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Electronic skins and flexible pressure sensors are important devices for advanced healthcare and intelli-
gent robotics. Sensitivity is a key parameter of flexible pressure sensors. Whereas introducing surface
microstructures in a capacitive-type sensor can significantly improve its sensitivity, the signal becomes
nonlinear and the pressure response range gets much narrower, significantly limiting the applications
of flexible pressure sensors. Here, we designed a pressure sensor that utilizes a nanoscale iontronic inter-
face of an ionic gel layer and a micropillared electrode, for highly linear capacitance-to-pressure response
and high sensitivity over a wide pressure range. The micropillars undergo three stages of deformation
upon loading: initial contact (0–6 kPa) and structure buckling (6–12 kPa) that exhibit a low and nonlinear
response, as well as a post-buckling stage that has a high signal linearity with high sensitivity
(33.16 kPa�1) over a broad pressure range of 12–176 kPa. The high linearity lies in the subtle balance
between the structure compression and mechanical matching of the two materials at the gel-electrode
interface. Our sensor has been applied in pulse detection, plantar pressure mapping, and grasp task of
an artificial limb. This work provides a physical insight in achieving linear response through the design
of appropriate microstructures and selection of materials with suitable modulus in flexible pressure sen-
sors, which are potentially useful in intelligent robots and health monitoring.

� 2021 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

With the rapid development of soft robotics, human-machine
interfaces, and internet of things, high-performance flexible tactile
sensors or electronic skins have gained increasing attention [1–3],
and have been reported to be potentially useful in application sce-
narios such as tactile perception for robots [4], and pulse wave
detection for human beings [5]. Piezo-capacitive flexible tactile
sensors have advantages over other types of sensors for their low
signal drift and simple device structure [6]. However, they often
present limited sensitivity owing to the incompressibility of soft
dielectrics. The sensitivity of capacitive-type flexible tactile sensors
can be enhanced by introducing specially designed microstruc-
tures in dielectric or electrodes, together with the use of ionic
liquid, forming nanoscale iontronic interfaces which present ultra-
high specific capacitance [7–12]. These strategies, on the other
hand, cause dramatic nonlinearity of the capacitance-to-pressure
response featured as remarkably decreasing sensitivity with
increasing pressure [13], as well as a narrow pressure response
range. The high linearity of response is of great significance to
bypass the need of pressure-response calibration, and thus helps
simplify the data processing system and the circuit design, as well
as improves the response speed of the system [14]. Therefore, sen-
sors with high linearity of response over a broad pressure range are
strongly required for many application scenarios such as the
manipulation tasks in robots, pressure detection in aerodynamics,
and plantar pressure sensing in wearables [15,16], which are often
operated at pressures far higher than 10 kPa.
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Although some capacitive-type flexible pressure sensors with
linear signal-to-pressure response have been reported, their sen-
sitivity values are extremely low because such devices often
apply a flat elastomeric dielectric layer [17,18], which is incom-
pressible. Generally, for flexible pressure sensors, there exists a
contradiction between linearity and sensitivity that is related to
the specific structures used in existing sensors. Most sensors
adopt a dielectric layer with mechanically stable microstructures
including micropyramids, cones, and domes to improve sensitiv-
ity because these structures are more compressible than flat
dielectric layers. However, such stable microstructures undergo
structural stiffening and thereby cause decreasing sensitivity as
pressure increases [7,8,11,19]. For a common capacitive-type sen-
sor with microstructures, its capacitance (C) follows C ~ es/d,
where e is the dielectric constant of the dielectric sandwiched
between electrodes, s is the effective device area, and d is the
thickness of the dielectric. The response largely lies in the change
in dielectric constant e and thickness d, while area s can hardly be
changed under compression and its effect on sensing is negligible.
Upon loading, the relative change in both e and d decreases with
increasing pressure due to the limited compressibility and stiffen-
ing of the microstructures. As a result, the response is nonlinear
to the applied pressure.

In recent years, iontronic capacitive pressure sensors which
consist of two flexible electrodes sandwiching an ionic gel layer
have been developed [20]. An electric double layer (EDL) behaving
like a capacitor forms at the interface between the electrode and
the ionic gel when a small voltage is applied. The EDL capacitance
is determined by the interfacial contact area (A), says C ~ A, signif-
icantly different from the sensing mechanism of the common
capacitive sensors mentioned above. Such iontronic sensors often
have a significant nano-interfacial behavior for which charges (ions
in the ionic gel, and electrons in the electrode) are separated at an
atomic length scale of ~1 nm (d ~1 nm), leading to ultrahigh signal
intensity a few orders of magnitude higher than that of commonly
used direct capacitors, and thereby ultrahigh sensitivity [21]. Exist-
ing iontronic sensors, however, still suffer from nonlinear response
determined by the microstructure used [8,13]. Therefore, designing
a sensor that possesses high sensitivity and linear response over a
broad pressure range remains a big challenge.

Here we report a flexible iontronic pressure sensor that
employs a micropillared electrode sustaining against a layer of soft
ionic gel, exhibiting both high linearity (correlation coefficient
R2 ~0.999) and high sensitivity (33.16 kPa�1) over a wide pressure
range of 12–176 kPa. Upon pressing, the micropillars undergo
three stages of deformations: initial contact at very low pressures
(0–6 kPa), pillar buckling as pressure goes beyond the stability
limit (6–12 kPa), and post-buckling with pillars laying against
the ionic gel at high pressures (12–176 kPa) in which a linear
response is achieved. The high linearity lies in the subtle change
in the interfacial contact area enabled by the matching in Young’s
modulus between the electrode and the gel, which well compen-
sates the stiffening effect of the microstructures. In addition to
the high linearity and high sensitivity, the sensors also perform
well by exhibiting a low detection limit of 0.9 Pa, a fast response
time of 9 ms, and high signal and structure stability when sub-
jected to cycling for over 6000 times of compression/release at a
peak pressure of 80 kPa, which is a representative pressure used
in manipulation tasks. The sensor and its array have been demon-
strated to be potentially useful in physiological signal detection,
plantar pressure mapping, as well as robotic manipulation tasks,
for which linear response over a wide pressure range is desired.
This work shows that the synergy between microstructure defor-
mation and modulus matching of materials in the sensor can help
achieve high sensitivity and high linearity simultaneously, allow-
ing for robotic applications and human health monitoring.
2

2. Experimental

2.1. Finite element analysis

The three-dimensional finite element analysis was performed
using commercial package Abaqus/Standard 2017. Both the pillars
and the ionic gel were modeled as incompressible neo-Hookean
materials with Young’s modulus of 1 and 5 MPa, respectively. In
order to simulate the buckling instability, a standard perturbation
analysis was first performed to extract the buckling mode, and
then the first positive buckling mode is superimposed to the orig-
inal geometry with an imperfection factor of 0.01. A dynamic expli-
cit step was then conducted in which the contact area between the
ionic gel and the pillars was exported as a function of pressure. The
interfacial contact assumed no friction or penetration. Each incre-
mental time was small enough to ensure that the kinetic energy
of the system is much lower than the strain energy such that the
results were independent of time.
2.2. Micro-nano fabrication of micropillared structures

The fabrication of the micropillared structures were divided
into two stages: the fabrication of microhole array in a silicon
wafer serving as a template for the pillars, and the molding of
the polydimethylsiloxane (PDMS) micropillared structures. The
microholes were created by photolithography plus catalytic etch-
ing [22]. First, a circular Au disc tetragonal array with each disc
of 10 lm in diameter, 30 lm in spacing, and 16 nm in thickness
was deposited on top of silicon by using conventional photolitho-
graphic process. Next, a microhole array of 50 lm deep was formed
by metal assisted catalytic etching using the Au discs as the tem-
plate. The hole array was then subject to plasma treatment (TS-
PL05, DongXin Gao Ke Co., Ltd.) at 500 W for 5 min. Following that,
a layer of 1H, 1H, 2H, 2H perfluorooctyltrichlorosilane (from Mack-
lin) molecules was evaporated on the surface of the silicon wafer
with the holes. The treated silicon wafer was then used as a tem-
plate to make polycarbonate (PC, Dongguan Ling Mei New Materi-
als Co., Ltd.) micropillars by using hot embossing. Mixture of
Sylgard 184 base and curing agent (Dow Corning Co., Ltd.) at a
weight ratio of 10:1 was then casted on the PC micropillared struc-
ture, and heated at 80 �C for 3 h, forming a PDMS stamp with
microholes, and then peeled off, followed by surface modification
by plasma-treatment at 500W for 5 min and deposition of a mono-
layer of 1H, 1H, 2H, 2H perfluorooctyltrichlorosilane to help
demold. Another layer of PDMS (with base to curing agent ratio
of 5:1) was spin-coated on the treated PDMS template at 400 r/
min for 1 min, and heated at 80 �C for 3 h. After PDMS was cured,
it was peeled off from the PDMS template, forming well-aligned
micropillars. A layer of Au film with a thickness of 100 nm was
then deposited on the micropillared PDMS substrate serving as
the bottom electrode. The fabrication is illustrated in Fig. S1
(online).
2.3. Preparation of ionic gel

The ionic gel used in this study includes two components: poly
(vinylidene fluoride-hexafluoropropylene) (P(VDF-HFP)) as the
polymer skeleton, 1-ethyl-3-methylimidazolium bis(trifluo-
romethylsulfonyl) acyl imine ([EMIM] [TFSI]) as the ionic liquid
filled in the polymer network. P(VDF-HFP) granules were first dis-
solved in acetone with a mass ratio of P(VDF-HFP) to acetone of
1:10, and then the solution was stirred until it became clear. Next,
the [EMIM] [TFSI] (with [EMIM] [TFSI] to P(VDF-HFP) ratio of 3:1)
was added to the completely dissolved solution, stirred until the
solution became clear. The prepared solution was finally
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spin-coated to form a 30 lm thick film at 200 r/min for 60 s, and
placed in a fume hood for acetone to be completely evaporated.

2.4. Fabrication of the sensor

The sensor consists of three layers: a layer of 100 nm thick Au
electrode deposited on colorless polyimide (CPI) by using e-beam
evaporation and cut into desired shapes using a laser beam, a layer
of 30-lm-thick ionic gel, and a PDMS micropillared electrode
coated with 100 nm Au film was also cut into a desired shape using
a laser beam. The sensor was finally encapsulated using thin poly-
imide (PI) tapes. For the sealing, each of the two electrodes (with a
representative area of 7 mm � 7 mm) was first separately attached
on a piece of sealing PI tape (10 mm in width). Next, the dielectric
layer with the same area as the electrodes was aligned between the
two electrodes placed face to face, and gently pressed for ~10 s to
encapsulate the multilayers.

2.5. Fabrication of plantar pressure array

The ethylene-vinyl acetate copolymer (EVA) foam board was
cut into the shape of a 42-yard insole, and 23 sensors
(7 mm � 7 mm in size) were separately placed on the foam board.
The sensors were connected with silver wires that penetrated to
the foam and were led out from the back. Conductive carbon cloth
threads (from Shenzhen Meicheng Co., Ltd.) were used to connect
with the silver wires for signal collection.

2.6. Characterization and measurements

The surface morphology of the micropillared structure elec-
trode was characterized by using field-emission scanning electron
microscopy (FE-SEM, TESCAN). The capacitance was measured
using an LCR meter (E4980AL, KEYSIGHT) at a frequency of
103 Hz. The response time was measured using another LCR meter
(E4981A, KEYSIGHT) at a frequency of 103 Hz, because of its higher
test speed (down to 2.3 ms). A force gauge with a computer-
controlled stage (XLD-20E, Jingkong Mechanical Testing Co., Ltd.)
was used to apply and record the external pressure loaded on
the sensor. The sensitivity test, response hysteresis test, and work-
ing stability of the sensor were measured using this facility. The
bending test of the sensor was performed using a smart stretching
tester (WS 150–100).

2.7. Experiments on human subjects

All experiments were conducted under approval from the Insti-
tutional Review Board at the Southern University of Science and
Technology (protocol number: 20190007).

3. Results and discussion

3.1. Micropillars deformation and sensitivity analysis

The sensor consists of three layers: a planar top electrode of a
CPI membrane coated with 100 nm Au, a layer of ionic gel using
P(VDF-HFP) as the polymer skeleton and [EMIM] [TFSI] as the ionic
liquid, and a bottom electrode employing a height-to-radius aspect
ratio (10:1) micropillar array of PDMS coated with a thin layer of
Au film (100 nm), as shown in the schematic and SEM image in
Fig. 1a. The microstructured electrode plays a key role to the sens-
ing performance of the sensor, and detailed morphology of the pil-
lars can be seen in Fig. S2 (online), showing large area pillars with
high uniformity. When the pillar aspect ratio is further increased
(>10), spontaneous structural collapse and defects occur (Fig. S3
3

online) [23]. The capacitance of the gel-electrode interface with
micropillars is determined by the interfacial contact area, for
which tiny EDL capacitors connected in parallel are formed, that

is, Cbottom = RCpillar
EDL , where Cbottom represents capacitance of the

whole bottom electrode, and Cpillar
EDL represents interfacial capaci-

tance of each pillar, as shown in Fig. 1b. By contrast, the other
EDL interface between the ionic gel and the planar electrode keeps
unchanged upon loading because of the full contact, which is con-
nected in series with the micropillared capacitance. As the top
capacitance is far larger than that of the pillars, the total capaci-
tance can be roughly expressed as C ~ Cbottom, determined by the
pillar deformation. Fig. 1c shows a photograph of the sensor, which
is 10 mm � 10 mm in area. Detailed fabrication procedure of the
sensor is described in Experimental.

As an important parameter of the sensor, sensitivity is defined
as S = d(DC/C0)/dP, where C0 and DC are the initial capacitance
before loading and the change in capacitance when loaded with a
pressure P, respectively, and C0 is determined to be 248 pF/cm2.
The sensor exhibits a sensitivity of 7.49 kPa�1 at the initial stage
(P < 6 kPa), and 17.76 kPa�1 as pressure falls in the range of 6–
12 kPa. As pressure further increases, sensitivity increases to
33.16 kPa�1 over a wide pressure range of 12–176 kPa, and the sig-
nal exhibits an excellent linearity with a high correlation coeffi-
cient (R2) of 0.999 (Fig. 1d). At pressures higher than 180 kPa,
ionic liquid might be partially squeezed out from the gel, leading
to unstable signal, and thus the applied pressure is controlled to
be below 180 kPa in our test. The three-phased response is found
to result from the evolution in deformation modes of the micropil-
lars from low to high pressures, denoted as Stage I, II, and III. Stage I
features the initial contact of the pillars with the ionic gel before
the onset of pillar buckling, exhibiting the lowest sensitivity and
this state has been observed in our SEM inspection (Fig. 1e). As
pressure increases, the pillar-gel interface transforms from the
direct contact mode to a buckling mode (Fig. 1f) in the pressure
range from 6 to 12 kPa, denoted as Stage II for which the side sur-
face of the pillars makes direct contact with the ionic gel to form
increasing EDL interfacial contact area, and sensitivity increases
to a moderate value of 17.76 kPa�1 accordingly. The transition
from Stage I to Stage II can be explained by the Euler’s formula
(Eq. (1)) [24,25], which depicts the critical compressive load that
triggers the buckling instability of a long pillar.

rcr ¼ p2EImin

llð Þ2Ac

; ð1Þ

where rcr is the critical stress causing pillar buckling, E is the
Young’s modulus, Imin is the minimum moment of inertia of the
cross section of the pillar, and l, l, and Ac are the length factor
(l = 2 in the clamped-free configuration, see Fig. S4 online), pillar
height, and cross-sectional area of the pillars, respectively. For a pil-
lar with a circular cross section, Imin = pr4/4, Ac = pr2, and the critial
stress can be expressed as

rcr ¼ p2Er2

16l2
¼ p2E

16k2
; ð2Þ

where k is the aspect ratio of the pillars (k = l/r). From Eq. (2), rcr is
inversely proportional to k2. That is, the higher aspect ratio the
micropillars have, the smaller their destabilizing critical stress will
be. Taking the modulus of ~1 MPa for PDMS pillars to the fomula
(Fig. S5 online), rcr is determined to be 6.2 kPa, which agrees
remarkably well with our experimental result. In Stage II (pressure
between 6 and 12 kPa), buckling of the micropillars occurs. The
deformation of the buckled micropillars upon loading is intuitively
reflected in both our SEM observation and finite elemental analysis
(FEA) results (Fig. S6 online). As pressure further increases to higher
than 12 kPa, the buckled pillars lie down with their long axis being



Fig. 1. (Color online) Sensor structure and three-staged sensing behavior. (a) Schematic illustration and cross-sectional view SEM image of micropillared structure iontronic
pressure sensor. (b) Equivalent circuit of the sensor. (c) Photograph of the iontronic pressure sensor. (d) Change in capacitance as a function of pressure in a pressure range of
0–180 kPa. (e, f) Cross-sectional view SEM image of a micropillar and schematic illustration of the sensor structure (e) in initial status (Stage I) and (f) in the state of pillar
buckling (Stage II). (g) Cross-sectional view SEM image of the collapsed micropillar and schematic illustration of the EDL of the collapsed micropillars under high pressure
(Stage III). (h) Cross-sectional view SEM images of the interfaces between collapsed pillars and top materials of high (~100 GPa), medium (~5 MPa), and low rigidity (~55 kPa),
showing that contact area significantly increases with decreasing rigidity. Applied pressure decreases from the left to right cases. (i) Normalized contact area as a function of
applied pressure using finite elemental analysis (FEA) simulation. Young’s moduli of the top layer are set to 100 GPa, 5 MPa, and 55 kPa.
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parallel to the film plane (Fig. 1g), corresponding to Stage III which
has a highly linear response.

The high linearity of the signal in Stage III lies in the synergy of
structure deformation as well as the modulus matching between
the ionic gel and the micropillars. First, microstructures upon load-
ing often undergo structural stiffening, and thus sensitivity signif-
icantly decreases with increasing pressures. Such nonlinearity has
been commonly seen in existing e-skins or flexible pressure sen-
sors [7,11,13]. Second, the interfacial contact area is highly related
to the Young’s modulus of the top layer (gel). Typically, the inter-
facial contact area A increases as the top layer becomes softer.
4

When the top layer is stiff, the incompressibility as well as the stiff-
ening effect of the PDMS pillars will lead to saturation in contact
area, and thus the sensitivity will decrease with increasing pres-
sure. Here for our materials system, the ionic gel has a moderate
Young’s modulus of 5 MPa, which allows the PDMS pillars (Young’s
modulus: ~1 MPa) to partially embed into the gel to form extra
contact upon loading, and the embedment subtly compensates
the saturation effect mentioned above, leading to linear response.
However, if the ionic gel is too soft (much softer than the PDMS pil-
lars), excessive embedment may occur, causing significantly
increased contact area as a result of full embedment in the
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low-pressure regime and thereby nonlinearity in response. The
effect of the Young’s modulus of the top layer (e.g., 55 kPa,
5 MPa, and 100 GPa) on contact area has been verified in our
SEM observation and FEA as shown in Fig. 1h and i, respectively.
The embedment of the micropillar into soft top layers (5 MPa
and 55 kPa) upon loading is confirmed in our SEM observation.
By contrast, the stiff top layer (~100 GPa) shows no dent, but sig-
nificantly squashes the micropillar with limited interfacial contact
area (A). We can clearly see that the interfacial contact area
increases with the decreasing modulus of the top layer. That is,
A1 < A2 < A3, here A1, A2, A3 correspond to the contact area of the
pillar and the top layer with a Young’s modulus of ~100 GPa,
5 MPa, and 55 kPa, respectively. We also provide detailed contour
plots and video (Movies S1–S3, and Figs. S7, S8 online) to show the
change in interfacial contact as pressure increases. Our FEA simu-
lation clearly suggests that our selection of 5 MPa leads to a
remarkable linearity (R2 ~0.994), whereas others (with either
higher or lower rigidity) show significant nonlinearity. Our results
illustrate a principle: although the deformation of surface
microstructures is often nonlinear to applied pressure, the interfa-
cial contact area can still be made linear to the load by coupling
with a soft material that has a moderate rigidity.

3.2. Sensing properties of the sensor

Some other sensing properties are also enhanced by our struc-
tural design. The extremely small initial contact area and the high
specific capacitance of the ionic gel make the sensor highly sensi-
tive to weak mechanical stimuli, and thus the sensor exhibits a low
limit of detection (LOD) of 0.9 Pa (Fig. 2a), which is significantly
lower than that of the human skin (~1 kPa) [26]. During a load-
ing/release cycle, micropillars undergo deformation and structural
recovery, greatly reducing the viscoelasticity of the interface. This
is because there are a lot of voids and air gaps formed at the
electrode-gel interface, enabling the microstructures to deform
elastically. The microstructures can quickly store and release
energy to help the interface deform and recover elastically, thereby
minimizing the hysteresis caused by viscoelasticity [7]. As a result,
the sensor exhibits high response and relaxation speed of 9 ms
(Fig. 2b), much faster than that of the human skin (30–50 ms),
and fast enough for a variety of robotic and wearable applications
[27]. Because of the high structural elasticity, the hysteresis effect
of the sensor is negligible (Fig. 2c).

The stability of the sensor over long-term and cyclic loading/un-
loading is critical to its real applications. Two aspects-sensing per-
formance stability and structure stability over cycling need to be
assessed. The sensor is first subjected to repeated compression/re-
lease under a peak pressure of 80 kPa for over 6000 cycles, showing
no significant signal drift or fatigue (Fig. 2d). The low drift and low
fatigue of the signal result from the high stability of the
microstructures. Each micropillar has a PDMS core with an ultra-
thin layer of Au film (~9 nm) coated on the surface, and all pillars
fully recover to the initial state after the pressure is removed
(Fig. 2e and f). As a result, no cracks are formed during pillar bend-
ing (Fig. S6 online). The thickness of the Au film can be figured out
based on the wavelength of the surface wrinkles on the pillars
(Fig. S9 online) [28]. Although folding and cracking of the Au film
occur on the planar surface of the PDMS substrate as verified by
our SEM observation (Fig. 2f), those imperfections have little influ-
ence on the electrical properties of the electrode due to delocalized
rupture that results in fine and distributed slits [29,30]. The Au film
with cracks is still well-interconnected. We tested the stability of
the resistance of the micropillared electrode with an area of
10 mm � 10 mm over 6000 compression/releasing cycles to a high
pressure of 160 kPa (which is close the highest pressure allowed),
and little increase (~11%, from 10.2 to 11.2 X) was found (Fig. 2g).
5

Since capacitance is not sensitive to the resistance of electrodes,
such a small change in resistance does not cause any capacitance
signal drift or fatigue. In addition, the high chemical stability, high
ductility, and high electrical conductance of Au also contribute to
the high stability of the sensor, although Au is expensive compared
with many other metals.

The sensor is further tested under different bending radii and
cyclic bends to investigate its stability in different mechanical con-
ditions. For the bending test, the capacitance of the sensor
increases with the decreasing of the bending radius (Fig. 2h), which
can be reasonably attributed to the increasing compressive pres-
sure applied on the pillars at lower bending radii. In addition, the
sensor exhibits no change in signal amplitude over 6000 bend-
ing/release cycles with a minimal radius of curvature of 13 mm
(Fig. 2i). As such, the sensor is expected to be applied to test joint
motions of the human body, being potentially useful for movement
monitoring in wearables.

In view of that environmental change may affect sensing prop-
erties in practical applications, the sensor is subject to different rel-
ative humidity to measure its signal stability. Although the ionic
gel is sensitive to humidity, the signal does not change significantly
with the change in relative humidity from 40% to 80% (Fig. S10
online) because the sensor is tightly sealed using thin PI tapes,
guaranteeing the performance stability of the sensor under differ-
ent humidity and human body conditions (e.g., sweating). The seal-
ing, on the other hand, will introduce a pre-pressure to the sensor,
which leads to increased initial capacitance and decreased sensi-
tivity. Nevertheless, the sensor’s capability to distinguish pressure
as well as the linearity will not be affected, especially in Stage III.

3.3. Highly linear response and applications of the sensors

Sensors with high sensitivity and a wide linear response range
can accurately collect pressure information at different base pres-
sures over a wide range, which is desired in the applications of tac-
tile perception for humanoid robots, physiological signal detection
for human body, and human-computer interaction [14,15]. Fig. 3
compares our sensor with three types of other sensors that apply
stable microstructures or a flat device structure in terms of sensi-
tivity, linearity, and pressure response range. Whereas our sensor
has a superior balance on these sensing parameters, existing sen-
sors significantly underperform in at least one of the three aspects.
Iontronic sensors with stable microstructured ionic gels or elec-
trodes (micropyramids, domes, etc.) are often highly sensitive at
low pressures (S > 10 kPa�1). However, their sensitivity decreases
significantly with increasing pressure, and often drops to a value
lower than 1 kPa�1 as pressure goes higher than 50 kPa [8,13].
Likewise, non-iontronic sensors with microstructures also exhibit
a decreasing sensitivity as pressure increases but their sensitivity
values are much lower than that of the iontronic type [31–35].
For non-iontronic capacitive pressure sensors with a flat dielectric
and electrodes, their sensitivity is linear but extremely low
(~0.01 kPa�1) over a wide pressure range [35], which is at least
three orders of magnitude lower than the sensitivity of our sensor
over full scale, and thus incompetent for many practical
applications.

With superior overall performances, here in this work we con-
ducted a test of our sensor to mimic pressure sensing in real appli-
cations to demonstrate its linear sensing performance over a wide
pressure range. Stepped pressures from ~64 to ~164 kPa with a
pressure increment of ~20 kPa were applied on the sensor, and
the measured capacitance was found to respond steppedly and lin-
early with the increase of pressure (Fig. 4a). We also designed
experiments to prove that the sensor can maintain a linear
response in real application scenarios by resolving small pressure
changes under a high base-pressure. A heavy block that generates



Fig. 2. (Color online) Sensing properties of the micropillared iontronic pressure sensor. (a) Limit of detection (LOD). (b) Response and relaxation speed. (c) Response
hysteresis. (d) Working stability of the sensor tested over 6000 cycles under a pressure of 80 kPa. (e, f) The 45� tilt-view SEM images of the micropillared structure electrode
(e) before and (f) after repeated loading/unloading. (g) Stability in resistance of the micropillared electrode under cyclic loading to 160 kPa. (h) Change in capacitance as a
function of bending radius. (i) Response over 6000 cycles of bending/releasing at a bending radius of ~13 mm.
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a high base-pressure of 160 kPa was placed on a sensor, and five
standard nuts, each with a weight of 2 g producing 0.43 kPa pres-
sure, were then added on the block in sequence. As we put the nuts
on the block one by one (Fig. 4b), the sensor exhibited uniformly
stepped capacitance increase with a response speed of ~100 ms
as the nuts are added (Fig. 4c). This experiment shows that the sen-
sor can still accurately sense small objects with high linearity
under high base-pressures, but with a lower response speed.
6

The human hand can distinguish the relative weight of objects
with the help of a tremendous of tactile receptors distributed in
the skin. Here we laminated a single sensor (2 mm � 6 mm in size)
on the middle finger segment of an artificial hand to mimic the
function of weighting of human hand. A paper cup was hung on
the sensor with four pieces of plastic belts of ~10 cm long, and
weights of different values were then added into the cup
(Fig. 4d). A weight of 300 g was first put into to stabilize the cup.



Fig. 3. (Color online) Comparison of sensitivity of our pressure sensor with other capacitive sensors that employ stable surface microstructures or planar structures.

Fig. 4. (Color online) Linear response of the micropillared iontronic pressure sensor. (a) Change in capacitance as a function of stepped increment of pressure (~20 kPa) from
64 to 164 kPa, showing high linearity over a wide pressure range. (b, c) Detection of small objects (nut that weighs 2 g) under a 160 kPa base-pressure, showing that the
capacitance increases steppedly and linearly with when loading the nuts in sequence. (d) Sensor attached on a finger of an artificial hand for mimicking the weighting
function of human hand. (e) Capacitance signals corresponding to the added weight in the paper cup.
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Next, weights of 10, 20, 20, 50, and 100 g were added into the cup
in sequence and capacitance as a function of time was recorded. As
shown in Fig. 4e, the capacitance is in proportion to the increasing
weight with a rate of ~372 pF/g, but it takes a few seconds for the
signal to get stabilized because the cup is hung with long plastic
belts. The sensor is therefore expected to endow artificial hands
with a weighting function, which is an important application for
humanoid robots.
7

We have also applied our sensor in physiological signal moni-
toring, plantar pressure mapping, and robotic manipulation, to
show its potential in a variety of applications including healthcare,
motion detection, as well as intelligent robotics. The radial artery
pulse is important physiological information that can well reflect
the cardiological health conditions of human beings. We put a sen-
sor of 5 mm � 5 mm in area on the radial artery skin surface of a
male subject (Fig. 5a) and recorded its capacitance signals at



Fig. 5. (Color online) Sensor applications. (a) Measurement of radial artery pulse waveform using a 5 mm � 5 mm sensor. (b, c) By applying different base-pressures, the
intensity of radial artery pulse signals keep relatively stable. (d) Photograph of a plantar pressure sensor array. (e) Schematic illustrations of three gaits during walking, and
the capture of the capacitance signals of the three gaits by using the sensor array. (f) Sensors laminated on the surface of an artificial hand, and a photograph of gripping task
of a tennis ball with the artificial hand. (g) Three-dimensional pressure distributions of the ball at three different angles.

P. Lu, L. Wang, P. Zhu et al. Science Bulletin xxx (xxxx) xxx

8



P. Lu, L. Wang, P. Zhu et al. Science Bulletin xxx (xxxx) xxx
different base pressures (Fig. 5b). We can see that pulse wave can
be well detected with the base pressure increasing from 10.23 to
17.75 kPa, and little change in signal amplitude was found with
increasing pressures (Fig. 5c). Typically, each pulse exhibits two
distinct contraction peaks P1 and P2 resulting from the early sys-
tolic spike in blood ejection and blood flow reflection, respectively
[36]. In addition, the pulse augmentation index (AIr) is an impor-
tant parameter that reflects the degree of vascular sclerosis [37],
defined as the ratio between the amplitude of P2 and P1 [36], and
the parameter DTDVP represents the time interval between the
two peaks [5]. In our study, the tested pulse wave exhibits an AIr
value of 61.1% and a DTDVP of 273 ms, all falling in the normal
ranges (Fig. S11 online). Such data could preliminarily help assess
and conclude that the subject does not suffer from an atherosclero-
sis. It shows that the sensor can well detect human pulse wave-
form, indicating its potential of being applied in advanced
healthcare.

We further made an array of sensors for pressure mapping to
judge the shape of the object loaded on the sensor array. The sen-
sor array has 6 � 6 pixels with each sensing element being
2 mm � 2 mm in size and gaps between the sensing elements
being also 2 mm. The sensor array could accurately detect the con-
tour of the applied weight or pressure distribution caused by the
weight (Fig. S12a online), and also clearly respond to more com-
plex objects, exemplified by the one in the shape of ‘‘5” that applies
a 0.7 N force or a 10.3 kPa pressure (Fig. S12b online). The result
also shows that the sensor array is capable of resolving pressure
with a millimeter spatial resolution (~4 mm). Higher spatial reso-
lution is expected but has not yet been demonstrated in this study.

The plantar pressure distribution is essential to assess the
dynamic loads during human body activities including walking.
Here a sensor array is applied for the detection of plantar pressure
distribution. A layer of EVA foam was cut into the shape of a 42-
yard insole, being used as the substrate. Twenty-three sensors,
each of 7 mm � 7 mm in area, were arranged in a non-matrix for-
mat in the toe, sole, arch, and heel positions (Fig. 5d). Silver threads
connected to the sensors were deployed on the backside of the
foam and then connected to carbon cloth threads for capacitance
signal collection (Fig. S13 online). The pressure distributions of
three gaits during walking including heel-strike, mid-stance, and
heel-off were recorded (Fig. 5e). The difference in pressure distri-
bution among the three different gaits can be clearly seen: the
pressure concentrates on the center of the heel during heel-
strike, and distributes uniformly on both the heel and the forefoot
at the mid-stance state with a lower maximal pressure; for the
posture of heel-off, the pressure mainly concentrates on the big
toe and the forefoot. The accurate measurement of dynamic plan-
tar pressure distributions is especially significant for professional
athletes. Long-term overloading on foot may lead to stress fracture
of the metatarsal bones, a commonly seen danger in athletes that
may threaten their professional career [38]. Once a popular basket-
ball player, YAO Ming, ended his career in this way at a young age.
As such, shoes with such an insole that can dynamically and sensi-
tively detect the pressure distribution of the foot over a wide pres-
sure range would be of great interest in the shoemaking industry
and the sports industry.

The high linearity of response with high sensitivity over a broad
pressure range also plays an important role in the manipulation
tasks of artificial limbs or grippers. Here in this work, we laminated
21 sensors, each with a size of 3 mm � 3 mm, on the palm and fin-
gers of a commercial artificial limb to test the pressure distribution
of the manipulated object. A tennis ball was used in the grasp task,
and pressure for each sensing pixel was recorded as fingers were
gripping the ball (Fig. 5f). The pressure distribution of the ball sur-
face is illustrated in Fig. 5g, showing that pressures on the fingers
are much higher than that on the palm. Specifically, the thumb
9

generates the highest pressure during gripping. Such pressure
information can be used to analyze the kinematic parameters in
manipulation tasks, and in turn optimize the design of artificial
limbs. The experiment also indicates that the sensors we designed
might be used for tactile sensing in intelligent robotics.
4. Conclusion

In summary, we have designed an iontronic pressure sensor
that has micropillared electrode with pillars placed against a layer
of ionic gel to form an EDL interface. The sensor can dynamically
and linearly respond to mechanical stimuli with a high sensitivity.
Our experimental observation and FEA results illustrate that the
micropillars undergo three stages of deformation upon loading:
initial contact, pillar buckling, and post-buckling. In the post-buck-
ling stage, the pillars are squashed and the gel-electrode interface
is deflected, corresponding to the linear and highly sensitive
response (S ~ 33.16 kPa�1) over a wide pressure range (12–
176 kPa). The high linearity lies in the synergy between structural
stiffening and contact area compensation at the electrode-gel
interface determined by mechanical matching. The linear response
and wide pressure response range of our sensor enables a few
application scenarios, such as stable pulse detection at changing
base-pressures, plantar pressure mapping under different gaits,
and robotic manipulation. This work offers a physical insight on
the deformation mode and sensing mechanism of unstable micro-
pillar structures that are used for providing high linearity of
response for sensors. Our sensor is expected to have potential
applications where high sensing linearity over a broad pressure
range is required, not only limited to the demonstrations in this
work.
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