10 €, proving that the electrode is highly
flexible and stable (Figure S2 in the Supporting Information).
After cyclic compression release over 20 000 cycles at a peak
pressure of 300 kPa (Figure S3 in the Supporting
Information), or after a friction test over 20 000 cycles at a
maximum pressure of 100 kPa (Figure S4 in the Supporting
Information), little drift in resistance and no failure of the
microstructures was observed. The high stability of the
electrode enables the sensor to work stably under strains.
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Sensing Properties of the Pressure Sensor. Sensitivity,
linearity of the signal, and sensing range are the key parameters
of the sensor in this study. The sensitivity of a pressure sensor
is defined as S = 8(AC/C,)/6P), where C, is the initial
capacitance before loading, and AC refers to the variation of
the capacitance when imposed to an applied pressure P. Before
pressure is applied, the microstructured electrode is not in
contact with the ionic layer (i.e, an air gap in between)
because of the presence of the spacer, thus providing a low C,
(~5.9 pF). When the pressure is less than 4 kPa, only the air
gap between the electrode and the ionic layer is compressed,
which leads to a tiny change of the capacitance (Figure SSa in
the Supporting Information). At the pressure of 4 kPa, the
electrode begins to contact the ionic layer. Figure 3a presents
the normalized change in capacitance with pressure from 4 kPa
to 485 kPa of three different devices. At this stage, the
capacitance increases sharply with pressure (Figure SSb in the
Supporting Information) and changes with test frequency
because of the existence of EDL (Figure S6 in the Supporting
Information), which is an intrinsic characteristic of iontronic
sensors. The three sensors all exhibit linear response with close
sensitivity values (S, = 48.7 kPa™, S, = 49.2 kPa™' and S, =
49.4 kPa™' for the three devices) over a wide sensing range up
to 485 kPa. In addition, the average correlation coeflicient of
the AC/C,—P curves is as high as 0.998 (R;> = 0.999, R,
0.996, and R;* = 0.999 for the three samples).The results agree
well with our design based on the graded interlocks of an
iontronic interface.

Here, we define a parameter that we call the linear sensing
factor (Sp) that can reflect both sensitivity and linear sensing
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Figure 5. Sensing in gripping task and identification of weight based on machine learning. (a) The process of grasping a container using a
pneumatic gripper integrated with our sensor. (b) Capacitance changes at different stages of the gripping process. (c) Photograph of the
container with the different masses of copper blocks. (d) Output signals corresponding to gripping the container with different mass of
copper blocks. (e) A simplified diagram for implementing machine learning. (f) Confusion matrix to weight distinguish derived from
machine learning with 42 sets of data for each category. The x-axis of the confusion matrix is the predicted values and the y-axis is the actual

values.

range (AP), Sp = S-AP. Generally, both high sensitivity and a
broad linear sensing range are required to achieve a large Sp.
Figure 3b shows the comparison of both sensitivity and linear
sensing range of our sensor with existing capacitive sensors that
have linear signals,'””%**?***™* and the corresponding S
values are also listed in the inset and Table S1 in the
Supporting Information. We can see that most reported flexible
capacitive sensors have a small S, values, because of either low
sensitivity or narrow linear sensing range. For example, Wu et
al. reported a sensor with an impressive linear sensing range of
40—1700 kPa,'” while its sensitivity is only 0.0046 kPa™', and
thus the sensor has a low Sp value of 7.64. Iontronic pressure
sensors can provide improved sensitivity. Recently, Xiao et al.
reported an iontronic sensor with 12 layers of double-sided
microstructured ionic film, exhibiting a higher sensitivity of
9.17 kPa™!, a wide linear sensing range of 2000 kPa,* and a
large S, value of 1.83 X 10*. However, the many-layered
structures are thick, and the process to make the sensor is
complicated. By contrast, our sensor has a better linear sensing
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capability (Sp = 2.37 X 10*), together with a much simpler
device structure.

The response speed is another important parameter of a
pressure sensor, and has been widely used to assess its dynamic
response. Introducing microstructure can accelerate the
response speed of sensors due to that the microstructures
can quickly store and release energy for elastic recovery.''
Here, the graded interlocks exhibit two scales of structures: the
submillimeter domes, and secondary micropillars on the
submillimeter ellipsoids, which can further effectively reduce
response-relaxation time. When subjected to a pressure of
~250 kPa, our sensor reacts rapidly to the stimulus with a
response time of 0.61 ms and a relaxation time of 3.63 ms
(Figure 3c), which are much shorter than that of the human
skin and most flexible pressure sensors reported previ-
ously. "' #****7% With the quick feedback time of 4.24 ms,
the sum of the response time and the relaxation time, the
graded interlock-based iontronic sensor can detect vibration
signals of a broad range of frequencies with the highest
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vibration frequency up to 200 Hz, as shown in Figure 3d, and
Figure 3e is the corresponding wavelet transform results which
further show the variation of the frequencies with time
generated by the vibrations. The rapid response and relaxation
speed allow the device to identify dynamic signals with high
frequencies.

Mechanical durability is of great importance to the
application of flexible pressure sensors. Repeated compres-
sion-release to a pressure of 300 kPa over 5000 cycles was
conducted, and the sensor shows no significant drift or
fluctuation throughout the cyclic test (Figure 3f). The
negligible hysteresis (Figure S7 in the Supporting Information)
during the loading/unloading test indicated that the pressure
sensor can respond reversibly. The sensor is further firmly
adhered to two metal plates to characterize its shear stability.
Figure 3g confirms the high stability of the device when
subjected to frictions with a peak shear stress of 60 kPa. In
addition, the device is encapsulated to block the contact of the
ionic film with external moisture because the PVA/H;PO,
layer is humidity-sensitive, and the seal can effectively
eliminate the signal drift caused by external humidity change
(Figure S8 in the Supporting Information).

Linear Response of the Pressure Sensor. We further
demonstrate that the linear response is potentially useful in real
applications. As shown in Figure 4a, the sensor was used to
manufacture a simple electronic balance. We examined the
signal changes when loading three weights (10 g each) in
sequence on the electronic balance under different basic
weights of 0, 500, and 1000 g (the experimental setup; see
Figures S9a and S9b in the Supporting Information). As shown
in Figure 4b, when the weight increases linearly, the electronic
balance can output a linearly changed signal. In order to
systematically and reliably determine the relationship between
the output capacitance signal and the loaded weight mass, the
electronic balance was used to test different standard weights
(ie., 2, S, 10, 20, 50, 100, 200, 500, and 1000 g) and each was
tested three times. The relationship between the output
capacitance (C) with the mass (m) of the added weight is
shown in Figure 4c. Based on a linear fit with a high R* of
0.9999 to the output, we achieve a C value of 0.1816m. Next,
the electronic balance was applied to detect the undetermined
mass of a wooden brick, a bottle, a pen container, and a copper
block, with each object being tested three times and the
corresponding output values were recorded. As shown in
Figure 4d, the mass of the objects tested using our electronic
balance is very close to those measured using a commercial
electronic balance (Figure S10 in the Supporting Information),
with deviations of 4.7%, 0.77%, —2.13%, and 0.34% to the
linearly fitted values, respectively. Such small deviations
indicate that mechanosensing using our sensor is quite
simple—nonlinear calibration is no longer required.

Sensing in Gripping Task and Identification of
Weight Based on Machine Learning. An important
application of flexible pressure sensors is to bring the haptic
capability to robots, allowing them to interact with the outside
world like human beings. For example, sensors equipped on
robots can provide tactile information to ensure more precise
manipulations. Here, our sensor was integrated on a pneumatic
gripper that was used to grasp a container, and the capacitive
signal during the manipulation was recorded. In Figure Sa, we
show that the gripping process contains five stages: (i)
precontact phase; (ii) grasp without lifting the object up; (iii)
lifting; (iv) placing the object back; and (v) release of the
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object. Figure Sb shows the signal corresponding to the
gripping process, with the third and fourth stages repeated
three times. In the precontact phase, the sensor exhibits a low
initial capacitance C,. As soon as the soft robot grips the
container, the signal rises up rapidly and finally remains at a
fixed value determined by the applied pressure that drives the
robot. In stage iii, the signal magnitude increases as the gripper
lifts up the container and decreases in stage iv, in which the
container is landed back. The signal amplitude returns to C, in
stage v due to the separation of the gripper and the container.

Afterward, we tried to use the soft robot with our sensor to
identify the mass of objects added into the container. First,
copper blocks with different mass were dropped into the
container (Figure Sc). Notably, the process of lifting the
container from the table and placing it back was conducted
several times to verify the repeatability of the sensing signals,
and Figure 5d shows that the output signals can well reflect the
mass of the added weights. The output magnitude enhances as
the mass of the added copper block increases, making it
possible to distinguish the weight of the grasped object during
the grasping process.

Machine learning in combination with pressure sensing has
proven to be effective to determine the weight of objects.*"**
Here, machine learning is used to analyze the signals captured
by our sensor, which can further be used to realize precise
feedback. Figure Se is a simplified diagram for implementing
machine learning. We adopted the K-Fold cross-validation
method to recycle the data and divide the data into n parts,
using one of the parts as the test set without duplicates and
others as the training set. Each category was tested for 10
times, and 10 accuracy values were obtained. Next, the average
value of the accuracy was taken as the final output of the
confusion matrix shown in Figure 5f. The results show that the
gripper integrated with our device has recognition accuracies of
>88% for all these added objects with different weights.
Therefore, our sensor is expected to be used to achieve precise
haptic sensations for robots with the aid of machine learning.

CONCLUSIONS

In this study, graded interlock-based iontronic flexible pressure
sensors that exhibit high sensitivity and highly linear response
over a wide pressure range have been fabricated and applied to
the haptic sensation of soft robots. The combined high
performances stem from the high signal magnitude provided
by the nanoscale iontronic interface as well as the
compensation of the structural stiffening of the microscale
pillars. The sensor also exhibits fast response-relaxation speed
and can detect vibration with frequencies up to 200 Hz,
providing the possibility to detect fluctuating and dynamic
loads. We have developed a simple electronic balance based on
our sensor that can accurately measure the mass of objects.
The integration of our sensor on a soft gripper enables the
robot to recognize the mass of grasped objects by machine
learning with a recognition accuracy of >88%, exhibiting
potential applications in robotic haptics.

MATERIALS AND METHODS

Preparation of the PVA/H;PO, lonic Film with the Graded
Semiellipsoidal Structure. We adopted a printed template to
prepare the ionic film with hemispheric graded structure. The mold
with micropillars distributed on semiellipsoids was made using a high-
precision printing equipment (nanoArch S130, BMF Precision Tech,
Inc.) based on projection micro stereolithography. The first mold was
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obtained by casting the mixture of PDMS base and curing agent
(Sylgard 184, Dow Corning Co., Ltd.) in a weight ratio of S:1, and
curing at 80 °C for 30 min. Our previously reported hybrid system of
PVA (Mw 145000, from Aladdin Industrial Corporation) and
H;PO, (AR, >85%, Shanghai Macklin Biochemical Co., Ltd.) was
used as the ionic film. First, 1 g of PVA was dissolved in 9 g of
deionized water and stirred for 2 h at 90 °C until it is completely
dissolved. After the solution was cooled to 50 °C, 0.8 mL of H;PO,
was added to the PVA solution and stirred for 1 h. Next, the PVA/
H,;PO, solution was cast on the PDMS template and cured at 24 °C
for 24 h. Finally, a PVA/H;PO, film with a thickness of ~330 ym was
peeled off and then cut into squares with a side length of 8 mm for
later use.

Preparation of Flexible Electrodes. The planar PET/Au film, as
the top electrode, was prepared by depositing 200-nm-thick gold on a
PET film (HD, DuPont) with a thickness of S0 ym using ion
sputtering (MC1000, Hitachi High-Tech Corporation) at a current of
25 mA for 300 s. The flexible epoxy resin/Au film with domes that
have a thickness of ~360 ym was used as the bottom electrode, which
was obtained by the following steps.

~
~

(1) Designing a reverse domed structure and printing the mold
using high-precision three-dimensional (3D) printing.

(2) The gold film was deposited on the mold surface at a current
of 25 mA for 300 s using the ion sputter (MC1000, Hitachi
High-Tech Corporation).

(3) Difunctional bisphenol A based epoxy prepolymer (EPIKOTE
Resin 828, XEXION) and the oligomeric polyamine curing
agent (EPIKURE Curing Agent 3164, XEXION) were
dissolved in acetone at a weight ratio of 5:5:1 (epoxy
prepolymer, curing agent, and acetone, respectively).

(4) The mixed solution was coated on the gold-plated mold and
spun at the speed of 1000 rad/s for 1 min using a spin coater
(WS-650MZ, MYCRO).

(5) The mixed solution on the mold was cured at 24 °C for $ h to
form an incompletely cured state and then continued to cure
completely at 80 °C for 2 h.

(6) The flexible epoxy resin/Au electrode with domes was peeled
off and then cut into squares with side length of 7 mm for later
use.

Note that, here, two copper-plated polyimide strips were adhered
severally to each of the top and bottom electrodes using silver paste
(FS05001-AB, SPI Corporation) for connection to the test device.

Preparation of the Graded Interlocked Structure-Based
lontronic Pressure Sensor. The sensor consists of six layers, from
bottom to top, followed by bottom packaging material, a bottom
electrode, a spacer, an ionic film, a top electrode, and top packaging
materials. Both the non-gold-plated sides of the PET/Au film and
flexible epoxy/Au electrode with domed structure were treated by
plasma and then bonded on the surface of the top and bottom PDMS
layers after plasma treatment, respectively. Next, a piece of 6-um-thick
double-sided PET tape (PET-6, Dongguan Innovation Electronic
Materials Co., Ltd., China) as a spacer was adhered to the flexible
epoxy/Au electrode with domed structure, and the PVA/H,PO, film
was sandwiched between two electrodes later. Finally, the PDMS of
the top and bottom layers were glued together by silicone rubber
adhesive (Sil-Poxy, Smooth-On, Inc.).

Finite Element Analysis. FEA was performed using commercial
package Abaqus 2017. Two-dimensional model was built for
simplicity. The microstructured ionic film and epoxy resin/Au
electrode are modeled with incompressible Neo-hookean materials
with Young’s moduli of 2 MPa (Figure S11 in the Supporting
Information) and 20 MPa (Figure S12 in the Supporting
Information), respectively. Frictionless contact without penetration
is assumed. The total contact area is recorded as the pressure
increases up to 1 MPa. The initial contact area A, is determined at
the pressure of 4 kPa. Detailed stress distribution under various
pressures is shown in Figure la.

Characterization and Measurements. The morphology of
ionic film and electrode were probed using field-emission scanning
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electron microscopy (TESCAN MIRA3) operated at S kV. All output
capacitances were collected using a precision LCR meter (Model
E4980AL, KEYSIGHT) at a test frequency of 1 kHz, except for the
capacitance in response time measurements for which the data were
collected using a high-speed LCR digital bridge (TH2840B,
TONGHUI) working at a test frequency of 10 kHz. The resistance
of the electrode was tested using a digital multimeter (Model 2100,
KEYSIGHT). A multifunctional tension/compression testing system
(Model XLD-20E, Jingkong Mechanical Testing Co., Ltd.) was
employed to exert and record applied force. The vibration signal
applied to the device in Figure 3d was generated using a vibration
generator (Model BL-ZDQ-218S, Hangzhou Peilin Instrument Co.).
In the friction test (Figure 3g), the flexible pressure sensor is glued to
two metal plates by the silicone rubber adhesive to ensure that the
sensor is fixed firmly without any slip over the cyclic test. One metal
plate was fixed, and the other one is moved back and forth at a
distance of 0.5 mm by traction of a multifunctional tension/
compression testing machine during the test. The grasping task
(Figure S) is performed using a pneumatic gripper (FM-A4 V4/
LS1[AS]-A8, Suzhou Soft-Touch Robotics Technology Co., Ltd,
China) integrated with our sensor to show the robot a sense of touch.
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