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Developing excellent plantar pressure sensors for monitoring human 
motions by using highly compressible and resilient PMMA 
conductive iongels 
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G R A P H I C A L  A B S T R A C T  

Schematic illustration of plantar pressure distribution visualization system including a 9-channel pressure sensor array, analog to digital converter, data analysis 
software, and operation interface.  
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A B S T R A C T   

Based on real-time detection of plantar pressure, gait recognition could provide important health information for 
rehabilitation administration, fatigue prevention, and sports training assessment. So far, such researches are 
extremely limited due to lacking of reliable, stable and comfortable plantar pressure sensors. Herein, a strategy 
for preparing high compression strength and resilience conductive iongels has been proposed by implanting 
physically entangled polymer chains with covalently cross-linked networks. The resulting iongels have excellent 
mechanical properties including nice compliance (young’s modulus < 300 kPa), high compression strength (>10 
MPa at a strain of 90 %), and good resilience (self-recovery within seconds). And capacitive pressure sensor 
composed by them possesses excellent sensitivity, good linear response even under very small stress (~kPa), and 
long-term durability (cycles > 100,000) under high-stress conditions (133 kPa). Then, capacitive pressure sensor 
arrays have been prepared for high-precision detection of plantar pressure spatial distribution, which also exhibit 
excellent sensing performances and long-term stability. Further, an extremely sensitive and fast response plantar 
pressure monitoring system has been designed for monitoring plantar pressure of foot at different postures 
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including upright, forward and backward. The system achieves real-time tracking and monitoring of changes of 
plantar pressure during different static and dynamic posture processes. And the characteristics of plantar pres
sure information can be digitally and photography displayed. Finally, we propose an intelligent framework for 
real-time detection of plantar pressure by combining electronic insoles with data analysis system, which presents 
excellent applications in sport trainings and safety precautions.   

1. Introduction 

Recently, flexible and wearable devices have attracted extensive 
attention due to their promising applications in human–machine inter
action, smart robotics, human motion tracking, and personal healthcare 
monitoring [1,2]. The use of flexible and wearable devices for human 
motion tracking can provide important body information for further 
applications, such as rehabilitation administration, fatigue prevention, 
and sports training assessment [3–6]. Particularly, gait recognition is 
critical for early warning of the loss of balance events, which are the 
primary causes of fall injuries of construction workers, elder individuals, 
and patients [7,8]. Furthermore, gait recognition also can provide 
effective prediction of cerebellar problems caused by physiological 
aging, pathological aging as well as alcohol/drug-related stimulants [9]. 
Currently, posture monitoring has been accomplished via video-based 
human motion analysis technology or inertial sensor system [10]. 
However, the task of gait recognition remains challenging due to the 
complexity of collecting data on the amplitude, spatial distribution, and 
temporal evolution of plantar pressure. These data are mainly obtained 
through wearable pressure monitoring devices that need to possess the 
ability to detect changes in pressure information in real-time, accu
rately, sensitively, and reliably. 

Among the wearable plantar pressure monitoring devices, flexible 
pressure sensors have been extensively employed to collect the plantar 
pressure information. The transformation of external mechanical stimuli 
into measurable electrical signals is based on mechanical–electrical 
transduction modes (e.g., piezoresistive, capacitive, piezoelectric, and 
triboelectric sensing mechanisms) [11–14]. In previous works, Pan and 
co-workers reported a smart insole system consisting of a capacitive 
pressure sensor array to monitor plantar pressure distributions [15]. 
Thanks to the introducing of a controllable vertical pore dielectric layer, 
their devices achieved wide detection range, high sensitivity, and real- 
time display of plantar pressure mapping. A pressure mapping system 
based on a piezoelectric nanogenerator can accurately acquire plantar 
pressure signals during walking [16]. The improvement of sensitivity 
and response speed of flexible pressure sensor could be achieved by 
structural design (e.g., pyramidal structures, mesh structures and mi
cropores) [13,17,18]. However, destruction of such well-designed mi
crostructures under persistent high-stress conditions is still a major 
obstacle for achieving stability and reliability of the sensing of plantar 
pressures. Furthermore, wearing comfort in a daily usage and preven
tion of foot fatigue after long-term wearing are another vital require
ment. In addition, unlike flexible pressure sensors used in e-skin, 
artificial tactile, and bioelectronics that necessitate high sensitivity, 
wide response ranges, and rapid response speed, the primary challenges 
for plantar pressure sensors lie in ensuring reliability and stability 
[19–22]. For the plantar pressure sensors, they must withstand harsh 
working conditions, including bearing the entire body weight and 
enduring prolonged and repetitive trampling. As such, the production of 
highly flexible pressure sensors requires the use of flexible materials that 
possess great mechanical properties, sensing performances, long-term 
stability, softness and wearable comfort. 

To address the mentioned concerns, conductive iongels with good 
mechanical flexibility and deformability are highly desired candidates 
for constructing wearable electronic devices [23–25]. However, there 
are seemingly contradictory requirements in mechanical properties 
when developing plantar pressure sensors, such as soft and strong, tough 
and resilient. These requirements hinder the application of iongels in 

plantar pressure sensors. So, developing new methods to fabricate ion
gels with excellent properties in all aspects is crucial for the synthesis of 
advanced wearable electronic devices. Generally, the mechanical 
strength is enhanced by increasing the crosslinking density in single 
network hydrogel to induce hydrogel hardening. In other words, the 
prepared hydrogels are typically more rigid. In the network hydrogel, 
the tough hydrogel is achieved by introducing energy dissipation unites, 
accompanying inevitable hysteresis in deformation, and thus tough 
hydrogels are typically not resilient [26–28]. Recently, a low hysteresis 
hydrogel has been developed by creating a polymer network with few 
crosslinks, where mechanical tension is transmitted along and between 
polymer chains, leading to enhanced mechanical properties [29]. 
Therefore, synthesis of physically entangled polymer chains that con
tains a stress transmission network will be a great approach to fabricate 
iongels with improved properties such as mechanical flexibility, high 
compressive strength, and resilience [30–32]. 

Herein, we reported a method for fabricating conductive iongels with 
high compression strength and resilience by implanting physically 
entangled polymer chains with covalently cross-linked secondary net
works. The resulting iongels presented excellent mechanical softness 
(young’s modulus < 300 kPa), high compression strength (compression 
stress > 10 MPa at a strain of 90 %), and resilience (self-recovery time 
within seconds). To validate their promising application as flexible 
pressure sensors, we prepared a capacitive pressure sensor with lami
nated multilayer structure by integrating iongels as flexible electrodes. 
As a result, the resultant capacitive pressure sensor has excellent sensing 
and mechanical performances, as well as good long-term stability (cy
cles > 100,000) during detection of pressures. Next, capacitive pressure 
sensor arrays have been produced for high-precision detection of plantar 
pressure spatial distribution. Then, a new plantar pressure monitoring 
system has been established for monitoring plantar pressure of feet at 
different postures. The system can achieve real-time tracking and 
monitoring of changes of plantar pressure during different static and 
dynamic motions. And the characteristics of plantar pressure informa
tion can be displayed digitally and photographically for further analysis 
and applications. Finally, we propose an intelligent framework by 
combining electronic insoles as capacitive pressure sensors with a data 
analysis system to monitor plantar pressures in real time during sports 
training and as a safety precaution. Hence, by forming new structures at 
the molecular level, this work paves the way for designing advanced 
materials with excellent mechanical properties, sensing performances, 
stability, and wearable comfort ability, and boosting their applications 
in the fields of wearable electronic devices and sensors. We believe that 
our research can play an important role in many fields such as sensing, 
wearable devices, robot skins, sports training, safety precautions, and 
medical treatments. 

2. Experimental section 

2.1. Chemicals 

Polymethyl Methacrylate (PMMA, Sigma, Mw = 990,000 g/mol by 
GPC), acetone (Sinopharm Chemical Reagent Co., LTD.), 1-ethyl-3- 
methylimidazolium bis (trifluoromethyl sulfonyl) imide (Shanghai 
Cheng Jie Chemical Co., LTD), Monomer methyl methacrylate (MMA, 
Shanghai Aladdin Biochemical Technology), triethylene glycol dime
thacrylate (TEGDMA, Aladdin), and 2-hydroxy-2-methylpropiophenone 
(Aladdin). All these chemicals were used as received without further 
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treatment. Pure water for all of the experiments was obtained from a 
Millipore water purification system (Millipore Corp.). 

2.2. Preparation of iongels 

The iongels were prepared by photoinitiated radical polymerization 
of monomer in a solution of PMMA and ionic liquid. We firstly dissolved 
PMMA in ionic liquid to obtain a solution via the following method: 
PMMA (1 g) was dissolved in acetone (9 g, analytical reagent) at room 
temperature under stirring for 4 h. Then, the PMMA solution (0.5 g) was 
added into ionic liquid (1-ethyl-3-methylimidazolium bis (tri
fluoromethyl sulfonyl) imide, [EMI][TFSI]) (1 g) under stirring, and the 
acetone was removed at 60 ◦C for 12 h. Secondly, we construct cova
lently crosslinked secondary network in the plastic iongels by poly
merization of the monomer. Monomer methyl methacrylate (MMA, 0.3 
g), crosslinking agent triethylene glycol dimethacrylate (TEGDMA, 10.2 
mg), and photoinitiator 2-hydroxy-2-methylpropiophenone (10.0 mg) 
were added into the PMMA plastic iongels under vigorous agitation, 
then degassing under vacuum conditions for 10 min. The mixture was 
transferred to a transparent polymer mold (platelike (1 mm in depth) 
and columnar (12 mm in diameter, 25 mm in length)), and the iongels 
were obtained by curing the mixture under UV light (wavelength 365 
nm, power 20 W) for 15 min. We prepared iongels according to the 
aforementioned method with various proportions of PMMA, MMA, and 
crosslinking agents to study the effects of polymer network on me
chanical performance. 

2.3. Construction of capacitive pressure sensors 

A capacitive pressure sensor was constructed by assembling a sand
wich structure with PDMS film as a dielectric layer and iongel as an 

electrode layer. The PDMS film was prepared by mixing the base and 
curing agent (Sylgard 184, Dow Corning) in a weight ratio of 10:1. The 
liquid mixture was degassed and thermally cured at 60 ◦C for 2 h. We 
stacked two layers of iongels films on the two surfaces of the PDMS film. 
The silver paint was coated on the iongels to connect with metal wires. 
Then the device was encapsulated by PDMS as a protective layer. The 
assembly of electronic insoles using a flexible printing circuit on a pol
yimide (PI) substrate to construct a capacitive pressure sensor. 

2.4. Chemical characterization and measurement 

Thermogravimetry analysis (TGA, Q50, TA Instruments) and differ
ential scanning calorimetry (DSC 200 F3, NETZSCH) were measured to 
study thermal properties, the samples were heated from room temper
ature to 600 ◦C with heating rates 10 ◦C/min. The airflow rate was 
maintained at 20 mL/min. Optical images were collected by a digital 
camera. The electrical tests were carried out by the electric impedance at 
a voltage of 0.5 V in a frequency of 10–105 Hz. The compression tests 
were performed by a mechanical testing machine (Instron E1000) with a 
1000 N load cell. A columnar test sample with a diameter of 12 mm and 
length of about 10–15 mm was compressed at a speed of 5 mm/min at 
room temperature. The results were collected from at least three times 
tests for the same sample. The resilience test was conducted by loa
ding–unloading cycles with a compression strain of 75 % at a speed of 5 
mm/min. 

3. Results and discussions 

3.1. Design principle of physically entangled structures 

In general, optimal plantar pressure sensors with outstanding 

Fig. 1. Design of tough and compressible iongel with physically entangled network. a), Molecular structures of poly (methyl methacrylate) (PMMA), monomers, 
methyl methacrylate (MMA), crosslinker, triethylene glycol dimethacrylate (TEGDMA), and ionic liquid ([EMI][TFSI]). b), Schematic illustration of constructing 
iongel by implanting physically entangled polymer network with chemically crosslinked secondary network. Images of iongels under stretching (c) and com
pressing (d). 
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stability, reliability, and wearing comfort require sensing materials that 
are compressible to carry heavy loads, resilient to withstand repeated 
trampling underfoot, and soft to promote wearing comfort. As shown in 
Fig. 1a, the iongels were prepared by allowing matrix of PMMA, 
monomers of MMA and crosslinkers of TEGDMA to react in ionic liquid. 
The polymerization of monomers facilitates the formation of covalent 
cross-linking network structures in the iongels, resulting in good 
stretchability and compressibility, as presented in Fig. 1c and Fig. 1d. At 
the same time, we found that high molecular weight PMMA dissolved in 
ionic liquid would enhance the viscosity [33], and thus transform liquid 
iongels into plastic iongels, when PMMA content was larger than 10 % 
(w/w) (Fig. S1, a-c). Interestingly, liquid iongels has been demonstrated 
can play an important role in many applications including energy, 
sensing, and biomedical treatment [34–36]. More than that, physically 
entangled PMMA chains can interpenetrate the cross-linked network 
structures, formed by the polymerization of MMA monomers. As a 
result, the produced iongels are changed from transparent to milky 
white color as the increase of PMMA content (Fig. S1, d-g), owing to the 
increased number of physically entangled PMMA polymer chain net
works. In addition, all of these iongels have good molding ability and 

can maintain their shape very well. These results demonstrate that the 
high molecular weight polymers are easy to gel and promote physical 
entanglement in iongels. Therefore, in our fabrication method high 
molecular weight PMMA (average Mw ~ 990,000 by GPC) was used to 
synthetize stretchable and compressible iongels. 

Further investigations reveal that physical entanglement of polymer 
chains and high-density crosslinks play a vital role together in forming 
excellent elastic polymer iongels. For instance, if only containing single 
PMMA polymers without formation of high-density crosslinks, the ob
tained products were plastic polymer physical iongels. They are shear 
thickening, and their shape cannot be reserved (Fig. 2a and Fig. 2d). On 
the other hand, the cross-linked networks generated from single polymer 
can be regulated by changing cross-linking density [37]. When there is 
only MMA monomers without addition of PMMA, the products were 
single polymer iongels with high-density crosslinks. So, the products are 
very brittle and not soft due to the fracture of polymer chains (Fig. 2b 
and Fig. 2e). It can be concluded that there is an unavoidable choose 
between the softness and compression strength of iongels, and the 
choice achieved by adjusting the cross-linking density. When combining 
the plastic physically entangled chains and elastic covalently cross- 

Fig. 2. The mechanism of mechanical enhancement of iongel by implanting physically entangled polymer network. a) Plastic polymer physical iongel that can 
dissipate energy via the slippages of polymer network. b) Single network polymer iongel crosslinked by chemical covalent bonds that are brittle at high crosslink 
density. c) Iongel with physically entangled polymer network and elastic polymer secondary network. d-f) Images of iongels after mechanical compression. g) The 
compression stress–strain curves of physical iongel (20 % weight percentage of PMMA in ionic liquid), high crosslink density polymer iongel (20 % weight percentage 
of monomer MMA with 5 % TEGDMA (TEGDMA/MMA)), and polymer entanglement enhanced iongel (20 % weight percentage of PMMA and MMA, with PMMA/ 
MMA = 1/6, and 1 % TEGDMA). h) and i) The compression stress–strain curves of iongel with various TEGDMA content (h) and the corresponding Young’s modulus 
of iongel (i). 
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linked structures to form interpenetration networks in the iongels, the 
high molecular weight PMMA chains tend to form densely entangled 
networks with crosslinks. These physically entangled and cross-linked 
secondary networks can dissipate energy via the reversible slippage of 
polymer chains. Consequently, the networks are elastic and can provide 
constraints in deformation to maintain resilience (Fig. 2c and Fig. 2f), 
and thus the as-prepared iongels are soft (low young’s modulus), 
compressible (high compression strength), and resilient (fast recovery) 
(Supplementary movie-1). In a word, the designed iongels possess 
excellent mechanical performances and present very promising appli
cations. These results indicate that our strategy of synthesis of stretch
able and compressible iongels through enhancing physical 
entanglement of polymer chains and forming high-density crosslinks is 
successful, which can be used to fabricate other polymer materials. 

3.2. Mechanical performance enhanced by physical entanglement 

To verify the synergistic effects of physically entangled polymer 
chains and covalently cross-linked networks, we prepared a series of 
iongels with different constituents of polymer, monomer, and cross
linker to compare their mechanical performances. In the control ex
periments, without adding PMMA, the product was a single network 
iongel, which displayed a trade-off behavior between softness and 
compression strength due to alternation of cross-link density. Addi
tionally, all the single network iongels were structural failures under 
high compression. If there is only PMMA without crosslinking, the me
chanical performances of formed physical iongels are also not desired. 
Interestingly, when both of PMMA and monomer added, the resulting 
iongels are endowed with great soft, rigidity, strength as well as 
compressible properties together (Fig. 2g). At the same time, less 
crosslinker is requested to conduct the reaction. Most importantly, their 
mechanical strength can be controlled by changing cross-link density via 
alternating the content of crosslinker (TEGDMA). Their Young’s 

modulus can be varied from ~ 10 kPa to ~ 200 kPa as the molar content 
of TEGDMA changed from 0.1 % to 5.0 %, respectively (Fig. 2h and 
Fig. 2i). These results demonstrates that covalently cross-linked sec
ondary networks play a critical role in governing the mechanical per
formances of iongels. Previous studies indicate that networks comprised 
of permanent covalent crosslinks in the iongels are strong and durable, 
so they cannot be repaired or remolded and present very poor me
chanical performances, owing to unable to rearrange molecules in the 
network [38]. Fortunately, covalently cross-linked secondary networks 
and other topological features, such as local fluctuations in crosslink 
density, can contribute to the variations of molecular force distributions. 
Subsequently, the mechanical properties are alternated. For example, 
based on a dual polymer network, iongels could be fabricated by both 
chemical bonding of the gelatin’s amines with the polyphenol units and 
physical interactions between the tannic acid and the gelatin. The as- 
prepared iongels show flexible and elastic properties with Young‘s 
modulus between 11.3 and 28.9 kPa [39]. Besides, the combination of 
covalently cross-linked networks and physical interactions, can lead to 
remarkable stretchability and self-healing characteristics, such as the 
injectable iongels exhibited flexibility and high ionic conductivity [40]. 
In this work, covalently cross-linked secondary networks assisted by 
physical entanglements can form interpenetration networks in the ion
gels, and then dissipate energy via the reversible slippage of polymer 
chains. The formed network structure endows as-prepared iongels with 
soft, compressible, and resilient properties. These results confirm that 
the synergistic effects of combining physically entangled polymer chains 
and covalently cross-linked networks can allow the fabricated iongels to 
possess excellent mechanical performances. 

Furthermore, we have found that the ratio of polymer (PMMA) to 
monomer (MMA) (P/M) also have influence on mechanical perfor
mances of iongels. As presented in Fig. 3a, their stress–strain curves are 
obviously different as the variation of P/M value. When the P/M value 
increased from 0 to 2/5, the Young’s modulus is varied from ~ 35 kPa to 

Fig. 3. Mechanical performance of physical entanglement enhanced iongel. a) and b) The compression stress–strain curves of iongels prepared at various ratios of 
polymer to monomer (P/M) under a total mass percentage of PMMA and MMA at 35 %, and the corresponding mechanical strength data. c) The compression 
stress–strain curves of iongels under various monomer percentages at the same content of PMMA. d) The compression stress–strain curves of iongel with various mass 
percentages of PMMA and MMA at P/M = 1/6. e) and f) the cyclic compression test of iongel under repeated loading–unloading cycles. 
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~ 150 kPa, respectively. However, the ultimate strength appeared 
different tendency. It has been found that the ultimate strength of ion
gels goes up at first and then low down as the increase of P/M value 
(Fig. 3b). The maximum ultimate strength is ~ 12 MPa, which is 
appeared during the P/M value of 1/13 and 1/6. It is because the 
physically entangled polymer chains will surpass the covalently cross- 
linked networks during high P/M value range. And the increase of vis
cosity will inhibit the polymerization of monomers, which leads to the 
formed secondary networks sparse. Thus, the resultant iongels will be 
very soft and dough-liked plasticity under compression (Fig. S2a). In 
contrast, the covalently crosslinked networks will dominate the iongel 
matrix during low P/M value range, and the effect of physical entan
glement is not sufficient to fully dissipate energy. The two reasons cause 
the formed iongels to be fragile under high compression condition 
(Fig. S2b). When P/M value appeared at appropriate range, the resultant 
iongels are simultaneously endowed with excellent compressible, resil
ient, and soft performances (Fig. S2c). 

Monomer content has been further used to optimizing the mechan
ical performances of iongels. Seen from the compression stress–strain 
curves (Fig. 3c), all prepared iongels displayed excellent mechanical 
performances during the variation of monomer percentages from 20 % 
to 50 %. It suggests there are sufficient covalently cross-linked second
ary networks in the iongels under these content range of monomer. 
Besides, the total amount of polymers (containing PMMA and MMA) 
plays a key role in controlling the mechanical performances too. As 
shown in Fig. 3d, the total polymer content has a positive correlation 
with the mechanical strength of iongels. We believe that the increase of 
polymers amount will benefit for promoting their young’s modulus and 
compression strength (Fig. S3). In order to investigate the resilience of 
iongels, the tests of loading–unloading cycles under compression strain 
have been conducted. It has been found that the stress–strain curves 
presented a narrow area under variation of compression strain, which 
suggests they have very good self-recover ability during compression 
(Fig. 3e). Their compression performances are also measured under 100 
times repetitions of loading–unloading cycles at a compression strain of 
75 %. And, these prepared ionogels also displayed high stability with no 
obvious change or weight loss after exposure in the air for several 
months. According to our results, these iongels present great resilience 
and rapid recovery ability during cyclic compression test (Fig. 3f). It 
demonstrates the prepared iongels possess excellent stability and 
reversibility. In addition, the thermogravimetric analysis (Fig. S4) sug
gests that there is no weight loss of iongels before 360 ℃, but PMMA 
would start losing weight at about 150 ℃ under the same experimental 
conditions. These results indicate that the as-prepared iongels possess 
excellent thermal stability. So, we believe that our designed iongels are 
extraordinary suitable for the applications of flexible wearable devices, 
such as plantar pressure sensor. 

3.3. Design and performance of the plantar pressure sensor 

It is well known that mechanical performances, wearing comfort and 
stability of the used materials is crucial for building excellent plantar 
pressure sensors. Especially, the designed electronic insoles for sensing 
should be compressible to withstand the pressure of human weight, 
resilient to recovery from repeated loading–unloading cycles, and 
wearing comfort to reduce plantar fatigue. The Young’s modulus of our 
fabricated iongels is less than 300 kPa, which is much lower than other 
types of flexible conductive materials. These iongels possess advantages 
of excellent performances of dissipating the stress of compression 
through deformation in shape, very good resilience, and great recover 
ability from mechanical compression. At the same time, Poly
dimethylsiloxane (PDMS) is an elastomer material with adjustable 
elastic modulus and widely used in flexible devices as perfect matrix 
supporting materials [41]. Herein, we constructed a capacitive pressure 
sensor with laminated multilayer structure by using prepared iongels as 
flexible electrodes and PDMS silane elastomer as dielectric material and 

packaging layer. 
Generally, sensitivity is of very importance for capacitive sensors, 

which can be significantly improved through designing geometric mi
crostructures such as microtower [42], microfibers [43–45], micro
pyramid [46], and wrinkles [18,47]. However, the stress response range 
of these sensors might be narrow, as some fragile microstructures occur 
irreversible damage under applying large stress. For instance, the stress 
on the feet of an adult is about 70–150 kPa, or even much greater (more 
than 500 kPa) during exercise, so fragile geometric microstructures of 
sensors will inevitably be damaged. Therefore, the preparation of 
capacitive pressure sensor for real time monitoring plantar pressure not 
only need excellent sensitivities for detecting pressure variation but also 
high structural stability to bear large foot pressure. Our plantar pressure 
sensor was typically assembled by two parallel ionic gel electrodes 
sandwiching a PDMS dielectric layer (Fig. S5a-5b). The capacitance (C) 
is determined by the following equation: 

C∝ε A
d  

where ε, d and A are the permittivity of dielectric layer, the distance 
between plate electrodes and the effective area of two electrodes, 
respectively. It can be concluded that the capacitance is varied as the 
change of space and area of electrode. To study the influence of 
capacitor structure on sensing performances, relationship between 
sensor sensitivity and structure parameters has been studied. The 
sensitivity (S) is defined as: 

S = δ(ΔC/C0)/δP  

where C0 is initial capacitance, P is applied pressure, and ΔC is relative 
change of capacitance (C-C0). So, the sensitivity can be obtained by 
calculating the slop of tangent of the curve of pressure-capacitance 
variation. We have investigated the influence of PDMS on the sensing 
performance of the capacitive pressure sensor by moderating the elastic 
modulus and thickness of dielectric PDMS layers (Fig. S5c-5f). The 
elastic modulus of PDMS can be changed by adjusting the mass ratio of 
the matrix and the cross-linking agent. When the mass ratio is 30:1, the 
elastic modulus of PDMS is similar with iongels. Both of them present 
good mechanical performances to perfectly match each other in flexi
bility. As shown in Fig. S5d, the capacitive sensors exhibit a wide 
response range of stress within 2 MPa, which are broad enough for 
realizing the real time monitoring of high foot pressure. They also pre
sent higher sensitivity in full stress range during lower modulus in 
dielectric layer. When the matrix ratio is 30:1 in dielectric layer, the 
maximum sensitivity reaches to S > 8 MPa− 1. Significantly, when the 
iongels are strong enough to bear the whole-body weight, the mechan
ical performances of iongel electrodes display trivial effects on the 
sensing ability. Therefore, we employed the same constituent iongels as 
electrodes to construct pressure sensor in this work. In addition, the 
thickness of dielectric layer presented obviously negative effects on the 
sensitivity of sensors. So, all the dielectric layers are prepared under the 
matrix ratio of 20:1, due to sensors with smaller dielectric layer thick
ness possessing higher sensitivity (Fig. S5f). 

On the other hand, the detection of high foot pressure requires a 
broad linear response range of a plantar pressure sensor. Hence the 
linear response range of sensor pressure is also very important. We find 
that the sensor has a good linear response even under very small stress 
(~kPa), which is satisfied with the monitoring of small pressure changes 
(Fig. 4a). Further investigations revealed that values of pressure and 
ΔC/C0 display the linear relationship of Y = 0.00131X + 0.000177 with 
a correlation coefficient of 0.9998. During cyclic stress tests, the stress 
increased from 44 kPa to 302 kPa, and the change rate of capacitance 
increased from 0.04 to 0.27. These results indicate that the iongel-based 
sensor has a very good stress variation response (Fig. 4b). Significantly, 
there is no obvious changes of the value of ΔC/C0 for each measurement 
at different loading pressures, which demonstrate that the as-prepared 
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iongel pressure sensors possess very good stability toward different 
weights. Considering the stress on the feet of an adult is about 70–150 
kPa, we believe that our iongel pressure sensors are suitable for different 
weights of human and have very good stability. In addition, the 
capacitance-stress response at a frequency of 0.1–0.4 Hz also has been 
measured (Fig. 4c), which displays similar behaviors at different fre
quency. When the test speed alternated, the capacitance response of the 
sensor didn’t change under the cyclic stress stimuli. So, our sensors have 
been demonstrated with good stability. It should be noted that our 
designed iongel-based capacitive sensors are capable of monitoring 
plantar pressure in diverse dynamic conditions (Fig. S6). Furthermore, 
they presented good response to bending (Fig. 4d,e) and twisting 
(Fig. 4g,h) measurements too, indicating high sensitivity to the detec
tion of tiny stimulus. 

To test the durability of our iongel sensor, durability measurements 
were also performed under a cyclic loading–unloading test with a stress 
of 133 kPa (Fig. 4f). In our test, the loading–unloading cycles are 
repeated without waiting. In contrast, the stress–strain curve of many 
other gels cannot fully recover even after a long waiting time [48,49]. As 

shown in Fig. 4i–l, the capacitance response of the sensor displays 
excellent stability within 100,000 cycling tests, only limited attenuation 
is appeared after 90,000 cycles. As we known, the durability of a pres
sure sensor is a key factor in long-term use reliability, especially the 
durability under high loading pressure. Efforts have been devoted to 
achieve excellent durability under high stimuli pressure in previous 
studies. For example, Li et al. reported that the pressure sensor can bear 
compression-release test over 25, 000 cycles under a high stress of 13.26 
kPa [50]. In this work, our sensor demonstrates a stable cycle response 
of 100,000 times under a high stress of 133 kPa, showing excellent 
durability. 

3.4. Sensing performance on the plantar pressure monitoring 

The accurate measurement of both amplitude and spatial distribu
tion of plantar pressure hinges on the quality of pressure sensor arrays. 
The size and layout of these arrays serve as crucial indicators of their 
spatial distribution capabilities. Particularly, for achieving precise 
detection of plantar pressure spatial distribution, large-area and high- 

Fig. 4. Electric response performance of ionic gel-based pressure sensor. a) Relative capacitance variation versus pressure curve under low-pressure range (P < 6 
kPa). b) Dynamic response of ionic gel-based pressure sensor to various loading pressure under a pressing frequency of 0.1 Hz. c) Dynamic response of ionic gel-based 
pressure sensor to various pressing frequencies under a pressure of 133 kPa. d-f) photographs of ionic gel-based pressure sensor under bending (d), twisting (e), and 
pressing (f). g and h) Relative capacitance variation under repeated bending (g) and twisting (h) tests. i) The durability test of ionic gel-based pressure sensor under 
cyclic loading–unloading pressure of 133 kPa for 100 000 cycles. j-l) Magnified capacitance response around a various number of cycles from (g). 
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efficiency sensor arrays are indispensable. In this work, iongels are 
prepared by polymerizing the monomers through photo-radical poly
merization reaction. Based on this special photocuring process, we used 
a mask patterning method to prepare the iongel sensor arrays. A 4 × 4 
iongel sensor array with area of 4 × 4 cm2 has been fabricated and the 
size of each single sensing unit is 5 × 5 mm2 (Fig. 5a). The resulting 
sensor arrays exhibit good transparency and flexibility properties, as 
depicted in Fig. 5b and Fig. S7, facilitating the measurement of both 
spatial distribution and amplitude. As illustrated in Fig. 5c-5f, the sensor 
signals generated from applying different balancing weights or using 
various fingers are effectively differentiated quantitatively. Moreover, 
the entire measurement process can be completed within seconds. These 
findings highlight the excellent sensing capabilities of the designed 
iongel sensor arrays, rendering them suitable for real-time monitoring of 
plantar pressure. We believe that the prepared iongel sensor arrays also 
can be extended to design other kinds of flexible devices. For instance, 
synthesis of mask patterns by using photo-curing patterning method, 
and their size can reach to 100 µm. In a word, our prepared iongel-based 
sensors are suitable for designing various kinds of flexible sensing de
vices including mask pattern, insole, and artificial skin [51–53]. Their 
advantages of excellent sensing performances, good mechanical prop
erties, large-scale preparation, and nice batch structures allow them to 
display very promising applications. 

To realize real-time monitoring of amplitude and spatial distribution 
of plantar pressure, we build a plantar pressure monitoring system based 
on the iongel pressure sensor. As shown in Fig. 6a, the real-time plantar 

pressure monitoring system contains electronic insoles for pressure 
detection (Fig. 6a, i), analog to digital converter (Fig. 6a, ii), software of 
data analysis (Fig. 6a, iii), and operation interface (Fig. 6a, iv). Here, the 
electronic insole is a distributed 9-channel iongel pressure sensor ma
trix, which can real time monitor the pressure of different feet positions. 
The design of plantar pressure sensing system with different sensor 
distributions have achieved through using the convenient photo-curing 
patterning method of iongels. Then, we have real time monitored the 
plantar pressure of feet by using this system at different standing pos
tures. The measurements of plantar pressures contain the standing 
postures of upright, forward and backward, respectively (Fig. 6b). The 9- 
channel iongel sensor has been used to realize real-time monitoring of 
the variations of plantar pressure of feet at different postures. When 
leaning forward, the value of channel 1–4 (forefoot part) increases 
significantly, while the value of channel 6–9 (rear heel part) decreases. 
In the backward condition, the value of channel 1–4 is reduced, but the 
value of channel 6–9 is significantly increased. Meanwhile, the channel 
5 located in the arch of the foot displays little change while posture 
changes. The visualized sensing information of plantar pressure also 
commendably reflect the distribution characteristics of plantar pressure 
at different postures. At the same time, we studied the pressure changes 
of the repeated lifting and falling of the feet behaviors during simulated 
walking (Fig. 6c,d). During detection, the pressure of each channel can 
be alternately increased or decreased owing to the pressure sensor array, 
and the change characteristics of the plantar pressure can be real time 
monitored. These results demonstrate the capability of our plantar 

Fig. 5. Fabrication and performance of ionic gel-based sensor arrays. a) Schematic illustration of the fabrication of ionic gel-based sensor arrays. b) Photograph of an 
ionic gel-based sensor array. c-f) Sensing performance of ionic gel-based sensor arrays under weights (c and d) and finger pressing (e and f). 

H. Wang et al.                                                                                                                                                                                                                                   



Journal of Colloid And Interface Science 668 (2024) 142–153

150

pressure sensor array to track and monitor changes in plantar pressure in 
real-time during various static and dynamic processes. The character
istics of plantar pressure information can be digitally displayed and 
captured through photography for further analysis and application. For 
example, our plantar pressure sensor array accurately detects rapid 
pressure changes within seconds, as demonstrated in Fig. S8, effectively 
presenting real-time pressure characteristics from two different subjects. 
Our results indicate that the designed plantar pressure monitoring sys
tem exhibits exceptional sensitivity and boasts a rapid response to 
pressure fluctuations, affirming its status as an outstanding sensor 
system. 

3.5. Demonstrations on sports training assistance 

Based on achievement of real-time monitoring of plantar pressure 
distribution by using electronic insoles and data analysis technology, we 
propose an intelligent application framework for plantar pressure 
detection (Fig. 7a). The insole is used as physical hardware for real-time 
monitoring of foot pressure information in body motion. Combined with 
simulation prediction and analysis, it can realize diversified intelligent 
applications of human posture analysis, fatigue prediction, rehabilita
tion health management, and sports training assistance. To achieve 
visualization of plantar pressure distribution, we use the above insoles to 
in situ monitor the foot pressure information in various sports involving 
seated row machines, treadmills, and spinning (Fig. 7, b-g). For seated 
rowing machine training, real-time foot pressure data reelects the dis
tribution patterns of plantar pressure throughout various movements. 
During the pulling phase, the foot’s interaction with the pedal 

significantly increases the pressure on the plantar sole, whereas this 
pressure diminishes upon release. Similarly, in treadmill and spinning 
exercises, disparities in pedal force between the front and rear soles can 
be accurately detected. By analyzing changes in foot pressure amplitude 
and positional distribution during exercise, we can predict the occur
rence of exercise-induced fatigue, thereby providing timely reminders to 
subjects. Moreover, analysis of plantar pressure data across different 
sports enables us to assess athletes’ sports postures, facilitating posture 
refinement and enhancing athletic precision. 

4. Conclusion 

The achievement of gait recognition relies on preeminent plantar 
pressure sensors, necessitating an ideal sensing system capable of real- 
time monitoring of both the magnitude and distribution of plantar 
pressure. Achieving such a system requires sensing materials with robust 
durability and reliability, especially under rigorous working conditions 
such as high loads, prolonged cycling, and demanding comfort re
quirements. In this work, we proposed a strategy to prepare PMMA 
conductive iongels possessing highly compliance, resilience and excep
tional durability through implanting physically entangled polymer 
chains and covalently cross-linked networks. Our investigations reveal 
that the physically entangled chains enhance the compliance and the 
covalently crosslinked networks improve the resilience. Through fine- 
tuning parameters such as polymer chain length, level of physical 
entanglement, and density of cross-linked networks, we optimized the 
synergistic effects, thereby enhancing mechanical performance and 
expand their applications. Our results demonstrate that implanting 

Fig. 6. Electronic insole based on iongel sensors and plantar pressure distribution measurement and visualization. a) Schematic illustration of plantar pressure 
distribution visualization system including a 9-channel pressure sensor array, analog to digital converter, data analysis software, and operation interface. b) Real-time 
measurement (middle) and data visualization (bottom) of plantar pressure under various standing postures (upper). Photograph (c) and real-time response of 9-chan
nel sensor (d) under repeated foot up (purple) and down (light blue). (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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physical entanglements of polymer chains and covalently cross-linked 
secondary polymer networks is a powerful way for fabricating iongels 
with high compliance and strong resilience. Furthermore, facile opera
tion, large scale, and high yielding make these iongels are ideal candi
dates for various applications. 

Then, we have designed a capacitive pressure sensor utilizing the as- 
prepared iongels as flexible electrodes, which has exceptional long-term 
stability under high stress of pressure. Further studies revel that the 
capacitive pressure sensor has a good linear response even under very 
small stress (~kPa), making it suitable for monitoring subtle pressure 
changes in the plantar region. Significantly, the sensitivity of the 
capacitive pressure sensor could be controlled by moderating the elastic 
modulus and thickness of dielectric PDMS layer. And the thickness of 
dielectric layer presented obviously negative effects on sensitivity. 
Subsequently, the flexible electrodes were patterned into arrays via 
photoinitiated radical polymerization, facilitating the creation of high- 
precision, large-area pressure sensor arrays capable of accurately 
detecting spatial distribution of plantar pressure. Thereafter, we estab
lished a plantar pressure monitoring system based on the iongel pressure 
sensor arrays, enabling real time tracking and monitoring the changes of 
plantar pressure during different static and dynamic motions, including 
upright, forward and backward movements. The characteristics of 
plantar pressure information can be digitally as well as photography 
displayed for further analysis and applications. Moreover, the fabricated 

monitoring system is extremely sensitive and has a broad liner response 
to the pressure changes as well as very fast response speed. Considering 
the superior mechanical performances of our sensing materials and the 
simplicity of the device structure, our plantar pressure sensor offers 
excellent sensing performances, high durability, reliability, and wearing 
comfort in daily use. 

In the end, the proposed intelligent application framework, 
combining electronic insoles with data analysis technology, successfully 
achieves real-time monitoring of plantar pressure, confirming their 
promising applications in sports training. Therefore, our researches 
promote fundamental understandings of simultaneously improving 
performances of iongel materials as well as boost the development of 
flexible and wearable devices. We believe that our results not only 
provide novel insights but also present highly promising applications 
across various fields including material synthesis, flexible device design, 
artificial skin development, and advanced sensing systems. 
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