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A B S T R A C T   

Flexible capacitive pressure sensors have been widely used in applications ranging from healthcare monitoring to 
human − machine interaction. However, it remains a huge challenge to overcome the sensitivity attenuation 
with increasing pressure, as well as maintain sensing performance at high stretching. Herein, inspired by the 
Miura-ori structure, a Symmetrical Miura-ori Capacitive sensor (SMC sensor) is proposed to realize a positive 
correlation between sensitivity and pressure within a tunable pressure range, which can be adjusted by modi
fying the SMC sensor structures. The capacitance is determined through the synergistic effect of distance and 
opposite area between electrodes conformal to the Miura-ori structure. The SMC sensor exhibits a maximum 
sensitivity of 0.648 kPa− 1 and high stability over 1000 cycles of compression and stretching. Furthermore, the 
special folding model of the Miura-ori structure avoids shape attenuation in sensitivity during stretching and 
detects both contractive and stretched strains. These unique characteristics make the proposed sensor promising 
for general physiological signal monitoring, even with high stretching and environmental adaptability.   

1. Introduction 

Flexible capacitive pressure sensors have a wide range of applica
tions in wearable health monitoring [1,2], biomimetic robots [3], and 
electronic skins [4–6] due to their advantages of construction simplicity, 
low temperature coefficient, low power consumption, fast response, and 
low detection limit. Sensitivity is one of the essential indexes used to 
evaluate the performance of pressure sensors. To enhance the sensi
tivity, researchers often add appropriate conductive fillers to improve 
the dielectric constant [7,8] or introduce microstructures [9–15] to 
improve the compression characteristics. 

However, the significant attenuation of sensitivity in the high- 
pressure region has not been completely addressed. One reason for the 
dramatic decrease in sensitivity at high pressure is that the opposite area 
between electrodes of different structures remains constant [16,17] 
under pressure, while the distance variation gradually decreases because 
of the increasing stiffness of the sensors. A sensor with micropyramids 
structure in the dielectric first proposed by Bao et al. [18] has a high 
sensitivity of 0.76 kPa− 1 at pressures less than 2 kPa. But the electrodes 
with a plane structure make the sensitivity drop to 0.11 kPa− 1 when the 

pressure is increased from 2 to 10 kPa. Guo et al. [19] used a lotus leaf as 
a template to obtain a capacitive pressure sensor with a microneedle 
structure electrode, which has a sensitivity of 1.194 kPa− 1 at pressures 
less than 2 kPa. But the sensitivity decreases to 0.077 kPa− 1 as the 
pressure increases because of the constant opposite area between elec
trodes. Xiong et al. [20] proposed microsphere structures in the elec
trodes of a capacitive pressure sensor to achieve a high sensitivity of 
30.2 kPa− 1. However, the opposite area remains constant as well, which 
makes the high sensitivity only maintained in the pressure range of 
0–130 Pa, followed by a 64-fold decrease in sensitivity at pressures 
above this range. The phenomenon of sensitivity attenuation will limit 
the applications of sensors with environmental pressure, such as the 
pressure caused by water and diving suits when divers work underwater. 
In addition, conflicts between the high sensitivity and stretchability in 
capacitive pressure sensors make them difficult to apply to situations 
requiring large strain. Moreover, human skin or soft robots typically 
perform movements with substantial deformations, which require not 
only stretchability [21,22] but also contractibility for flexible sensors. 
However, there are few reports of capacitive pressure sensors with 
contractibility. Therefore, it is still an open challenge to develop 
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capacitive pressure sensors that can avoid a decrease in sensitivity with 
high pressure or stretching and can detect both contractive and 
stretched strains. 

In this work, a low-cost capacitive pressure sensor is proposed based 
on a Miura-ori structure dielectric and electrode, which exhibits an 
upwards trend in sensitivity and avoids a sharp decrease under 
stretching. Different from the working principle of existing capacitive 
pressure sensors, the SMC sensor can reduce the distance h and increase 
the opposite area A between the electrodes when vertical pressure is 
applied. The special working principle makes the sensitivity gradually 
increase at pressures from 0 to 12 kPa and reach a maximum of 0.648 
kPa− 1 between 12 and 17 kPa. Due to the intrinsic stretchability of the 
Miura-ori structure, the sensor can maintain sensing performance in the 
stretched state and detect both contractive and stretched strains. 
Moreover, the capacitance of the sensor remains stable after 1000 cycles 
for vertical compression and horizontal stretching. The proposed sensor 
shows great potential for human health and movement monitoring, 
especially for applications that require high stretchability and environ
mental adaptability. 

2. Experimental section 

2.1. Materials 

Dragon SkinTM 10 Slow and release agents (Release 200) were pur
chased from Smooth-On (Smooth-On, Inc., America). Graphitized hy
droxyl multi-walled carbon nanotubes (MWCNTs, XFM41) as the 

electrodes for the sensor were purchased from XFNANO (Nanjing, 
China). MWCNTs are 10–20 nm in diameter and 5–30 μm in length. 
Conductive silver adhesive (LX50) was used to bond the electrodes to the 
conductive fabric. The sheet resistance of the conductive fabric is about 
0.7 Ω sq-1. N-hexane was acquired from Sinopharm Chemical Reagent 
Co. Ltd. (Shanghai, China). Sillione fluid used as a lubricant was pur
chased from Dow Corning. All chemicals were used as received without 
further purification. 

2.2. Fabrication and assembly of the sensor 

Concave and convex moulds with Miura-ori structures were obtained 
by 3D printing the related computer-aided design (CAD) models using 
veropurewhite material and a J750 printer (Stratasys). Part A and Part B 
of Dragon SkinTM were mixed at a ratio of 1:1 and cast onto concave and 
convex moulds sprayed with release agent. Leave in vacuum for 5 min to 
remove air bubbles. Then, the concave and convex moulds were tightly 
fitted and cured at 40 ◦C for 1 h. The Dragon SkinTM substrate with 
Miura-ori structure was obtained by peeling it off from the moulds. 

MWCNTs were physically dispersed in n-hexane with an ultrasonic 
material disperser (LC-JY92-IIN, 240 W) for 45 min. The concentration 
of MWCNTs in n-hexane was 5 mg mL− 1. The dispersed MWCNTs were 
uniformly sprayed using a spray gun (W-101) on the surface of the 
Dragon SkinTM substrate with a Miura-ori structure and then volatilized 
n-hexane at 80 ℃ for 10 min to form electrodes. The sheet resistance of 
the MWCNTs electrode is about 544 Ω sq-1. Dragon SkinTM and n-hexane 
were mixed in a mass ratio of 1:5 with a planetary mixer (ARE-310, 

Fig. 1. Design and performance of the SMC sensor. (a) Two layers symmetric about the X-Y plane bonded together at the matching creases. (b) A unit cell of the 
symmetrical Miura-ori structure. (c) Variation in h and A (product of w and l) with dihedral angle β from 10◦ to 170◦. (d) Structure of the SMC sensor. (e) Deformation 
of the capacitive sensor under vertical pressure. (f) Sensitivity of the SMC sensor while stretching. (g) Capacitance of the SMC sensor in contraction and stretching. 
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Thinky Company) at 2000 rpm for 3 min. The diluted Dragon SkinTM 

was sprayed on the electrodes and cured at 80 ◦C for 10 min to form 
encapsulation. A long strip of conductive fabric was used as a wire, 
which was bonded to the electrodes with conductive silver glue. 

By repeating the above steps, two encapsulated Miura-ori structures 
with an electrode and wire were obtained. A small amount of Dragon 
SkinTM was evenly coated on the valley crease lines of the two prepared 
Miura-ori structures. Through the coordination of two concave moulds, 
the mountains of the two Miura-ori structures were aligned and cured at 
40℃ for 1 h to form a symmetrical Miura-ori structure. Accordingly, a 
complete SMC sensor can be obtained. 

2.3. Characterization and measurements 

The capacitance of the SMC sensor was measured with a Keysight 
E4980AL inductance capacitance and resistance (LCR) meter at a fre
quency of 1 kHz and an oscillator voltage level of 1 V without dc bias. All 
stretching and compression tests were performed with table-top uni
versal testing instruments (EZ Test, SHIMADZU) used in stretching and 
compression modes. For cyclic loading/unloading tests, the sample was 
placed on the testing system, and a preselected constant pressure or 
displacement was repeatedly loaded and released while the electrical 
signals were recorded. During compression testing, we used a lubricant 
between the sample and top/bottom plates to ensure proper mechanical 
deformation of the samples. The microstructures of the samples were 
observed by a field emission scanning electron microscope (Genimi SEM 
500) operated at 3 kV. 

2.4. Finite element analysis method 

3D models were constructed using SolidWorks, and numerical sim
ulations were performed using COMSOL Multiphysics (V5.3a). Due to 
the symmetrical condition of the model, only half of a unit was 
considered. The dielectric thicknesses d are 0.15 mm, 0.2 mm, 0.25 mm, 
0.3 mm, and 0.35 mm. The initial dihedral angles β0 are 20◦, 60◦, 90◦, 
and 120◦, respectively. The side lengths a and b of the parallelograms 
constituting the Miura-ori structure are both 2 mm. The upper and lower 
plates make the model located inside the plate when it is compression 
deformed to make the simulation consistent with the experimental 
environment. The lower plate is fixed, and vertical pressure is applied to 
the upper plate. The symmetrical Miura-ori structure with five elements 
was used for the contractive and stretched strain simulation. One end 
was given a fixed constraint, and the other end was stretched or con
tracted by different displacements. Contact pairs were set at the places 
that would be contacted to prevent penetration. To improve the nu
merical accuracy of the model, finer meshes were used for the contact 
area. 

3. Results and discussion 

3.1. Design of the SMC sensor 

Fig. 1a illustrates two layers of the Miura-ori structure assembled 
symmetrically with the corresponding valley creases bonded together 
one by one. The resulting structure is called the symmetrical Miura-ori 
structure [23,24]. Fig. 1b shows a unit cell of the symmetrical Miura- 
ori structure. The sides of the parallelogram and the acute angle be
tween the two sides are denoted by a, b, and θ, respectively. The folding 
degree of the Miura-ori structure is determined by the dihedral angle β. 
The height h, width w, and length l of a unit cell can be expressed as 

h = 2acos
arccos(sin2θcosβ − cos2θ)

2
(1)  

w = 2b

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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Here, considering the convenience of calculation, a and b are set to 2 
mm, and θ is set to 60◦. When applying a vertical pressure, the folding 
degree of the symmetrical Miura-ori structure decreases, resulting in 
changes in the height h, width w, and length l. Fig. 1c shows variation in 
h and A (product of w and l) with dihedral angle β from 10◦ to 170◦. It 
can be seen that h decreases and A increases with the reduction in 
folding degree. The SMC sensor is formed by covering the upper and 
lower surfaces of the symmetrical Miura-ori structure with electrodes. 
Fig. 1d shows the structure of the SMC sensor. It consists of Dragon 
SkinTM substrates, multi-walled carbon nanotubes (MWCNTs) elec
trodes, top and bottom Dragon SkinTM encapsulation, and conductive 
fabric. According to Fig. 1c, the electrodes with the Miura-ori structure 
can cause the distance and opposite area of the SMC sensor to change in 
the direction of increasing capacitance under pressure. This is the key to 
avoiding sensitivity decay with increasing pressure for SMC sensors. It is 
different from most of the existing flexible capacitive pressure sensors. 
Supplementary Table 1 lists the electrode structures of our SMC sensor 
and the existing capacitive pressure sensors, as well as the changes in 
opposite areas during compression deformation. It can be seen that the 
opposite area between electrodes of planes, microspheres, micro
columns, and microgrooves structures are almost consistent under 
deformation. 

For the convenience of preparation, the side lengths a and b were set 
to 2 mm, and θ was set to 60◦. The other parameters that determine the 
structure of the SMC sensor are the initial dihedral angle β0 and 
dielectric thickness d (marked in Fig. 1d). The initial dihedral angle 
β0 represents the dihedral angle of the SMC sensor when no pressure is 
applied. In order to select the optimal parameters, deformation simu
lation was carried out for sensor models with different initial dihedral 
angles and dielectric thicknesses by COMSOL. Fig. S1 shows the defor
mation of sensor models with different initial dihedral angles under the 
same pressure. It shows that the soft material with a small initial dihe
dral angle such as 20◦ will twist under pressure, which is inconsistent 
with the deformation of the Miura-ori structure. With the increase in the 
initial dihedral angle, the twist deformation will gradually disappear, 
but the symmetric Miura-ori structure will completely unfold under low 
pressure. For example, when the initial dihedral angle is 120◦, the 
symmetric Miura-ori structure is unfolded under 10 kPa. The opposite 
area will not increase in the subsequent deformation, resulting in a 
narrower dynamic pressure range. Meanwhile, sensitivity (S) is defined 
as the tangent slope of the curve of the relative capacitance change with 
respect to the loaded pressure, 

S =
δ(ΔC/C0)

δP
(4)  

where C0 and ΔC are the initial capacitance and variation in capacitance, 
respectively, and P denotes the imposed vertical pressure. Formula 4 
indicates that reducing C0 can improve sensitivity. A smaller initial 
dihedral angle will result in a greater distance and smaller opposite area, 
which lead to a smaller initial capacitance C0, and thus will improve the 
overall sensitivity. Therefore, we choose a moderate initial dihedral 
angle of 60◦ for our SMC sensors. Fig. S2 shows the deformation of 
sensor models with different dielectric thicknesses under the same 
pressure. The stiffness of the sensor model will decrease with a smaller 
thickness, resulting in easy deformation and a narrower dynamic pres
sure range. However, the stiffness will become higher with a larger 
thickness, resulting in difficult deformation and a lower sensitivity. 
Therefore, we choose a moderate dielectric thickness of 0.25 mm for 
SMC sensors. 

Fig. S3 shows the fabrication of the SMC sensor. The Dragon SkinTM 

substrates were obtained by moulding through 3D-printed concave and 
convex moulds. The MWCNTs ultrasonically dispersed in n-hexane were 
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sprayed on the surface of the substrate to form electrodes with a Miura- 
ori structure. To avoid contact between the upper and lower electrodes, 
the outer boundary of the substrate is not sprayed with MWCNTs. After 
the MWCNTs were dried, the conductive fabric was stuck to the elec
trode through conductive silver glue as the test wire. Then, a layer of 
Dragon SkinTM dissolved in n-hexane was sprayed as an encapsulation. 
In order to evenly cover the electrode and encapsulation on the surface 
of the substrate, the substrate needs to be pre-stretched by 30% during 
the process of electrode and encapsulation spraying. By bonding the two 
fabricated above, the SMC sensor was obtained. The preparation process 
is cost-effective and does not require expensive materials or instruments. 
Significant strain is generated at the creases of the symmetrical Miura- 
ori structure during deformation. If granular conductive materials 
such as metal nanoparticles are used as electrodes, they are prone to 
fracture at the crease, causing instability of the sensor. Conductive 
materials with a high aspect ratio can alleviate the above phenomenon 
[19]. Therefore, low-cost MWCNTs with a high length-diameter ratio 

were used as electrode materials. Fig. S4a shows the SEM images for the 
top view of MWCNTs electrode surface. Fig. S4a-ii, a-iii, and a-iv show 
enlarged views of the Miura-ori structure on the peak crease, valley 
crease and parallelogram plane. MWCNTs are homogeneously distrib
uted on the surface of the Dragon SkinTM substrate, even in protruding 
peaks and sunken valleys. Fig. S4b shows SEM images with a cross- 
sectional view of the SMC sensor. Fig. S4b-i and b-ii show the full 
structures of symmetric Miura-ori and Miura-ori. Fig. S4b-iii and b-iv 
show the enlarged cross-sectional view of the peak and valley. The 
interface between the substrate and electrode can be clearly seen in the 
figure. Fig. S5 shows the resistance variation of the SMC sensor electrode 
with stretch cycles. The data were recorded for every 50 stretches. After 
5000 cycles of stretching 50%, the resistance of the electrode did not 
change significantly, indicating that the electrode obtained by spraying 
MWCNTs is stable. It should be noted that due to the encapsulation 
covering the surface of the electrode and the loss at the connection be
tween the electrode and conductive fabric, the resistance in Fig. S5 is 

Fig. 2. Sensing performance of the SMC sensor. (a) The relationship between the variation in capacitance and the applied pressure. (b) The sensitivity trend of the 
SMC sensor and existing flexible capacitive pressure sensors. (c) The relationship between the variation in capacitance and the applied pressure for different dielectric 
thicknesses of SMC sensors. (d) The relationship between the variation in capacitance and the applied pressure at different stretching degrees. (e) Relative capac
itance changes of SMC sensors under different contractive and stretched strains. (f) Capacitance response of the sensor to rice and mung bean. (g) Response and 
recovery times of the sensor. (h) Compression stability test (1000 cycles) of the sensor under a pressure of 1 kPa. (i) Stretching stability test (1000 cycles) of the sensor 
under 30% stretching. 
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larger than the sheet resistance of the electrode. 
The electrode of the Miura-ori structure enables SMC sensors to have 

the following three special characteristics. First, the SMC sensor avoids 
sensitivity attenuation with increasing pressure. The distance decreases 
while the opposite area increases between electrodes under pressure. 
This is the key for SMC sensors to avoid sensitivity attenuation, as shown 
in Fig. 1e. Second, it avoids rapid attenuation of sensitivity while 
stretching. As shown in Fig. 1f, with increasing stretching degree, 
although the maximum sensitivity decreases, the overall sensitivity 
tends to be stable as the minimum sensitivity increases. Third, the SMC 
sensor responds capacitively to both horizontal contractive and 
stretched strains. As shown in Fig. 1g, contractive strain increases the 
capacitance, while stretched strain leads to a decrease in the capacitance 
of the sensor. 

3.2. Sensing properties of the SMC sensor 

Fig. 2a shows the relative capacitance changes obtained experi
mentally under various vertical pressures. Within the pressure ranges of 
0–12 kPa, 12–15 kPa, and 15–30 kPa, the sensitivity of the SMC sensor is 
0.015 kPa− 1, 0.563 kPa− 1, and 0.026 kPa− 1, respectively. In the range 
from 0 to 14 kPa, the sensitivity of the SMC sensor increases with 
pressure. Here, we define this pressure range as the positive range. The 
sensitivity of most existing flexible capacitive pressure sensors generally 
decreases with increasing pressure, as shown in Fig. 2b. Without 
considering the dielectric constant ε, the sensitivity S related to the 
opposite area A and distance h can be given by 

S =

A
A0
.h0

h − 1
δP

(5) 

Where A0 and h0, A and h represent the opposite area and distance 
before and after applying pressure, respectively. Fig. S6 shows the 
simulation deformation of the SMC sensor under different pressures. A 
reasonable explanation for the special sensitivity trend of the SMC 
sensor can be provided by Formula 5 and Fig. S6. At low pressures from 
0 to 5 kPa, the sensor is difficult to compress, and the sensitivity rises 
slowly due to the small change in distance h and opposite area A. At 
pressures from 5 to 15 kPa, the sensor is more prone to compression. The 
distance h and opposite area A change rapidly, making the sensitivity 
rise quickly. At pressures from 15 to 30 kPa, the stiffness of the SMC 
sensor increases when most of the air in the sensor has been squeezed, 
making the deformation gradually difficult. The distance h decreases 
slowly, while the opposite area A is almost constant, making the sensi
tivity decrease as with most existing sensors. Fig. S7 shows the capaci
tive response of the SMC sensor to a low pressure of 10 Pa under 
different environmental pressures. The capacitance response under a 13 
kPa environmental pressure is much higher than the other two. The 
excellent sensing performance of the sensor under environmental pres
sure was verified. Fig. 2c shows the relative capacitance changes of SMC 
sensors with different dielectric thicknesses d under various vertical 
pressures. As the thickness increases, the positive ranges of sensitivity 
are 0–8 kPa, 0–11 kPa, 0–14 kPa, 0–17 kPa, and 0–20 kPa, respectively. 
This indicates that the sensitivity positive range of the SMC sensor can 
be adjusted by dielectric thickness d. To further improve the sensitivity 
of SMC sensors, 0.5 wt% MWCNTs were added to Dragon SkinTM to 
obtain a higher dielectric constant. The preparation of the composite 
dielectric is described in Note 1 of the Supplementary Material. First, 
sensitivities are tested on circular capacitive sensors with the dielectric 
of pure Dragon SkinTM and the composite dielectric, as shown in 
Fig. S8a. The diameter and thickness of the circular capacitive sensor are 
1 cm and 1 mm, respectively. It shows that the sensitivity of the com
posite dielectric capacitive sensor is approximately twice that of the 
pure Dragon SkinTM dielectric capacitive sensor. Next, sensitivities are 
measured on SMC sensors with the dielectric of pure Dragon SkinTM and 
the composite dielectric, as shown in Fig. S8b. It shows that sensitivities 

are improved over the entire pressure range, especially in the high- 
pressure region where it is increased by two times. Meanwhile, the 
composite dielectric extends the pressure range with maximum sensi
tivity from 12 to 15 kPa to 12–17 kPa. Supplementary Table 2 lists the 
sensitivities and dynamic ranges of the SMC sensor and existing capac
itive sensors with the same scale [25–29]. Compared with existing 
sensors at the same scale, the SMC sensor has good sensitivity and dy
namic range. 

Fig. 2d shows the relative capacitance changes with pressure at 
stretching degrees from 0 to 70% of the SMC sensor. As the degree of 
stretching increases, the inflection points of the curves gradually move 
in the direction of low pressure. When the degree of stretching is less 
than 20%, the sensitivity first increases and then decreases, similar to 
the trend when no stretching is applied. As the stretching degree in
creases, the maximum sensitivity decreases, the minimum sensitivity 
increases, and the overall sensitivity tends to stabilize. Optical images of 
SMC sensors with different stretching degrees are shown in Fig. S9. The 
stretching of the sensor is caused by the crease unfolding of the sym
metrical Miura-ori structure, rather than the strain of the material itself. 
As shown in Fig. S10, at 50% stretched strain, the stress is mainly 
concentrated at the crease of the symmetric Miura-ori structure. Fig. S11 
shows the capacitance response of the sensor to detect 1 kPa pressure 
without stretching and with a stretching degree of 100%. The capaci
tance response at 100% stretching is larger than that without stretching. 
This indicates that the sensitivity of the SMC sensor after 100% 
stretching is higher than that without stretching, which is consistent 
with the results in Fig. 2d. Fig. 2e and Fig. S12 show the relative 
capacitance changes and deformation of SMC sensors under different 
contractive or stretched strains. When the SMC sensor contracts, the 
distance between the electrodes increases, and the opposite area de
creases, resulting in a capacitance decrease. Similarly, the capacitance 
will increase when the sensor is stretched. Therefore, SMC sensors have 
the ability to detect contractive and stretched strains. 

To investigate the detection limit of the capacitive sensor, rice with a 
mass of approximately 20 mg and mung bean with a mass of approxi
mately 60 mg were placed on the sensor surface. As shown in Fig. 2f, the 
sensor has a significant capacitance response for a single rice and mung 
bean. The minimum limit of detection of the SMC sensor is about 20 mg, 
approximately equivalent to 5 Pa. We investigated the response and 
recovery time of the SMC sensor by loading and unloading a pressure of 
1 kPa on the sensor, as shown in Fig. 2g and Fig. S13. The excellent 
elasticity of the Dragon SkinTM and the hollow structure also enables a 
fast response and recovery time of approximately 100 ms. Furthermore, 
the compression stability of the sensor was evaluated by cyclically 
loading and unloading a pressure of 1 kPa for 1000 cycles, as shown in 
Fig. 2h. The stretching stability of the SMC sensor was evaluated by 
performing a stretch cycle test in the stretch mode of the universal 
testing instrument, as shown in Fig. 2i. The sensor was stretched by 30% 
and then released to its original length for 1000 cycles. Fig. S14 and 
Fig. S15 show the capacitance response curves of the SMC sensor during 
the initial and final stages of the compression and stretching cycle 
testing. During the process of loading and unloading, the output 
capacitance signal of the sensor remains stable. After 1000 cycles, the 
attenuation of the capacitance signal can be negligible, which indicates 
excellent compression and stretching stability of the SMC sensor. 

In addition, the Miura-ori structure can also be designed as an array 
of sensors to detect pressure distribution, named Symmetrical Miura-ori 
Capacitive Array sensor (SMCA sensor). The structure of the SMCA 
sensor is shown in Fig. S16a. The ability of the SMCA sensor to detect the 
pressure distribution was verified through simulation. In the simula
tions, we apply pressure F1 on areas A2 and A8, and apply pressure F2 
on areas A4 and A6, where F2 = 2F1. The deformation and capacitance 
response obtained from the simulation are shown in Fig. S16b. The re
sults show that the SMCA sensor can detect the pressure distribution 
well. 
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3.3. Practical applications of the SMC sensor 

Fig. S17 shows that the strain in the X direction is positively corre
lated with that in the Y direction during the deformation of the sym
metrical Mirua-ori structure, which shows a negative Poisson’s ratio. 
Taking advantage of the excellent sensing performance and negative 
Poisson’s ratio, the SMC sensor can be used as a wearable device to 
detect human physiological signals conformally with the skin surface 
[30]. For example, speech signals are caused by movements of neck 
muscles and vibrations of the vocal cords. To demonstrate its potential 
for speech signal recognition, the SMC sensor was attached to the neck of 
the experimenter. Video S1 demonstrates the real-time information on 
the experimenter and capacitance response of the SMC sensor. When the 
experimenter speaks the word “sensor”, the capacitance of the SMC 
sensor first increases and then decreases. Fig. 3a shows a segment of the 

capacitance signal in the video. The output signal has good consistency, 
indicating that the sensor can clearly recognize human voice signals. 
Detecting the respiratory rate is significant for conditions such as asthma 
and sleep apnea. Fig. 3b shows the respiratory signal obtained by 
attaching the sensor to the experimenter’s abdomen. The results show 
that the frequency and amplitude of the output signals have excellent 
consistency, indicating their potential application in monitoring respi
ratory abnormalities. Heart rate is closely related to heart disease, so the 
monitoring of daily heart rate is particularly important. Fig. 3c shows 
the real-time pulse measured by attaching the sensor to the experi
menter’s wrist, with a frequency of approximately 75 beats per minute. 
The inset in Fig. 3c shows the characteristic peaks of pulse waves, 
including percussion (P), tidal (T), and dicrotic (D). Fig. 3d shows the 
real-time response of the sensor to airflow. When squeezing the rubber 
suction bulb, the airflow transmits pressure to the sensor, causing a 

Fig. 3. Application of SMC sensors in human signal detection. (a) Detection of vocal cord vibration signals caused by the “sensor”. (b) Detection of the breath rate by 
attaching the sensor to the abdomen. (c) Detection of the pulse signal on the wrist (the enlarged illustration is a magnified view of the pulse vibration waveform). (d) 
Detection of repeated air flow. (e) Detection of wrist bending downwards at 30◦, 60◦, and 90◦. (f) Detection of wrist bending upwards motions. 

H. Sun et al.                                                                                                                                                                                                                                     



Chemical Engineering Journal 468 (2023) 143514

7

Fig. 4. The application of SMC sensors underwater. (a) Capacitance response of the sensor to water pressure. (b) Capacitance signals at different gestures. (c) 
Capacitance response of touch where the SMC sensor was attached to the feet under water. (d) Capacitance response of touch where the SMC sensor was attached to 
the bending elbow under water. (e) Capacitance response of the SMC sensor when a wave shock approached. (f) Capacitance response of the SMC sensor when fish 
are swimming by. 

H. Sun et al.                                                                                                                                                                                                                                     



Chemical Engineering Journal 468 (2023) 143514

8

significant increase in capacitance. This demonstrates the potential ap
plications of the SMC sensor in airflow detection, such as wind direction 
and speed. Fig. 2e shows the ability of the capacitive sensor to detect 
both contractive and stretched strains. Based on this, the SMC sensor can 
detect the bending signal both downwards and upwards at the human 
joint. We attached the sensor on the outside wrist to detect the bending 
movement. As shown in Fig. 3e, when the wrist was bent downwards, 
the sensor was stretched to output an increased capacitance signal. The 
sensor can also identify the degree of wrist bending. When the wrist is 
bent by 30◦, 60◦, and 90◦, the sensor outputs a capacitance signal that 
increases sequentially. When the wrist was bent upwards, the sensor 
contracted, producing a reduced capacitance signal, as shown in Fig. 3f. 
The experimental processes are shown in Video S2. This will expand the 
applications of capacitive pressure sensors to a certain extent, such as 
omnidirectional detection of the joint motion of the human body. 

The positive correlation between the sensitivity and pressure of the 
SMC sensor is suitable for the detection of the presence of environmental 
pressure, such as the related monitoring of divers while they are working 
underwater. Both the tight-fitting wetsuit and water pressure will cause 
environmental pressure on the sensor while attaching it to the diver’s 
body for underwater monitoring. To demonstrate the applicability of the 
proposed sensor in this scenario, the SMC sensor was placed in a 
waterproof plastic bag to simulate the environmental pressure on the 
sensor by a wetsuit. The packaged sensor was placed in a bucket with a 
depth of 1.5 m, and water was gradually added into the bucket to 
simulate the water depth. With this setup, the water pressure ranges 
from 0 to 15 kPa. The experimental setup is shown in Fig. S18a, and the 
experimental results are shown in Fig. 4a. The relative capacitance in
creases with increasing water pressure. The sensitivity is approximately 
0.1 kPa− 1, which is greater than the sensitivity of the sensor under 
normal conditions for the same pressure range. This shows that the 
proposed sensor can detect the dive depth of the diver. To work un
derwater, divers need to transmit signals from underwater to the sur
face. The sensors are attached to the diver’s finger joints so that signals 
can be generated through different hand gestures. When the hand makes 
a specified gesture, the bending of the finger joints leads to the 
stretching of the sensor, and the relative capacitance outputs different 
values. Fig. 4b demonstrates the application of the SMC sensor for 
gesture recognition. First, the five fingers were straightened, and the 
output signals of the five sensors were in a low initial state. After that, 
the gestures of “OK”, “Good”, and “Yeah” were made, and the obtained 
signal can well reflect the gesture change. In addition, divers may be 
hurt by hitting rocks while working underwater. The proposed sensors 
were attached to the bottom of the diver’s feet, elbows, and knees, which 
can sensitively sense the touch of the rocks, so an alarm can be sent to 
the divers to protect themselves. Fig. S18b shows the waterproof treat
ment of the SMC sensor for reef collision detection. Fig. 4c shows the 
capacitance output signal obtained by the foot touching the bottom of 
the container containing water. The capacitance of each touch increases 
significantly, indicating that the sensor can perceive the external im
pacts well. Taking advantage of the fact that the proposed sensor can 
work well under stretching, the sensor can be attached to the outside of 
the straightened elbow and can detect contact with the reef when the 
elbow is straightened or bent. Fig. 4d shows the relevant test results. The 
output capacitance signal changes significantly with each touch of the 
elbow. This shows that the sensor can sense external touch in the 
stretched state. The experimental processes are shown in Video S3 and 
Video S4. In addition, the proposed sensor can also be used for under
water fish detection. When deployed underwater, the sensor will be 
affected by many factors, including wave shocks and fish movements. As 
shown in Fig. 4e, when a wave shock approached (here, we moved a 
glass plate in the water to generate shocks to simulate water waves), the 
resulting water pressure caused the capacitance of the sensor to fluc
tuate up and down. While a fish swims approaching the sensors, the 
electric field around the capacitor will be affected, resulting in a 
decrease in the capacitance, as shown in Fig. 4f. By utilizing these 

different responses of our sensors to wave shocks and fish movement, it 
is possible to distinguish between the wave impact and the movement of 
fish swimming by. This may be useful for studying fish behaviours and 
provide potential methods to understand the activities and distribution 
of fish. The detailed experimental processes are shown in Video S5. 

4. Conclusion 

In this work, we present a unique flexible capacitive pressure sensor 
based on the Miura-ori structure dielectric and electrode. A low-cost 
method has been proposed in which the SMC sensor is constructed by 
moulding using 3D-printed moulds and sprayed with flexible MWCNTs 
electrodes. Based on finite element analysis simulations and experi
mental results, the special deformation of the symmetrical Miura-ori 
structure makes the sensitivity of the SMC sensor positively correlated 
with pressure, which is key to avoiding a sharp decrease during 
stretching as well. In addition, the SMC sensor has excellent scalability 
to detect both contractive and stretched strains. It also has a high 
sensitivity of 0.648 kPa− 1, a low detection limit of 5 Pa, a fast response/ 
recovery time of 100 ms, and excellent stability for over 1000 cycles of 
compression and stretching. The architecture based on the Miura-ori 
structure may open a new route for constructing high-performance 
flexible capacitive pressure sensors in the future. We demonstrate its 
promising potential in applications such as omnidirectional human body 
monitoring and movement detection. 
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