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ABSTRACT 

We report a flexible and wearable pressure sensor based on the giant piezocapacitive effect of a 

three-dimensional (3-D) microporous dielectric elastomer, which is capable of highly sensitive 

and stable pressure sensing over a large tactile pressure range. Due to the presence of micropores 

within the elastomeric dielectric layer, our piezocapacitive pressure sensor is highly deformable 

by even very small amounts of pressure, leading to a dramatic increase in its sensitivity. 

Moreover, the gradual closure of micropores under compression increases the effective dielectric 

constant, thereby further enhancing the sensitivity of the sensor. The 3-D microporous dielectric 

layer with serially stacked springs of elastomer bridges can cover a much wider pressure range 

than those of previously reported micro/nano-structured sensing materials. We also investigate 

the applicability of our sensor to wearable pressure-sensing devices as an electronic pressure-

sensing skin in robotic fingers as well as a bandage-type pressure-sensing device for pulse 

monitoring at the human wrist. Finally, we demonstrate a pressure sensor array pad for the 

recognition of spatially distributed pressure information on a plane. Our sensor, with its excellent 

pressure-sensing performance, marks the realization of a true tactile pressure sensor presenting 

highly sensitive responses to the entire tactile pressure range, from ultra-low force detection to 

high weights generated by human activity. 
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 3

Introduction 

 

Flexible pressure sensors have been attracting much attention due to their importance in 

relation to various advanced applications, such as electronic skin,
1-4

 electronic textiles,
5-7

 flexible 

touch displays,
8, 9

 soft robotics,
10-13

 mobile healthcare aids,
14, 15

 and energy harvesting.
16-18

 In 

general, these tasks involve human tactile pressure interactions between the user and the device 

from mild touches (0-10 kPa, low-pressure regime) to object handling levels (10-100 kPa, 

medium-pressure regime).
15, 19

 Considering practical uses in these applications, high sensitivity 

in a low-pressure regime is essential for delicate pressure sensing which surpasses the sensing 

capability of human skin. Moreover, it is necessary to maintain reasonably high sensitivity over a 

wide dynamic range up to 100 kPa, which can cover the overall tactile pressure range.  

Previously, many studies reported successful pressure-sensing demonstrations with various 

working principles, such as piezoresistivity,
20-23

 capacitance,
8, 24-27

 piezoelectricity,
28-30

 etc.
18, 31, 

32
 In particular, recent efforts have focused on improving the sensitivity of sensors in low-

pressure regimes.
15 

Specifically, a number of microstructured materials have been suggested in 

an effort to enhance sensitivity in the low-pressure regime by modifying the bulk mechanical and 

electrical properties of materials. For piezocapacitive sensors, a microstructured polymer 

dielectric material was incorporated within a parallel-plate capacitor to realize a larger 

capacitance change than that of an unstructured dielectric material at an identical pressure 

level.
14, 19, 33-35

 Commercially available polymer foams were employed as a dielectric layer in a 

piezocapacitive pressure sensor to improve the sensing capability via the modulated elastic 

property of the dielectric layer.
33

 Its poor sensitivity, however, made it unsuitable for the 

detection of low pressure levels, such as tactile sensing, as the resolution was only ~1 kPa. A 
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 4

two-dimensional (2-D) pyramid-shaped microstructure array as a dielectric layer of a 

piezocapacitive pressure sensor was also reported, offering great sensitivity as well as short 

response and recovery times.
14, 19, 34, 35

 However, this device requires a microstructured silicon 

mould that should be fabricated with expensive microfabrication processes. In addition, the 

performance of the sensor is only valid within a relatively narrow pressure range, not enough to 

cover the entire tactile pressure range up to 100 kPa. On the other hand, piezoresistive pressure 

sensors based on conductive microstructured materials were reported to provide enhanced 

elasticity and dramatic changes of the resistance to sensing materials.
36-43

 The sensing materials 

of these piezoresistive pressure sensors were prepared by (i) coating conductive materials (e.g., 

metal, graphene, single-walled nanotubes and conductive polymers) onto microstructured 

templates and (ii) directly forming conductive microstructures with conductive material-

elastomer mixture.
36-42  

However, they did not cover the entire tactile pressure range, commonly 

featuring only limited dynamic ranges. Moreover, they showed sharp decrease of sensitivity in a 

high pressure range, which is unacceptable for practical use in relation to human tactile pressure 

interactions. To overcome these limitations, a piezoresistive sensor based on the foam-like 

structure of laser-scribed graphene was demonstrated with a wide pressure-sensing range.
43

 

Despite the wide working range, however, this sensor showed highly nonlinear and unstable 

responses at low pressures of less than 50 kPa due to the unstable changes of the contact area 

between graphene microstructures.  

Herein, we report a flexible and wearable piezocapacitive pressure sensor based on a three-

dimensional (3-D) microporous dielectric elastomer,
44

 which is capable of highly sensitive and 

stable pressure sensing over the entire tactile pressure range (~130 kPa) via a facile and cost-

effective process. The microporous dielectric elastomer can provide perfectly reversible and 
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 5

elastic compressive behavior while micropores are closed and opened without viscoelastic 

behavior, which is generally considered as the major cause of hysteresis. Based on the 

compressive behavior of the microporous structure under external pressure, we successfully 

achieved outstanding sensor performance with high sensitivity of 0.601 kPa
-1

 at 5 kPa and a wide 

dynamic range of 0.1 Pa - 130 kPa without a significant reduction in the sensitivity. In addition, 

it was demonstrated that the sensor could easily be integrated into robotic fingers for the 

monitoring of the grasping force during seizing motions and into the human body to monitor the 

pulse at the wrist. Finally, we demonstrated the performance of a sensor array pad which 

recognizes spatially distributed pressure information on a plane. 

 

Experimental Section 

 

Preparation of Porous Ecoflex for Dielectric Layer: A porous Ecoflex dielectric layer was 

formed by molding the Ecoflex elastomer within a sugar cube template. The Ecoflex (Ecoflex
®

 

Shore hardness 00-30, Smooth-On, Inc., USA) prepolymer solution was prepared by mixing a 

base and a curing agent at a weight ratio of 1:1, after which a sugar cube was immediately 

immersed in the Ecoflex prepolymer solution. The Ecoflex prepolymer solution with the sugar 

cube was degassed within a vacuum chamber and cured in a convection oven at 60 °C for 1 hour. 

The sugar portion of the cured Ecoflex-sugar cube was dissolved by water and consequently 

dried in air.  

Preparation of CNT-Ecoflex Nanocomposite Film for Electrode Layer: CNT-Ecoflex 

nanocomposite thin film was used as a flexible electrode layer. First, CNTs were dispersed in 

isopropyl alcohol (0.05 wt%) and spray-coated onto a donor substrate with a coating mask. After 

Page 5 of 34

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 6

the removal of the coating mask, a prepolymer solution of the Ecoflex elastomer was poured 

onto the patterned CNT film. The Ecoflex prepolymer solution was then soaked into the 

patterned CNT network film to form a percolated structure. After the curing of the Ecoflex 

prepolymer solution in a convection oven at 60 °C for 1 hour, a CNT-Ecoflex nanocomposite 

thin film as an electrode layer was formed by peeling it off from the donor substrate.  

Characterization of Porous Ecoflex and CNT-Ecoflex Nanocomposite Film: The surface and 

cross-sectional morphologies of the porous Ecoflex layer and the CNT-Ecoflex nanocomposite 

film were characterized by optical microscopy (Digital Microscope, VHX-1000, Keyence, 

Japan) and by field-emission scanning electron microscopy (FE-SEM, Sirion, FEI, USA). The 

internal structure of the porous Ecoflex layer was nondestructively visualized by high-resolution 

micro-computed tomography (Micro-CT, SkyScan 1272, Bruker AXS, USA). The porosity was 

calculated by considering the mass ratio between solid and porous Ecoflex blocks with identical 

dimensions. The current-voltage (I-V) characteristics of the CNT-Ecoflex nanocomposite film 

were determined using a semiconductor parameter analyzer (4155A, HP, USA).  

Characterization of Sensor Response: A high-precision universal testing machine (INSTRON 

5965, INSTRON, USA) was employed to characterize the sensing performances of the fabricated 

sensors. A disk-type compression fixture with a diameter of 40 mm was utilized for uniform 

deformation of the sensor. A position-controlled compression test was conducted at a constant 

speed of 0.2 mm s
-1

 (0.17 µm position resolution). The force was recorded with a force 

transducer (INSTRON 2580-106, INSTRON, USA) which ensures ±0.5 % accuracy of the 

readout value with a maximum load capacity of 1 kN. The capacitance of each sensor was 

measured with a precision LCR meter (E4980A, Agilent, USA) at a frequency of 400 kHz. 
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 7

Results and Discussion 

 

Figure 1 describes the working principle of the proposed piezocapacitive sensor based on a 3-

D microporous elastomeric dielectric layer compared to a conventional solid (i.e., non-porous) 

dielectric layer. The capacitance value of the parallel-plate capacitor is determined by the 

dielectric constant (εr), the area of the overlapped electrodes (A), and the distance between the 

two electrodes (d). Schematic illustrations representing the compressive behaviors of the 

pressure sensors using solid and porous elastomeric dielectric layers upon identical amounts of 

pressure input are shown in Figures 1a and b, respectively. Additionally, a graphical explanation 

for the capacitance responses of the sensors to identical levels of external pressure according to 

the compressive behaviors of solid and porous elastomeric dielectric layers is provided in Figure 

1c as well. Conventional sensors based on a solid elastomeric dielectric layer undergo the 

barreling phenomenon under compression. Thus, the change of d (∆ds) is the most dominant 

factor with regard to capacitance changes upon loading. On the other hand, compared to 

conventional sensors, a sensor using a porous elastomeric dielectric layer is deformed by a much 

larger amount (∆dp > ∆ds) owing to the reduced stiffness. Thus, a much larger capacitance 

change can be induced upon an identical pressure input. Furthermore, the capacitance change can 

be further boosted by the increase of the effective dielectric constant with gradual closure of the 

micropores under external pressure (∆εp > ∆εs ~ 0). The combination of large deformation and an 

increase in the effective dielectric constant of the porous dielectric material enables a significant 

increase of the sensitivity. During the unloading process, the elastic restoring force of the 

elastomer fraction allows the reopening of closed pores, consequently allowing the porous 

structure to return to its initial state and leading to the perfect recovery of the sensor response. 
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 8

Therefore, a highly sensitive response can be achieved by using a porous elastomeric dielectric 

layer based on its reduced stiffness and the increased effective dielectric constant of the porous 

elastomeric dielectric layer. In addition to the high sensitivity, the barreling phenomenon can be 

inhibited by providing sufficient void spaces that can be replaced with neighboring elastomeric 

structures, leading to superior stability of the sensor structure under high compression levels. 

This barreling phenomenon can become a critical problem in the compact packaging of sensor 

arrays with high spatial resolutions, as the adjacent sensors can undergo interference due to the 

lateral expansion of the compressed dielectric layer. Therefore, adoption of porous elastomeric 

dielectric layer can also provide an advantage of developing a high spatial resolution pressure 

mapping sensor array. 

 

 

Figure 1. Comparison of pressure-sensing mechanisms between sensors using a solid 

elastomeric dielectric layer and a porous elastomeric dielectric layer. (a) Schematic illustration of 

a capacitive pressure sensor using a solid elastomeric dielectric layer and its geometrical change 
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 9

upon barreling after being compressed in response to external pressure. (b) Schematic illustration 

of a piezocapacitive pressure sensor using a porous elastomeric dielectric layer and the 

geometrical change without barreling due to the closure of pores in response to the same external 

pressure. (c) Relative changes of the capacitances of pressure sensors using solid and porous 

elastomeric dielectric layers induced by identical levels of external loading. The synergy of the 

larger deformation by the reduced stiffness and the increased effective dielectric constant by the 

closure of the air gap dramatically amplifies the capacitance change. 

 

A schematic diagram of the proposed pressure sensor is illustrated in Figure 2a. The 

piezocapacitive-type pressure sensor consists of two flexible parallel electrode layers and a 3-D 

microporous dielectric layer between them. For the dielectric layer, we adopted a 3-D 

microporous elastomer structure possessing randomly distributed micropores throughout the 

entire volume. The microporous structure was formed by casting a platinum-catalyzed silicone 

(Ecoflex
®

) prepolymer solution within a sugar cube template (see the Experimental Section for 

details). The cross-sectional morphologies of the microporous Ecoflex layer in loading/unloading 

states were characterized by scanning electron microscopy (SEM) (Figure 2b). The size of the 

micropores was observed to be 288 ± 85 µm, and the porosity was calculated as 62.8 ± 0.7 %. 

Moreover, the consistency of the microporous configuration of the dielectric layer within the 

entire volume was confirmed by micro-computed tomography (Figure S1 and Movie S1, 

Supporting Information). Originally, solid Ecoflex is one of the most flexible elastomeric 

materials, with compliance levels similar to that of human skin. By introducing micropores, the 

compressibility of the porous Ecoflex was increased significantly by ~20 times as compared to 

solid Ecoflex, which is critical for sensitive piezocapacitive pressure sensing (Figure S2, 
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 10

Supporting Information). For the electrode layers, carbon nanotube (CNT)-Ecoflex 

nanocomposite thin film was used as a conducting material with a square-shaped electrode 

pattern. As shown in Figure 2c, the CNT network was embedded in the Ecoflex layer while the 

CNTs remained in contact, leading to an electrical conductivity of 340.22 S/m, as calculated 

from the current-voltage (I-V) characteristics of the CNT-Ecoflex nanocomposite thin film 

(Figure S3, Supporting Information). Originally, pristine CNT network films coated onto an 

arbitrary substrate can easily be broken by external friction. However, the CNT-Ecoflex 

nanocomposite film can provide robust percolated structures, ensuring both good conductivity 

and flexibility. The sensor components were stacked by the careful alignment of two patterned 

electrodes with a porous dielectric layer, as shown in Figure 2d. A photograph of the overall 

sensor structure is displayed in Figure 2e. Such fabricated sensors have flexible and bendable 

components with extremely high compressibility of the porous elastomer (Figures 2f and g). 
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 11

  

Figure 2. Design of the flexible piezocapacitive pressure sensor. (a) Schematic diagram of a 

flexible piezocapacitive pressure sensor consisting of CNT-Ecoflex nanocomposite film 

electrode layers and a microporous Ecoflex dielectric layer between them. (b) SEM images of 

the porous Ecoflex dielectric layer before and after being compressed. (c) SEM images of the 

CNT-Ecoflex nanocomposite film electrode layer. (d) Fabrication of the sensor by stacking 

components with a careful alignment. (e) Photograph of the overall sensor structure. (f) 

Flexibility of the porous elastomeric dielectric layer. (g) Flexibility of the CNT-Ecoflex 

nanocomposite film electrode layer. 
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 12

 

For an in-depth investigation of the sensing mechanism of the piezocapacitive pressure sensor, 

we modeled the compressive behavior of the dielectric layer using finite element (FE) analysis, 

as shown in Figure 3. The material properties of the solid Ecoflex were initially measured 

through a compression test up to a compressive engineering strain of ε = 0.7, as shown in Figure 

3c (the black dotted line). The nonlinear constitutive behavior was accurately captured by the 

Neo-Hookean hyperelastic model (the red solid line in Figure 3c). Details about the constitutive 

model and the identified material constants can be found in the Supporting Information. To 

simulate the compressive behavior of the porous Ecoflex cube in the FE framework, its complex 

random geometry was considered as a periodic structure in the 3-D coordinate space. Owing to 

the complicated contact conditions within the porous media, we performed simulations using the 

commercial FE code ABAQUS/Explicit while ensuring that the kinetic energy contribution 

remained insignificant (i.e., less than 0.1 %). Details about the implementation of the periodic 

boundary condition in the FE framework can be found in the Supporting Information. A cubic 

unit cell (1 mm × 1 mm × 1 mm) for the porous Ecoflex cube was modeled to represent the 

critical features of the cube (e.g., the porosity, pore size, and their distributions). Specifically, 

nine different spheres were randomly generated based on the experimentally obtained pore 

information (i.e., pore size = 288 ± 85 µm and porosity = 62.8 %). These nine spheres were then 

subtracted at the body-centered cubic (BCC) lattice points of an eighth of a cubic solid unit cell, 

generating an eighth of a porous unit cell. The subtracted eighth of the porous unit cell was then 

employed to assemble a full porous unit cell (i.e., the simulation model shown in Figure 3a as a 

representative model), in which periodic boundary conditions were applied.
45 

Full 3-D models 

were constructed using 4-node tetrahedral elements (i.e., C3D4 in ABAQUS/Explicit) and a 
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 13

sweeping mesh size of 0.05 mm was employed to ensure the convergence of the FE simulations. 

By changing the combination of the radius of subtracting nine spheres, a few different simulation 

models were constructed, resulting in similar compressive behavior. The gradual compressive 

behavior from a representative unit cell is shown in Figure 3b. A numerically calculated 

compressive strain-pressure curve shows excellent agreement with the experimentally measured 

data (Figure 3d). Furthermore, we calculated the capacitance responses to external pressure and 

compressive strain as generated from the FE simulation results using parallel-plate capacitor 

models with a solid Ecoflex dielectric layer and a porous Ecoflex dielectric layer. Details about 

the analytic model and the modeling assumptions are found in the Supporting Information. As 

shown in Figure 3e, there is a good match between the experimental data and the calculated 

values. 

 

 

Figure 3. FE simulations to investigate the compressive behavior of solid and microporous 

Ecoflex dielectric cubes. (a) A full 3-D representative model of the porous Ecoflex dielectric 
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cube. (b) Gradual compressive behavior of the representative model of the porous Ecoflex 

dielectric cube in Figure 3a. (c) Compressive strain-pressure curves of the solid Ecoflex cube by 

experiment and simulation. (d) Compressive strain-pressure curves of the porous Ecoflex cube 

by experiment and simulation. (e) Plot of the relative capacitance changes in response to external 

pressure by experiment and simulation for parallel-plate capacitor models with solid and 

microporous Ecoflex dielectric layers. 

 

Figure 4 displays the characteristics of the proposed sensor in the pressure range of 0 to 130 

kPa. The pressure-sensing performance was examined by plotting the curves of the external 

pressure input (P) vs. the relative change of the capacitance (∆C/C0) for both porous and solid 

dielectric layers (Figure 4a). The sensitivity (S) is defined as the slope of the curve (S = 

δ(∆C/C0)/δP). The piezocapacitive sensor using the microporous Ecoflex dielectric layer showed 

three different stages with different compressive behaviors upon an increase in the pressure 

input. In the first stage up to a pressure level of 5 kPa (shown in black), excellent pressure-

sensing performance resulted, with linear behavior and high sensitivity (Sp1 = 0.601 kPa
-1

, R
2
 = 

0.996) (see Figure S4a, Supporting Information). It should be noted that the sensitivity of the 

sensor using the porous Ecoflex dielectric layer is nearly 37.6 times higher than that of the sensor 

using the solid Ecoflex dielectric layer. This highly sensitive pressure-sensing capability in the 

first stage originated from two factors: the significant compressibility of the microporous 

elastomeric dielectric layer and the simultaneous replacement of the air in pore fraction with the 

neighboring Ecoflex during compression. Specifically, the volume fraction of the micropores is 

large enough to create significant deformation of the dielectric layer as compared to a solid 

dielectric layer at under an identical pressure level, and this can produce a significant change of 
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the capacitance. Moreover, the increase in the effective dielectric constant contributes to a 

further change of the capacitance as the air in the pores (εr ~ 1.0) is replaced with the 

neighboring Ecoflex structures (εr ~ 2.5) during the contraction process. In the second stage 

(pressure = 5-30 kPa, marked in red) shown in Figure 4a, the sensor response exhibited a gradual 

reduction of the sensitivity. This response was caused by the rise of the elastic resistance of the 

porous elastomer structure, as additional pressure continues to cram the buckled Ecoflex bridges 

into the pores. Moreover, the pores are gradually closed and the Ecoflex bridges form more 

contacts between them. Therefore, further compression becomes more hindered by the 

mechanical strengthening of the porous Ecoflex network. In the third stage, which is above 30 

kPa (the blue-colored region), the pores appeared to be completely closed such that the sensor 

showed solid-like behavior with low but stable sensitivity (Sp3 = 0.077 kPa
-1

, R
2
 = 0.989) over a 

very wide pressure span of 30-130 kPa (Figure S4b, Supporting Information). Although the 

sensitivity of the third stage is lower than that of the first stage, it should also be noted that the 

sensitivity over a very wide pressure span of 30-130 kPa is still ~4.8 times higher than that of the 

sensor using the solid Ecoflex dielectric layer. 

Previous studies commonly have been associated with dramatic decreases of the sensitivity or 

no sensitivity after a narrow dynamic range of approximately 10 kPa despite their high 

sensitivities in low pressure regimes (Figure S5a, Supporting Information).
19, 22, 37-40, 43, 46, 47

 

However, our sensor, based on a porous elastomeric dielectric layer, could provide a wide 

dynamic range up to 130 kPa without a significant drop in the sensitivity. Moreover, for actual 

applications, decreased sensitivity at a higher pressure regime is not a serious disadvantage, as a 

high-pressure regime does not require as a high resolution as in a low-pressure regime. This can 

be confirmed by the log-linear plot of the pressure vs. the response (pressure on the log scale and 
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response on the linear scale), indicating similar resolutions in each pressure regime (Figure S6). 

These observations of the pressure-sensing performance indicate that our sensor is suitable for 

practical human tactile pressure sensing. 

In addition, the sensor showed negligible hysteresis at various pressure levels up to a 

compressive strain of 80 % (Figure 4b). We observed perfectly reversible closure/opening 

behavior of micropores with the buckling/releasing of Ecoflex bridges within the microporous 

Ecoflex network (Movie S2, Supporting Information). Because the existence of pores could 

contribute to the reduction of the viscoelastic property of the bulk Ecoflex, a reversible sensor 

response could be achieved without noticeable hysteresis. As shown in Figure 4c, we also 

observed that our sensor produces an excellent match between the pressure input profile and the 

response curve with continuous, stable, noise-free and perfectly reversible signals through 

dynamic testing at various pressures ranging from 0 to 100 kPa. We also examined the limit of 

detection (LOD) of the proposed sensor, as shown in Figure 4d. The LOD is an important 

parameter for the realization of ultra-low-force detection capabilities, such as the monitoring of 

air flows, sound waves, and the propagation of small mechanical vibrations.
15

 Sequential 

detection of an ultra-lightweight object was demonstrated using small coffee powders with a 

mass of ~4 mg, corresponding to a pressure level of 0.1-0.2 Pa. To the best of our knowledge, 

this is the first demonstration of the sequential detection of an ultra-lightweight object with the 

lowest limit of detection among previous achievements (Figure S5b, Supporting Information).
19, 

22, 37-40, 43, 46, 47
 As explained previously, due to the combined effect of the ultra-high compliance 

of porous Ecoflex and the increased effective dielectric constant, our sensor offers extremely 

high sensitivity to low pressures. In addition, the reliability of our sensor was evaluated by 

applying 1000 repeated compression/release cycles (between the minimum pressure of 0.45 kPa 
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and the maximum pressure of 13 kPa) to the sensor in order to investigate its long-term stability 

and mechanical durability (Figure 4e). No drift of the sensor response and no structural change 

of the microporous Ecoflex network were found during the 1000 compression/release cycles. 

Finally, the reproducibility of our sensors for commercialization was verified by comparing ten 

different samples. Given that the dielectric layer of our sensor was fabricated by casting a liquid 

precursor of Ecoflex into a sugar cube template, it is important to check if all sensors made with 

different sugar cube templates exhibit consistent responses. Thus, we fabricated ten sensor 

samples made from different sugar cubes and compared their capacitance responses. It was 

observed that these ten sensor samples showed nearly identical initial values (C0 = 141.50 ± 1.06 

fF) as well as capacitance changes at identical pressures (Figure S7, Supporting Information). 

Although micropores with an irregular size were randomly distributed within the volume of the 

porous Ecoflex dielectric layer, we confirmed that the sensor using the porous Ecoflex dielectric 

layer could feasibly represent consistent mechanical and electrical behavior in the macroscale 

regime. 
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Figure 4. Pressure-sensing performance of the piezocapacitive pressure sensor with a 

microporous Ecoflex dielectric layer. (a) Pressure-response curves of the piezocapacitive 

pressure sensors using solid and microporous Ecoflex dielectric layers. (b) Hysteresis 

characteristics of the pressure sensor in response to different compression levels. (c) Dynamic 

responses of the pressure sensor at various pressures ranging from 0.1 kPa to 100 kPa. (d) 

Demonstration of LOD by means of the sequential detection of ultra-lightweight objects, i.e., 

coffee powders in this case. (e) Stability of the pressure sensor over 1000 cycles of a repeated 

compression test. 
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For a deeper investigation of the applicability of our sensor to wearable pressure-sensing 

devices, it was employed as (i) an electronic pressure-sensing skin to determine seizing force 

levels in robotic fingers and (ii) as a bandage-type pressure-sensing device for the detection of a 

human wrist pulse signals. In the first example, our sensor was integrated onto robotic finger tips 

so that the fingers could recognize the pressure level that was subjected through contact with a 

target object. Figure 5a shows a photograph of the fabricated robotic fingers and a lightbulb as 

the target object. The seizing motion was performed using a linear moving stage operated by a 

stepper motor. The capacitance responses successfully reflected the random seizing motions 

applied in sequence, showing perfect signal recovery, as depicted in Figure 5b. Moreover, the 

microporous elastomer structure functions as a shock absorber, similar to the cushion of human 

skin surrounding the human skeleton. Thus, the robotic finger with flexible sensor skin could 

handle fragile objects such as a lightbulb without breaking them.  

In the second example, a wearable real-time wrist-pulse-sensing device was demonstrated. As 

shown in Figure 5c, the wrist-pulse-sensing device was fabricated by stacking the sensor 

components, and it was mounted directly onto the human wrist skin with commercial medical 

adhesive plaster. The real-time measurement setup is shown in Figure 5d. The wrist pulse signal 

was clearly detected by our sensor in real time (~90 beats per minute), as shown in Movie S3 in 

the Supporting Information. To verify whether the sensor signal truly came from the deflection 

of human skin induced by the wrist pulse, we compared the sensor signal on the wrist with that 

on the palm, where there is no skin deflection induced by a blood stream. As shown in Figure 5e, 

the sensor signal on the wrist was clearly identified as compared to the noise level from the 

sensor attached on the palm. Furthermore, general clinical information as a measure of the 
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arterial stiffness, which relates to the age of people, could also be collected and identified from 

the radial artery pressure wave measured by our sensor in the high-speed measurement setup 

mode (Figure 5f). Two clearly distinguishable peaks (P1 and P2) were obtained, which could be 

used to estimate clinical parameters; the radial artery augmentation index (AIr = P2/P1) and the 

time between P1(t1) and P2(t2) of the digital volume pulse (∆TDVP = t2 – t1) were measured and 

found to be 0.656 and 212 ms, respectively. These results are in good agreement with the 

reference data, which are comparable with the values expected for a healthy adult male in his late 

twenties.
29, 48

 In addition, the pressure induced from the pulse to the sensor at P1 was estimated to 

be ~3 Pa, which was similar with the induced pressure measured by other wearable flexible 

wrist-pulse-sensing devices.
22, 29 
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Figure 5. Applications of the piezocapacitive pressure sensor with the microporous Ecoflex 

dielectric layer to wearable pressure-sensing devices. (a) Robotic fingers integrated with the 

piezocapacitive sensor. (b) Capacitance responses at each displacement of one finger. (c) 

Mounting of the pressure sensor onto a human wrist with a commercial adhesive plaster. (d) 

Measurement setup for the real-time monitoring of human wrist pulse signals. (e) Capacitance 

responses of the sensor on the wrist and the palm. (f) High speed measurement of a typical single 

wrist pulse, indicating two peaks, P1 and P2. 
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Finally, a sensor array pad was fabricated using multiple porous elastomeric dielectric 

materials for the detection of spatially distributed pressures in a 2-D space. A flexible sensor 

array pad with a 5 x 5 pixel design was fabricated, as shown in Figure 6a. Stamps patterned with 

different letters of our institution, “KAIST,” were then applied to the sensor array pad. Each 

letter was successfully recognized by the proposed sensor array pad, as shown in Figure 6b. As 

noted above, the microporous elastomeric dielectric layer does not produce the barreling 

phenomena, allowing the influence of neighboring sensor cells to be ignored. 

 

 

Figure 6. Application of the piezocapacitive pressure sensor with the microporous Ecoflex 

dielectric layer to a flexible pressure sensor array pad for the detection of spatial pressure 

distributions in two-dimensional space. (a) Fabricated flexible pressure sensor array pad with 5×

5 pixels of flexible and stretchable electrode layers. (b) Recognition of the pressure distribution 
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on the pressure sensor array pad by applying stamps patterned with the letters ‘K’, ‘A’, ‘I’, ‘S’, 

and ‘T’. 

 

Conclusion 

 

In summary, we have developed a flexible piezocapacitive-type pressure sensor with ultra-high 

sensitivity and stability over a wide dynamic range based on a porous elastomeric dielectric 

material via a facile and cost-effective process. By the presence of micropores within the 

elastomeric dielectric layer, our piezocapacitive-type pressure sensor is highly deformable by 

even very small pressure input levels, leading to a dramatic increase in its sensitivity. Moreover, 

the gradual closure of micropores under compression increases the effective dielectric constant, 

thereby further enhancing the sensitivity of the sensor. In addition, the 3-D microporous 

dielectric layer with serially stacked springs of Ecoflex bridges can cover a much wider pressure 

range than those of previously reported microstructured active materials. Accordingly, our 

pressure sensor showed excellent performance with ultra-high sensitivity of 0.601 kPa
-1

 in a low-

pressure regime (< 5 kPa) as well as a wide dynamic range of 0.1 Pa - 130 kPa, which is 

appropriate for general tactile pressure ranges without a significant loss of sensitivity. To 

investigate its applicability to wearable devices, we demonstrated that our sensor can be easily 

utilized as a wearable pressure-sensing device in the form of (i) a pressure-sensing skin for 

seizing force measurements of robotic fingers, and (ii) as a bandage-type wrist-pulse-monitoring 

device. Finally, a sensor array pad was fabricated for the detection of spatially distributed 

pressures, letter recognition in this case. We believe that the piezocapacitive pressure sensor 

based on the 3-D porous elastomeric dielectric layer can broaden our perspectives on applicable 
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fields, such as the development of flexible microbalances, electronic skins for soft robotics, and 

wearable pressure-sensing devices for health diagnosis systems which deal with a wide pressure 

range from ultra-low pressure touch to human tactile pressure. 
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