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Recently, with the increasing demand for artificial skins and human bodily motion/physical signals monitoring, flexible 
pressure sensors with a wide detection range are urgently needed. Transparent and stretchable gels with ionic 
conductivities are considered to be ideal candidates for flexible pressure sensors. However, the gel-based pressure 
sensors usually show a relatively narrow detection range, which significantly limits their practical applications. Herein, 
we report an unprecedented bioinspired highly flexible modulus/conductivity-dual-gradient poly(ionic liquid) (PIL) 
ionogel, which is achieved by constructing three layers of PIL ionogels with different monomer concentrations via a 
layer-by-layer gelation method. The flexible pressure sensor based on the gradient PIL ionogel exhibits an ultrabroad 
detection range of 10 Pa-1 MPa. This wearable pressure sensor is highly stable in environments and able to monitor 
both the tiny pressures as low as 10-100 Pa and the high pressures up to 0.1-1 MPa during human body movements. 
This work provides a powerful strategy for the preparation of flexible gradient materials that are promising for 
wearable electronics with a wide pressure detection range. 

Stretchable and flexible electronic devices, as new types 
of intelligent devices, have achieved tremendous growth 
owing to their portability, flexibility, and real-time 
feedback. Modern flexible wearable devices are able to 
monitor, transmit, and analyze human physiological 
signals and activity status in real time, which show great 
advantages over conventional devices with the 
characteristics of rigidness and brittleness.1, 2 Recently, 
as a kind of flexible devices, flexible pressure sensors 
have attracted much attention. The flexible pressure 
sensors are able to convert the external pressures into 
quantifiable electrical signals or other signals for 
transmission, and show potential applications in varied 
fields such as artificial skins, soft robotics, bioelectronic 
interfaces, health diagnoses, human bodily motion 
monitoring, and energy equipment.3-8 Among the 
reported pressure-sensitive materials, gels are 
considered to be ideal candidates because of their ionic 
conductivity, biocompatibility, high stretchability, and 
optical transparency.3, 4, 9 Various flexible pressure 
sensors based on different kinds of gels such as ionic 
conductive hydrogels,9-12 organohydrogels,13-15 

organogels,16, 17 and ionogels (also called ionic liquid gels) 
18, 19 have been reported.  

Recently, with the increasing demand for electronic 
skins and human bodily motion/physical signals 
monitoring, flexible pressure sensors with a wide 
detection range are urgently needed.19-21 The pressure 
may be as low as 1-10 Pa induced by a lightweight object 
such as a small leaf put on the skin. Whereas the 
pressures on the surfaces of human’s sole, finger, and 
palm may reach 100 kPa-1 MPa during some sports such 
as running, jumping, or grabbing heavy objects by hand.20, 

21 The wearable pressure sensors with the ability to 
detect both tiny pressures (such as 10-100 Pa) and high 
pressures (such as 100 kPa-1 MPa) are needed for 
practical applications.  

However, the reported gel-based pressure sensors 
usually show a relatively narrow pressure detection 
range, which hardly meet the needs of wide-range 
pressure sensing in practical applications. The reported 
flexible pressure sensors based on ionic conductive 
polyvinyl alcohol (PVA)/polyacrylamide (PAM) 
hydrogels and cellulose nanofiber/PVA organohydrogels 
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showed a detection range of 0-35 kPa.10, 22 The flexible 
pressure sensors based on amylopectin/poly(acrylic 
acid-co-acrylamide) organohydrogels possessed a 
detection range of  10 Pa-65 kPa.13 The reported 
poly(vinylidene fluoride-hexafluoropropylene) ionic gel-
based pressure sensor with soft micropillared electrodes 
showed a detection range of 0.9 Pa-176 kPa.23 The 
pressure sensors based on ionic conductive 
chitosan−poly(acrylamide-co-acrylic acid) double-
network hydrogel could detect the pressures lower than 
260 kPa.24 The flexible pressure sensor based on 
chitosan/PAM/polyaniline hydrogel with a high modulus 
and a high compressive strength was able to detect high 
pressures up to several megapascals, but its pressure 
detection limit was relatively high (100 Pa).9  

The gradient structure of human skins endows them 
with the ability of sensing wide-range pressures from 
approximately 1 kPa to 1 MPa.2, 7, 19 The detection range 
of the pressure sensors can be effectively enhanced by 
preparing pressure-sensitive materials with a 
bioinspired gradient structure.19, 25, 26 The conductivity-
gradient multi-layer flexible pressure sensor based on 
stiffness-gradient interlocked microdomes and coplanar 
electrodes showed a broad detection range (0.025 Pa-
100 kPa) with high sensitivity and linearity.25 But it was 
not able to detect the pressures higher than 100 kPa. 
Song et al. reported a porous material with a gradient 
and hierarchical architecture, which endowed the 
resulted pressure sensor with a wide detection range of 
0.4 Pa-400 kPa.26 Yan et al prepared an ionic liquid gel 
with a gradient structure induced by an electric field, and 
the resultant pressure sensor showed a high sensitivity 
of 1.62 nF kPa-1 and a wide detection range of 300 Pa to 
2.5 MPa.19 In spite of the enhanced upper detection limit, 
its lowest detection pressure was relatively high, and it 
was not able to detect the tiny pressures lower than 300 
Pa. It remains a challenge to achieve ionogel-based 
pressure sensors with a wider detection range. 

Besides, many previously reported water-containing 
gels were unstable in environments because of the 
evaporation of water and might be frozen at low 
temperatures, resulting in the deterioration of device 
performances.9-12, 27, 28 Among the ionic conductive gels, 
ionogels have drawn great attention because of high 
stability in environments and excellent freeze 
resistance.18, 19, 29, 30 Ionic liquids are a class of organic 
salts composed solely of ions and some of them are in 
liquid state at room temperature. They have a series of 
unique properties, such as high ionic conductivity, 
nonflammability, nonvolatility, and excellent chemical 
and thermal stabilities, which endow the ionogels with 
ionic conductivity and high stability in environments.31, 32 
Polymerization of some ionic liquids that containing 
polymerizable groups such as vinyl groups can afford a 
new type of ionic conductive gels—poly(ionic liquid) 
(PIL) gels. The PIL gels possess tunable ionic 
conductivity and high flexibility and can be applied as 
electrolytes for high-performance supercapacitors and 
batteries.33-35 The solid-state supercapacitor based on a 
poly(propylsulfonate dimethylammonium 
propylmethacrylamide) gel electrolyte exhibited 
superior electrochemical performances with a high 
volume specific capacitance of 300.8 F cm-3 at 0.8 A cm-

3.33 The PIL gels also show potential applications in 

wearable electronics and electronic skins.29, 36 Liu et al 
demonstrated an anti-freezing and highly sensitive ionic 
skin based on a zwitterionic PIL, featuring high 
stretchability (900%), and high conductivity (1.1 S m-1) 
at a low temperature (-20 ℃).36 The multimodal ionic 
skin could detect pressures in the range of 1.1 to 45 kPa 
in the capacitive mode.  

Herein, we report a novel bioinspired transparent 
multi-layer PIL ionogel with a unique 
modulus/conductivity-dual-gradient porous structure, 
which significantly enhanced the detection range of the 
flexible pressure sensor based on the ionogel. The PIL 
ionogel was prepared by the radical polymerization of an 
ionic liquid monomer — 1-vinyl-3-butylimidazolium 
tetrafluoroborate ([VBIm][BF4]), with N,N'-methylene 
bisacrylamide (MBA) as the cross-linker and 2-hydroxy-4′
-(2-hydroxyethoxy)-2-methylpropiopheno (Irgacure-
2959) as the initiator. Another kind of ionic liquid (1-
butyl-3-methylimidazolium tetrafluoroborate 
([BMIm][BF4])) was used as the solvent. The 
modulus/conductivity-dual-gradient structure of the PIL 
ionogel was achieved by constructing three layers of PIL 
ionogels with different monomer concentrations via a 
layer-by-layer gelation method, which was simple and 
energy efficient. The flexible pressure sensor based on 
the gradient PIL ionogel exhibited an ultrabroad 
detection range of 10 Pa-1 MPa. This pressure sensor 
was wearable and able to monitor both the tiny 
pressures (10-100 Pa) and the high pressures (0.1-1 MPa) 
of various physiological signals and human bodily 
motions. This work provides a powerful strategy towards 
flexible gradient materials promising for wearable 
electronics with a wide pressure detection range.  

As shown in Figure 1a, bamboo culms are a kind of 
structurally gradient materials, which possess gradient 
distributions of longitudinal fibers through the wall 
thickness. The concentration of longitudinal fibers 
gradually increases from inside to outside, making 
bamboo a high-strength material.37 Inspired by the 
gradient structure of bamboo culms, the multi-layer 
gradient PIL ionogel was prepared by a layer-by-layer 
gelation method as shown in Figure 1b and Figure S1. 
Radical polymerization of the ionic liquid monomer 
[VBIm][BF4] at the presence of the cross linker MBA, the 
photoinitiator Irgacure-2959, and the solvent 
[BMIm][BF4] could afford an ionogel with a three-
dimensional (3D) cross-linked PIL network structure 
(Figure 1c). The porous structure, mechanical property, 
and electrical conductivity of the PIL ionogel could be 
adjusted by changing the concentrations of the monomer 
in the mixed solution during the preparation of different 
ionogel layers. The pressure/strain sensor based on the 
multi-layer gradient PIL ionogel is expected to possess a 
wide pressure detection range.  

The cylindrical and rectangular gradient PIL ionogels 
could be obtained simply by layer-by-layer gelation in a 
beaker and a rectangular container, respectively. The 
gradient PIL ionogel had high optical transparency, 
which is necessary for transparent electronics (Figure 
2a). The three ionogel layers were firmly bonded to each 
other without separation during processing, 
compression, and stretching. 
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Figure 1. Mechanism and preparation method of the multi-layer gradient PIL ionogels. (a) Overview of the cross section of the 
bamboo culms with gradient distributions of longitudinal fibers: Reproduced with permission: Copyright 2006, Springer.37 (b) 
Illustration showing the preparation process of the gradient PIL ionogel via a layer-by-layer gelation method. (c) Schematic of 
the network formation via the radical polymerization method. 

The concentration variation of the monomer during 
preparation could be used to adjust the porous 
structures of the resulting PIL ionogels. The cross-linked 
network structure of the PIL ionogels was achieved by 
polymerization of the monomer at the presence of a 
cross linker. The monomer concentration during 
preparation could affect the cross-linking density of the 
resulted polymer network. The higher monomer 
concentration resulted in higher cross-linking density, 
while the lower monomer concentration resulted in 
lower cross-linking density. The higher cross-linking 
density of the polymer network could lead to the smaller 
pore size, whereas the lower cross-linking density could 
lead to the larger pore size.  

Field emission scanning electron microscopy (FESEM) 
was used to observe the microstructures of PIL ionogels. 
Note that the ionic liquid [BMIm][BF4] was freeze-
resistant and not volatile. Therefore, the ionic liquids in 
the PIL ionogels were replaced with water to afford 
hydrogels, which were then freeze-dried to remove 
water before the FESEM test. The pore size of PIL-3 was 
significantly smaller than those of PIL-1 and PIL-2, and 
the pore walls became thicker with increasing the 
monomer concentration (Figure 2b). The FESEM images 
of PIL-1, PIL-2, and PIL-3 indicated the gradient porous 
structure of GPIL. The PIL ionogel with thicker pore walls 
was expected to have a tougher skeleton with higher 
Young’s modulus and compressive strength, which was 
confirmed by the mechanical tests described below.  

The chemical structure of PIL-1 was investigated by 
FTIR (Figure 2c). The bands at 3342 cm-1 and 3153 cm-1 
were ascribed to the C-H stretching vibration of 
imidazole ring, while the bands at 2964 cm-1, 2920 cm-1 
and 2878 cm-1 were attributed to the stretching vibration 
of aliphatic C-H.38 The band at 1573 cm-1 corresponded to 
the stretching vibration of C=C on imidazole ring 
skeleton,39 while those at 1467 cm-1 and 1165 cm-1 were 
ascribed to the deformation vibration of -CH3 on 
imidazole ring and the in-plane deformation vibration of 
imidazole ring C-H, respectively.40 The band at 1083 cm-1 
corresponded to the stretching vibration of B-F in BF4.  

Traditional hydrogels are unstable in environments 
because of the evaporation of water and the freeze at low 
temperatures, which significantly limit their applications 
as flexible pressure sensors. However, the ionic liquids 
used in this work were characterized by their 
nonvolatility, chemical stability, and wide working 
temperature range, which endowed the resulting GPIL 
with excellent anti-freezing performances and high 
stability in environments. When placing GPIL in a 
refrigerator at -17 ℃ for 24 h, it still maintained high 
flexibility and stretchability, which showed excellent 
freeze resistance of GPIL (Figure 2d). The appearance, 
weight, volume, and shape of GPIL remained nearly 
unchanged after being placed in indoor air for 3 months 
(Figure 2e), indicating the high environmental stability. 
In addition, GPIL exhibited excellent self-adhesive and 
self-healing properties (Figure 2f and Figure S2). After 
being cut into two pieces, they can be bonded to each 
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other in 5 seconds under ambient conditions and the 
recombined GPIL can be stretched with approximately 
100% strain without fracture (Movie S1). The 
imidazolium cation of the monomer ([VBIm][BF4]) and 
solvent ([BMIm][BF4]) could form strong interactions 

with BF4ˉ via ionic bond.29 The reconstruction of ionic 
bond may lead to the self-healing behavior of the PIL 
ionogels.  
 

 
Figure 2. Appearances, morphologies, chemical structures, environmental stability, and self-adhesion of the multi-layer 
gradient PIL ionogel. (a) Digital photos of GPIL. (b) FESEM images of PIL-1, PIL-2, and PIL-3 showing a gradient porous 
structure of GPIL. (c) FTIR spectrum of PIL-1. (d) The flexibility and stretchability of GPIL after being placed in a refrigerator at 
-17 oC for 24 h. (e) Environmental stability of GPIL in air for 3 months. (f) Self-adhesive properties of GPIL. 

The compressive stress-strain curves of PIL-1, PIL-2, 
PIL-3, and GPIL were shown in Figure 3a-f, Figure S3, 
Figure S4, and Figure S5. GPIL and each layer of GPIL 
were able to withstand 80% compression without 
fracture and recover their initial states after they were 
released, demonstrating their high compressibility and 
elasticity. By comparing the compressive stress-strain 
curves of the PIL ionogels, we found that the compressive 
strengths and moduli of the PIL ionogels could be 
adjusted in a wide range by changing the concentrations 
of the ionic liquid monomer [VBIm][BF4].  

The compressive strengths and Young’s moduli of the 
PIL ionogels became higher with the increase of 
monomer concentrations. The compressive stresses of 
PIL-1 and PIL-2 at 80% strain were around 120 kPa and 
251 kPa, respectively, while those of PIL-3 and GPIL 
reached 1200 kPa and 809 kPa, respectively (Figure 3a-
d). In addition, the Young’s modulus increased from 4 
kPa for PIL-1 to 25 kPa for PIL-2 and then 144 kPa for 
PIL-3 (Figure 3i). This confirmed the modulus gradient 
of GPIL. The reasons for the gradient modulus and 
compressive strength of GPIL can be explained as follows. 
As it was presented in the FESEM images (Figure 2b), 
the higher monomer concentration resulted in the 

denser network with the thicker pore walls, which led to 
the higher compressive strength and Young’s modulus of 
the PIL ionogel. The modulus of GPIL was 9 kPa, which 
was higher than that of PIL-1 but much lower than those 
of PIL-2 and PIL-3. The compressive stresses of GPIL at 
80% and 81.5% strains reached 809 kPa and 1 MPa, 
respectively, slightly lower than that of PIL-3, but much 
higher than those of PIL-1 and PIL-2. GPIL and each layer 
of GPIL were able to recover after compression tests with 
the high pressure of 1 MPa, indicating the high elasticity 
of the ionogels (Figure 3c, e and Figure S5).  

Stress-strain curves of GPIL (Figure S4) at different 
strain rates have also been measured. It was found that 
the stress-strain curve of the gradient PIL ionogel (GPIL) 
exhibited an apparent hysteresis loop, which became 
larger with higher strain rate, indicating a viscoelastic 
property. In addition, GPIL exhibited excellent fatigue 
resistance. It could recover its original size after 
compression tests with 50% strain for 100 cycles 
(Figure 3f). The multi-layer GPIL kept intact without 
inter-layer separation after cyclic compression tests. 
These characteristics of GPIL are necessary for a durable 
flexible pressure sensor.  
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Figure 3. Mechanical properties of PIL iongels. Compressive stress-strain curves of (a) PIL-1, (b) PIL-2, (c) PIL-3, and (d, e, f) 
GPIL. (g, h) Tensile tests of GPIL. (i) Gradient Young’s modulus and compressive stress (at 80% strain) of GPIL. (j) Gradient 
conductivity of GPIL. (k) Schematic of the modulus and conductivity gradient of GPIL. 

In addition to high compressibility, GPIL exhibited high 
stretchability, which was confirmed by the tensile tests 
(Figure 3g, h, Figure S6, and Movie S2). The rectangular 
GPIL was cut into strips with a width of 8 mm and a 
thickness of 2.5 mm for the tensile tests. As shown in the 
tensile stress-strain curve of GPIL (Figure 3h), its 
elongation at break reached approximately 380%. As 
presented in the cyclic tensile test (Figure S7), GPIL 
could endure stretching with 320% strain for 4 cycles. 
The high compressibility, high stretchability, and high 
elasticity of GPIL were probably attributed to its tough 
three-dimensional network that was composed of 
flexible PIL polymers. These PIL polymers were 
chemically cross-linked by the cross-linker MBA during 
radical polymerization. 

The electrical properties are also very important for 
flexible electronic devices. The abundant charged groups 
of ionic liquid could serve as free charge carriers, 
endowing the PIL ionogels with excellent electrical 
conductivities. In order to explore the effect of the 
monomer concentrations on the electrical properties of 
the PIL ionogels, we measured the electrical resistances 
of PIL-1, PIL-2, and PIL-3. PIL-1, PIL-2, and PIL-3 were 
kept in tight contact with each other at room 
temperature for 2 days to make sure that the diffusion of 
ions within the three ionogels reached equilibrium 
before resistance measurements. The conductivities (σ) 
were calculated by the following equation, 

𝜎𝜎 =
𝐿𝐿

𝑅𝑅 × 𝑆𝑆
   (1) 

where R is the electrical resistance, L and S are the length 
and cross section area of the PIL ionogels, respectively. 
Based on the calculation results, the conductivity 
distribution of GPIL was depicted in Figure 3j. The 
conductivities of PIL ionogels decreased with increasing 

the monomer concentrations, the values of which were 
7.5 S m-1, 2.5 S m-1, and 0.8 S m-1 for PIL-1, PIL-2, and PIL-
3, respectively.  

The mobility of ions plays a decisive role in the 
electrical conductivities of PIL ionogels. The higher 
monomer concentration resulted in a denser network, 
which would restrict the migration of free ions. 
Meanwhile, the denser network of the PIL ionogel would 
result in less mobile charge carriers even after the 
diffusion of ions reached equilibrium. These two factors 
led to the decrease of the conductivities of PIL ionogels 
with increasing the monomer concentrations. 

It can be found that both the mechanical properties 
and electrical properties (electrical conductivity) of the 
PIL ionogels could be effectively adjusted by changing 
the monomer concentrations. Consequently, the 
modulus/conductivity-dual-gradient PIL ionogel can be 
obtained by superimposing three layers of ionogels with 
different monomer concentrations via the layer-by-layer 
gelation method (Figure 3k).  

Gels with ionic conductivities and excellent flexibility 
have received lots of attention and are thought to be 
ideal candidates for wearable electronics. However, there 
are still plenty of inherent limitations of soft ionogels in 
achieving broader detecting range. In this work, a multi-
layer gradient PIL ionogel was designed and used to 
assemble the resistive pressure sensor, which was 
expected to achieve the goal of wider-range pressure 
sensing. As shown in Figure 4a, the multi-layer GPIL was 
sandwiched between two flexible electrodes to afford a 
pressure sensor. Similarly, the electrical signals of the 
homogeneous PIL ionogel-based sensors were measured 
under different pressures for comparison. Figure 4b and 
Figure S8 plotted the relative conductance changes 
(ΔG/G0) of the pressure sensors based on homogeneous 
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PIL ionogels and GPIL as a function of pressure. It was 
shown that the upper pressure detection limits of the 
sensors based on PIL-1, PIL-2, and PIL-3 were 120 kPa, 
251 kPa, and 1200 kPa, respectively. By comparing the 
upper detection limits, it could be easily found that the 
sensors based on the PIL ionogels with higher 

compressive strengths had the higher upper detection 
limits. The upper detection limit of the GPIL-based 
sensor reached 1 MPa, which was slightly lower than that 
of the PIL-3-based sensor, but much higher than those of 
the sensors based on PIL-1 and PIL-2. 
 

 
Figure 4. Sensing properties and mechanisms of the GPIL-based pressure sensor. (a) Schematic of the GPIL-based pressure 
sensor. (b) Relative conductance changes of the pressure sensors based on GPIL, PIL-1, PIL-2, and PIL-3 as a function of 
pressure (the inset is the partial-enlarged view in the range of 0-100 kPa). (c) Detection limit of the GPIL-based pressure 
sensor. (d) Loading-unloading cyclic test of the GPIL-based pressure sensor for 100 cycles with 50% compressive strain. (e) 
Comparison of the pressure detection ranges of our gradient PIL ionogel-based pressure sensor and other reported gel-based 
pressure sensors. (f) Relative conductance change of the GPIL-based sensor as a function of tensile strain. (g) Schematic of 
molecular-scaled structure variation of the GPIL-based pressure/strain sensor during compression and stretching. 

The sensitivity, defined as the slope of the relative 
conductance change versus pressure, is a crucial 
parameter for wearable pressure sensors. As shown in 
Figure 4b and Figure S8, all of the sensors had relatively 
high sensitivities in their low-pressure range, and 
showed decreased sensitivities in their high-pressure 
range. In the low-pressure range (<10 kPa), PIL-1-based 
sensor had the highest sensitivity (0.04 kPa-1 within 0.5-
10 kPa) while PIL-3-based sensor had the lowest 
sensitivity (0.0065 kPa-1 within 0.5-10 kPa). This can be 
explained that the PIL ionogels with lower moduli are 
softer and will have a more significant electrical signal 
change under the same external pressure, which is 
conducive to achieve a higher sensitivity in the low-
pressure range.  

The pressure sensitivity of the GPIL-based sensor was 
around 0.020 kPa-1, 0.003 kPa-1, and 0.002 kPa-1 in the 
range of 0-100 kPa, 100-400 kPa, and 400-1000 kPa, 
respectively. In the range of 0-100 kPa, the GPIL-based 
pressure sensor showed higher sensitivity compared 
with that of the PIL-3-based pressure sensor. In the 
range of 100-400 kPa, the relative conductance changes 
of the pressure sensors based on PIL-1 and PIL-2 tended 
to become saturated, while the pressure sensors based 
on GPIL and PIL-3 still exhibited relatively high 
sensitivities. In the range of 400-1000 kPa, the relative 

conductance changes of the pressure sensors based on 
GPIL and PIL-3 remained increasing with increasing 
pressure. This phenomenon can be explained as follows. 
When the GPIL-based pressure sensor is subjected to 
external pressures, the low-modulus layer first bears 
most of the deformation, resulting in the rapid increase 
of conductivity. Then, the compression deformation 
gradually shifts to the high-modulus layer when the 
softer layer approaches the saturation, alleviating the 
trend of saturation of the conductivity variation and 
ensuring the continuous change of the electrical signal. 
The low-modulus ionogel layer enabled the GPIL-based 
pressure sensor to exhibit excellent response to tiny 
pressures and strains, while the high-modulus layer 
ensured its response to high pressures. 

As presented in Figure 4c, the measured detection 
limit of the GPIL-based pressure sensor was as low as 10 
Pa. Combining the low-modulus layers and the high-
modulus layers, the multi-layer gradient PIL ionogel-
based sensor could detect wide-range pressures from 10 
Pa to 1 MPa. In addition, the stability of GPIL-based 
pressure sensor was evaluated by loading-unloading 
cyclic test for 100 cycles with 50% compressive strain 
(Figure 4d). It can be seen that the sensor transformed 
the repeated deformations into stable electrical signal 
outputs. Benefitting from its wide pressure detection 
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range, the pressure sensor based on the gradient PIL 
ionogel is expected to achieve accurate measurement of 
tiny pressures as well as high pressures.  

Figure 4e showed the comparison of the pressure 
detection ranges of our gradient PIL ionogel-based 
pressure sensor and other reported gel-based pressure 
sensors. The GPIL-based pressure sensor had an obvious 
advantage of wide detection range (10 Pa-1 MPa) over 
the reported gel-based pressure sensors.19, 25, 41-46 

Apart from the compressive pressure sensing, the 
tensile strain sensing performances of the gradient PIL 
ionogel-based sensor were also examined. As shown in 
Figure 4f and Figure S9, the conductivity of GPIL-based 
strain sensor decreased with increasing tensile strain (in 
the range of 0-320%) or tensile stress (in the range of 0-
40 kPa), and then gradually raised during unloading 
process, indicating a good tensile strain sensing 
performance. 

The molecular-scaled structure variation during 
compression and stretching was schematically presented 
in Figure 4g. The conductance was markedly influenced 
by the migration of ions through the ionogel from one 
electrode to another electrode under an alternating 
voltage. During compression, the relative concentration 
of ions in the ionogel increased with shortened migration 
distances in a definite space, resulting in the increase of 
conductance.19 There was an opposite situation during 
stretching, causing the decrease of conductance. 
Moreover, when the ionogel was released from 
compression or stretching, its conductance could recover 
its original value. 

For the purpose of understanding the deformations of 
homogenous PIL ionogels and gradient PIL ionogel under 
various stresses more clearly, a simulation diagram was 
displayed in Figure 5. The strains of PIL-1, PIL-2, and 
PIL-3 under different stresses were assigned according 
to the stress-strain data obtained from Figure 3a-c and 
Figure S5. The strains of GPIL under different stresses 
listed in this diagram were theoretical values, which 
were calculated from the strains of PIL-1, PIL-2, and PIL-
3 via the following equation, 

𝜀𝜀 =
1
3

(𝜀𝜀1 + 𝜀𝜀2 + 𝜀𝜀3)   (2) 

where ε is the theoretical strain values of GPIL, ε1, ε2, and 
ε3 are the strain values of PIL-1, PIL-2, and PIL-3 under 
the same stress, respectively. The theoretical strains of 
GPIL at different stresses were basically consistent with 
the experimental strains obtained from the stress-strain 
curve of GPIL (Figure S10). Equation 2 was used under 
the condition that each layer possessed the same 
thickness. However, the thicknesses of these three 
ionogel layers of the obtained GPIL may be slightly 
different, which resulted in the slight differences 
between the measured and calculated strains at the same 
pressure. Different levels of pressures including 1 kPa, 10 
kPa, 100 kPa, and 1000 kPa were marked out in the 
diagram, and the deformations of the PIL ionogels under 
wide-range pressures could be intuitively observed. The 
softer PIL ionogel layer with a lower modulus exhibited a 
larger deformation under the same pressure compared 
with the stiffer PIL ionogel with a higher modulus. GPIL 
always showed a larger deformation compared to that of 
PIL-3 under the same pressure in the wide range of 0-1 
MPa. Besides, the deformations of PIL-1 and PIL-2 
became saturated under 1 MPa. By contrast, GPIL was 

compressible even under the high pressure of 1 MPa 
mainly due to the deformation of the layer with the 
highest modulus (PIL-3), indicating its feasibility for 
high-pressure sensing.  

 
Figure 5. Simulation diagram of GPIL and corresponding 
homogenous ionogels (PIL-1, PIL-2, and PIL-3) under 
various stresses. 

Thanks to the design of multi-layer gradient structure, 
the GPIL-based pressure sensor could detect wide-range 
pressures with high sensitivities. In addition, the PIL 
ionogels themselves have many advantages such as 
inherent excellent ionic conductivity, high tensile 
strength, high optical transparency, and high 
environmental stability. The gradient structure, ionic 
conductivity, flexibility, upper detection limit, and self-
healing property of the resultant gradient PIL ionogel-
based flexible pressure sensor are similar to those of the 
human skin. The high-performance wide-range pressure 
sensor based on GPIL can be used to monitor various 
physiological signals and human bodily motions and can 
also be applied for bioinspired ionic skins with a wide 
pressure response range.  

The GPIL-based pressure/strain sensor was placed on 
different positions of human skins with the softest layer 
inside for the sensing demonstrations. The movements of 
the human body were recorded in real time by the sensor. 
Here, the changes of relative resistance and conductance 
were taken as the sensing parameters, which were 
calculated via the following formulas, 

∆𝑅𝑅
𝑅𝑅0

=
𝑅𝑅 − 𝑅𝑅0
𝑅𝑅0

× 100%   (3) 

∆𝐺𝐺
𝐺𝐺0

=
𝐺𝐺 − 𝐺𝐺0
𝐺𝐺0

× 100%   (4) 

where R and G are the resistance and conductance values 
in real time, respectively, R0 and G0 are the initial 
resistance and conductance of the PIL ionogel, 
respectively.  

Tiny pressures or strains could be detected by the 
GPIL-based pressure/strain sensor owing to its high 
sensitivity. By attaching the sensor to the skin of a 
volunteer’s larynx, different words spoken by the 
volunteer could be distinguished and the swallowing 
actions could be accurately monitored (Figure 6a, b). 
The output signals of different words "Hi" and "Chinese" 
presented one peak and three peaks, respectively. 
Repeating each word twice could get the similar results, 
which proved the good discrimination and repeatability 
of the signal (Figure 6a). As shown in Figure 6b, the 
output signals were clearly recorded during swallowing. 
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The characteristics of each cycle of the output signals 
were similar during repeated swallowing for three times.  

Figure 6c showed a real-time periodic pulse record 
detected by the GPIL-based pressure sensor attached on 
the volunteer’s wrist. The heart rate (65 beats per 
minute) of the volunteer could be calculated from the 
peaks of the curve. There were three distinct peaks of P1, 

P2, and P3 in the selected peak. P1 was resulted from the 
blood flow ejected by heart contraction, while P2 and P3 
were blood reflections from the lower body and closed 
aortic valve, respectively.47 These results indicate the 
application potential of the GPIL-based pressure sensor 
in accurate personal health monitoring.  

 
Figure 6. Detections of physiological signals and human bodily motions using the GPIL-based pressure/strain sensors. (a) 
Discrimination of different words. (b) Swallow monitoring. (c) Heart beat monitoring. (d) Movement detection of a knee. (e) 
Plantar pressure monitoring. (f) Finger bending monitoring. (g) Movement detection of a wrist. (h) Movement detection of an 
elbow. 

In addition, it was found in Figure 6f that the relative 
resistance of the GPIL-based sensor increased with the 
increase of the finger bending angle. The relative 
resistance could recover its original value when the 
finger returned to the original angle, which showed the 
excellent repeatability of the signal. Similarly, when 
detecting the repeatedly bent and straightened 
movements of the wrist, elbow, and knee, the GPIL-based 
pressure sensor could output apparent electrical signals 
with good repeatability (Figure 6d, g, h). The 
recognition of motion states of human joints by the 
flexible sensor will help to realize the real-time and 
remote operations of robot motions in the future, which 
is expected to promote the development of human-
computer interaction interface and artificial intelligence.  

Further demonstrations were carried out to evaluate 
the application of the GPIL-based pressure sensor in 
wide-range pressure sensing. It is noteworthy that the 
upper pressure limit of the GPIL-based pressure sensor 
(1 MPa) is high enough to detect the plantar pressures of 
a person. The GPIL-based pressure sensor was put on the 
sole of the volunteer to monitor the plantar pressures. As 
shown in Figure 6e, when the body of a volunteer was 
supported with his feet, the relative conductance change 
of the GPIL-based pressure sensor reached around 280% 
immediately. After the foot was lifted, the relative 
conductance change decreased rapidly to the original 
value. The successful detection of the plantar pressure by 

the GPIL-based sensor validated its high potential for 
practical applications in wide-range pressure sensing. 

 
Figure 7. GPIL-based pressure-sensing array. (a) Schematic 
of the structure of the sensing array. (b) Photograph of the 
sensing array. Responses of the sensing array to (c) a cap of 
a pen, (d) a key, and (e) a bottle of water. 

Besides, a high-performance 5×5 GPIL-based pressure-
sensing array was demonstrated. The sensing array was 
mainly composed of 25 GPILs with the same size, 10 
copper membrane strips, and two flexible and 
transparent insulators (Figure 7a, b). The signal outputs 
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of the sensing array were consisted with the positions 
and shapes of both the small and light-weight subjects 
(such as a cap of a pen and a key) and relatively large and 
heavy subjects (such as a bottle of water (0.55 kg)) that 
put on the array (Figure 7c-e). This also confirms the 
capability of the gradient PIL ionogel-based pressure 
sensor for wide-range pressure sensing.  

In summary, we have developed a flexible pressure 
sensor with an ultrabroad detection range based on a 
novel gradient PIL ionogel, which was inspired by the 
gradient structure of the bamboo culms. The gradient PIL 
ionogel exhibited a unique modulus/conductivity-dual-
gradient multi-layer structure, which was achieved by 
superimposing three layers of PIL ionogels with different 
monomer concentrations via the layer-by-layer gelation 
method. The modulus, compressive strength, and 
conductivity of the ionogel could be adjusted in a wide 
range by adjusting the monomer concentrations. The 
low-modulus ionogel layer enabled the gradient PIL 
ionogel-based pressure sensor to exhibit high response 
to tiny pressures and strains, while the high-modulus 
layer ensured its response to high pressures. As a result, 
the gradient ionogel-based pressure sensor showed a 
wide detection range of 10 Pa-1 MPa. It could be used for 
monitoring both tiny pressures (10-100 Pa) and high 
pressures (0.1-1 MPa) of various physiological signals 
and human bodily motions and showed potential 
applications in ionic skins with a wide response range. 
The ionic liquid endowed the ionogels with high stability 
in environments and excellent anti-freezing 
performances, which could further widen the application 
scope. This work provided a versatile method for the 
design of flexible materials with gradient structures, 
which is of great significance to the structural design of 
the next-generation flexible smart devices.  
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