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A B S T R A C T   

Recently, flexible sensors endowed with high sensitivity, low detection limit, broad working pressure range and 
fast response have aroused widespread concern owing to their vital role in the development of wearable artificial 
devices, human-machine interaction and healthcare systems. Herein, flexible and highly sensitive capacitive 
pressure sensors were fabricated based on flexible electrodes with convex microarrays and ultrathin dielectric 
layer. The proposed sensor is constructed by sandwiching a top micro-arrayed electrode, a middle ultrathin 
dielectric layer and a bottom micro-arrayed electrode, and it demonstrates an ultra-high sensitivity of 30.2 kPa� 1 

(0–130 Pa), fast response time of 25 ms, low detection limit of 0.7 Pa and extreme stability of 100 000 cycles 
without fatigue. The finite-element analysis indicates that the changes of contact area and distance between two 
electrodes under external stimulus are critical to achieve superior properties of the sensor. Benefitting from the 
outstanding comprehensive performance, the enormous potential ability of the capacitive sensor in monitoring 
physiological signals and robot hand grabbing motions have been successfully demonstrated, which indicates 
promising applications in wearable intelligent electronic devices.   

1. Introduction 

With the growing demands for booming artificial intelligence and 
the internet of thing (IoT), flexible pressure sensor as one of the crucial 
sensing elements has been attracted great attention due to their prom
ising applications in wearable electronic devices for medical diagnosis 
[1–5], healthcare monitors [6–15], human-machine interaction [16] 
and smart home [17,18], etc. To distinguish external stimulus, flexible 
pressure sensors usually convert the applied force into recognizable 
electrical signals or other responsive output signal. To some extent, the 
flexible sensors can help the inanimate objects to understand how 
human “feel” during interactions, as well as obtain biological signals 
such as blood pressure and body motions. The key parameters including 
sensitivity, response time, limit of detection (LOD) and working stability 
were generally used to evaluate the performance of pressure sensors. 
According to the sensing mechanism, there were four typical types 
including piezoresistive [6,8,9,19–21], capacitive [22–27], 

piezoelectric [28–32], and triboelectric [33–37] sensors. Among them, 
the flexible capacitive pressure sensors (FCPS), which can be integrated 
into the irregular surfaces such as touch screen, flexible display and even 
human skin, were widely researched owing to their advantages of high 
sensitivity, fast response and low hysteresis. 

Similar to the traditional plane-parallel capacitor, the FCPS generally 
consists of two thin parallel flexible conducting flats (top electrode and 
bottom electrode) separated by a dielectric layer typically of poly
vinylidene fluoride (PVDF) and methacrylate, etc. The flexible elec
trodes were mainly fabricated by coating conductive materials on the 
surface of flexible substrates (polydimethylsiloxane (PDMS), poly
ethylene terephthalate (PET), polyimide (PI), polyvinyl alcohol (PVA), 
etc.) or adding conductive fillers (metal micro-flakes, silver nanowires, 
graphene, carbon nanotubes, etc.) into polymer matrix. The capacitance 
(C) of a parallel plate capacitor is generally defined as the ratio of the 
charge carried by a capacitor to the voltage between electrodes and 
determined by the distance between two electrodes (d), the effective 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: yg.hu@siat.ac.cn (Y. Hu), pl.zhu@siat.ac.cn (P. Zhu).  

Contents lists available at ScienceDirect 

Nano Energy 

journal homepage: http://www.elsevier.com/locate/nanoen 

https://doi.org/10.1016/j.nanoen.2019.104436 
Received 29 September 2019; Received in revised form 7 December 2019; Accepted 24 December 2019   

mailto:yg.hu@siat.ac.cn
mailto:pl.zhu@siat.ac.cn
www.sciencedirect.com/science/journal/22112855
https://http://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2019.104436
https://doi.org/10.1016/j.nanoen.2019.104436
https://doi.org/10.1016/j.nanoen.2019.104436
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2019.104436&domain=pdf


Nano Energy 70 (2020) 104436

2

area of two electrodes (A) and the permittivity (ε) of dielectric layer, 
expressed as C ¼ εA/4πkd. For the FCPS with high sensitivity, both the 
electrodes and dielectric layer are required to be as flexible as possible so 
that the dielectric layer and electrodes can be deformed upon slight 
pressure stimulation, ultimately resulting in a remarkable change in 
capacitance. 

In order to improve the sensitivity of FCPS, the different micro
structures such as wave [12,26], pillar [1,38], pyramids [39–41], and 
micro-convex [11,42] were popularly introduced either as an electrodes 
or dielectric layer due to the easy deformation under external stimulus 
as compared with flat substrates and resulting into larger changes of 
d and A. For example, Park’s group [43] used porous Ecoflex as a 
dielectric layer to fabricate sensor with sensitivity of 0.6 kPa� 1, while 
without pores was 0.016 kPa� 1. Guo’s group [44] used rose petals and 
leaves with microstructure as dielectric layers of the sensor to obtain a 
high sensitivity of 1.54 kPa� 1. Gui’s [22] group applied low-cost nylon 
netting as dielectric layer to improve sensitivity (0.33 kPa� 1). Zhu’s 
group [12] prepared wavy microstructure by pre-stretching method to 
improve sensor sensitivity (2.94 kPa� 1). Zhang’s group [24] transferred 
the microstructure of the lotus leaf to the surface of PMDS by two-step 
replication as electrodes and used polystyrene microspheres as the 
dielectric layer to prepare flexible pressure sensor with a high sensitivity 
of 0.815 kPa� 1, while without lotus leaf’ microstructure was only 0.038 
kPa� 1. However, the sensitivities of these sensors are still relatively low 
to obtain distinct and stable signals along with high signal to noise ratio 
(SNR). Therefore, the FCPS with ultra-high sensitivity and excellent 
working stability are still highly desirable. 

Herein, we developed an ultra-highly sensitive capacitive sensor 
integrated by two PDMS-Au electrodes with surface convex microarrays 
and an ultrathin PVDF dielectric layer using a simple and low-cost 
strategy. The convex microarrays were fabricated via a colloidal self- 
assembly and two-step replication process, and the PVDF film was pre
pared by a facile spin-coating method. The proposed flexible capacitive 
pressure sensor exhibits an ultrahigh sensitivity of 30.2 kPa� 1 in pres
sure regime of <130 Pa, low detection limit (0.7 Pa), extremely high 
stability (100 000 cycles) under 15 Pa with loading/unloading fre
quency of 1 Hz. Based on the superior performance, the applications of 
the capacitive sensor in monitoring various human biological signals of 
respiration, pronunciation and body motions, and also robot hand 
grabbing motions were further visually demonstrated with excellent 
stability and high signal-to-noise ratio. Moreover, the finite-element 
analysis was applied to analysis the changes of contact area and dis
tance between two electrodes, the results illustrated that the micro
arrays on the surface of electrode and ultrathin dielectric layer were 
synergistically caused significant increase in high sensitivity. 

2. Experimental section 

2.1. Materials 

Uniform sized polystyrene (PS) microspheres (0.5, 2, 5.6 μm of 
diameter) were synthesized via a modified dispersion polymerization 
method as described in our previous report [45]. PDMS prepolymer 
(Sylgard 184) and curing agent were acquired from Dow Corning, pol
yvinylidene fluoride (PVDF) powder was obtained from Sigma-Aldrich 
with the molecular weight of 200000. Sulfuric acid (H2SO4, 98%), 
N-methyl pyrrolidone (NMP, AR), hydrogen peroxide (H2O2, 30%) and 
ethanol (C2H5OH, 98%) were supplied by Sinopharm Chemical Reagent 
Co. Ltd. (Shanghai, China). Ultrapure water (>18 MΩ cm� 1) was used 
for all experiments. 

2.2. Preparation of PS microspheres array by colloidal self-assemble 
method 

Glass disks (diameter of 5 cm) were cleaned in piranha solution (a 
3:7 mixture of H2O2 and H2SO4, volume ratio) at 80 �C to form 

hydrophilic surfaces, followed by repeated rinsing with deionized water, 
and then dried under a nitrogen flow. Please note that this mixture is 
extremely dangerous and should be carefully used in a fume hood. The 
PS microspheres (2 μm) were dispersed in ethanol/water (ethanol: 
water ¼ 9:10, w/w) mixed solvent with concentration of 5 wt% via 
ultrasonication for 30 min. In the colloidal self-assemble process, 5 mL 
of deionized water was dropped to the cleaned glass surface to form a 
thin water layer and then PS suspension was dropwise added to the 
water edge. PS microspheres were self-assembled at the solid-liquid-gas 
(PS-water/ethanol-air) three-phase interface and formed a uniform PS 
array after water and ethanol were completely evaporated at room 
temperature. The self-assembly process of 0.5 and 5.6 μm PS micro
spheres array was the same as 2 μm microspheres array. 

2.3. Preparation of PDMS electrode with surface convex microarrays 

The flexible PDMS electrode with surface convex microarrays were 
fabricated via a two-step replication process. Firstly, liquid PDMS 
(prepolymer: curing agent ¼ 10: 1, w/w) was spin-coated on the glass 
with surface self-assembled 2 μm PS microspheres at 200 rpm for 10 s, 
followed by heat curing at 100 �C for 2 h. The cured PDMS film was 
carefully separated from the glass and immersed in toluene solution for 
30 min to fully remove the embedded PS microspheres, leaving concave 
microarrays on the PDMS film surface. Then, the concave PDMS was 
treated by plasma (Femto, 50 mW, 1.0 bar) for 10 min. Followed by 
spinning coating another layer of liquid PDMS at 200 rpm for 10 s and 
cured at 80 �C for 2 h. After the above two-step replication process, the 
two cured PDMS layers were separated from each other to obtain the 
PDMS film with surface convex microarray. Finally, a conductive gold 
layer with thickness of about 100 nm was sputtered on the surface of the 
PDMS with micro-convex array, forming the flexible electrode with 2 μm 
convex microarrays. The preparation of flexible electrode with 0.5, 5.6 
μm was the same with flexible electrode with 2 μm. 

2.4. Preparation of dielectric film 

The PVDF/NMP solution (PVDF: NMP ¼ 1:10, w/w) was formulated 
by dissolving a desired amount of PVDF powder in NMP solvent, and 
then uniformly spin-coated on a cleaned glass substrate at 600 rpm for 
10 s. After dried at 80 �C for 30 min, the PVDF film (4 μm) was slowly 
peeled off from the glass. The different thickness of dielectric layer about 
7 μm and 10 μm were obtained at 400 rpm and 200 rpm for 10 s, 
respectively. The process of preparation of PVA and PE dielectric layer is 
the same with that of PVDF dielectric layer. 

2.5. Fabrication of the FCPS 

In the process of fabrication of FCPS, the 2 μm micro-structured 
PDMS electrode was cut into strips, the silver leads were connected 
with external test equipment using commercial conductive silver paste 
at one end of the cut electrode with surface gold layer. Next, two PDMS 
electrodes and a different thickness dielectric film were sandwiched into 
a flexible pressure sensor with the PVDF film as a middle layer. The 
sensor with 0.5, 5.6 μm micro-structured PDMS electrode was prepared 
in the same way as the sensor with 2 μm micro-structured PDMS 
electrode. 

2.6. Characterization 

The morphologies of the PDMS films with concave microarrays and 
the PVDF films were characterized by a field emission scanning electron 
microscope (FE-SEM, FEI Nano SEM 450). The Young’s modulus and 
dielectric constant of dielectric materials were measured by an elec
tronic universal testing machine (Suns, UTM2102) and precision 
impedance analyzer (Agilent 4294A), respectively. The capacitance was 
measured by LCR digital bridge tester (Gwinstek, LCR-6002). The 
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sensitivity and cyclic stability of the FCPS were tested via electronic 
universal testing machine (Shimadzu AG-X plus, 100 N). A robot hand (i- 
LIMB hand, Tough Bionics) was used to grab objects. 

2.7. Finite element analysis method 

To calculate the contact area and distance between two electrodes 
under external pressure, structural analysis was conducted via finite 
element simulation. The sizes of sandwich structure applied in finite 
element simulated are consistent with that actual measurement values. 
In detail, the microarrays are closely packed with a convex size of 2 μm. 
In order to obtain accurate simulation results, the cells were messed 
according to different contact surfaces (element size: 0.2 (minimum) 
and 1.0 (maximum)), and the messed mode is based on triangle. The 
growth step is 0.1, and a total of 50 steps are calculated. The contact 
model is based on the surface-to-surface contact among the deformable 
sandwich structures. 

3. Result and discussion 

The fabrication approach of making flexible pressure sensor with 
uniform microstructure array was schematically illustrated in Fig. 1. The 
adopted simple fabrication steps, low cost, and self-assembling process 
could be interesting in future reliable pressure sensor fabrication. 

Fig. 1a–g illustrated the process of fabricating electrode with concave 
microstructure and Fig. 1h–k demonstrated how to prepare dielectric 
layer. Finally, it revealed the sandwich structure of flexible pressure 
sensor via layer by layer method as shown in Fig. 1l. The whole fabri
cation process details were described in the Experimental Section. 
Fig. 1m showed the whole structure of the sensor, the sandwiched sensor 
was fixed by the package layer A and package layer B. Fig. 1n visually 
demonstrated the flexibility of the packaged sensor, which could be 
bended to a little circle with diameter of 7 mm and attached to the arm. 

Fig. 2a shows the SEM image of the self-assembled 2 μm polystyrene 
microspheres array. It demonstrates uniform PS spheres were regularly 
and closely packed on the glass substrate forming a monolayer array. 
Fig. 2b shows the SEM image of the first PDMS film fabricated by spin 
coating liquid PDMS on PS array surface and remove PS array after heat 
curing. It clearly reveals that there are a number of uniform concavities 
on the surface of PDMS, and the diameter of the concavity is ~2 μm, 
which is consistent with the size of PS microspheres. These concavities 
were remained from the PS spheres array embedded in PDMS film sur
face and completely sacrificed after immersing in toluene. As demon
strated in Fig. 2c, the PDMS film with convex array was obtained after 
the second replication process. It can be seen that the micro-structured 
PDMS with diameter of ~2 μm is regularly and closely arranged. At 
the same time, due to the uniform microstructure on the surface of 
PDMS, PDMS film forms brilliant colors through the refraction, 

Fig. 1. Schematic diagram of the fabrication process of the flexible capacitive pressure sensor with microarrays. a) Self-assembly of polystyrene (PS) spheres at the 
solvent/air interface. b) Monolayer PS spheres array on the surface of glass after solvent evaporation. c) Spin coating and heat curing the first PDMS layer on the 
surface of PS spheres array. d) PDMS film with surface concave microstructure after dissolving PS spheres. e) Spin coating and heat curing the second PDMS layer on 
the first cured PDMS film. f) The second cured PDMS with surface convex microstructure. g) Sputtering Au layer on the surface of the PDMS film with convex 
microstructure. h-k) Fabrication of PVDF film by spin coating of PVDF/NMP solution on a glass substrate followed by heating dry. l) Integration of the pressure sensor 
by sequentially sandwiching a top PDMS-Au electrode, a middle PVDF dielectric layer and a bottom PDMS-Au electrode face to face. m) The integrated structure of 
the packaged sensor. and n) Flexibility demonstration of the packaged sensor. 
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diffraction and interference of light (Fig. S1 in the Supporting Infor
mation). The SEM images of the convex PDMS film with 0.5 and 5.6 μm 
microarrays were shown in Fig. S2. The results proved that PDMS film 
with surface convex array can be successfully fabricated by a simple 
two-step replication process with assistance of a colloidal self-assembly 
method. Fig. 2d shows the SEM image of PVDF film fabricated by spin 
coating method and the thickness is 4 μm tested by a spiral micrometer. 
The cross-sectional SEM image of the sandwiched flexible pressure 
sensor was shown in Fig. 2e. It can be seen that the top and bottom PDMS 
electrodes are separated by an ultra-thin dielectric layer of PVDF film. 
Fig. 2f is a partial enlarged SEM image of Fig. 2e, which shows the 
detailed feature of the interface area of the micro-structured PDMS 
electrode and the PVDF dielectric layer in close contact state. 

In order to optimize the size of microarrays and dielectric materials 
to obtain the sensor with high sensitivity, the sensor with microarrays of 
0.5, 2 and 5.6 μm and dielectric materials of PVDF, PVA and PE was 
firstly investigated. The sensitivity of the above sensors was evaluated 
and the results are shown in the following Fig. S3. It can be seen that the 
sensitivity of sensors with convex microarrays is 5.7, 30.2 and 8.9 kPa� 1 

at pressure range of 0–220, 0–130 and 0–180 Pa for the microstructures 
of 0.5, 2 and 5.6 μm, respectively. The sensor using PVDF, PVA and PE as 
the dielectric layer shows different sensitivity, from high to low in order, 
as presented in Fig. S4. Based on these results, microarrays with 2 μm 
and PVDF dielectric layer was selected to construct the FCPS for high 
sensitivity. 

To evaluate sensor performance on the effect of interface between 
the dielectric layer and microarray convex structure, the FCPS were 
fabricated with different thickness of the PVDF layers such as 4, 7 and 
10 μm named as FCPS-MD4, FCPS-MD7, and FCPS-MD10, respectively. 
For comparison, the FCPS-FD4 was abridged with flat PDMS (500 μm) 
and 4 μm PVDF under similar experimental conditions. The flexible 
capacitive pressure sensor with flat electrodes and 4 dielectric layers 
were abridged as FCPS-FD4. Based on the formula of S ¼ δ(ΔC/C0)/δP, 
the sensitivity of the flexible pressure sensor can be calculated by 
depicting the slope of the tangent line on pressure-capacitance rate 
curve. To discuss the influence of the convex microarray and the ultra
thin dielectric layer to the performance of FCPS, a consecutive pressure 
from 0 to 10 kPa was loaded on the FCPS-MD4, FCPS-MD7, and FCPS- 
MD10, respectively. And the FCPS-FD4 was used as a blank control 
group. As demonstrated in Fig. 3a, two linear regions where the change 
rate of capacitance as a function of pressure were observed. In the low 

pressure rang (0–130 Pa), the sensitivity of FCPS-MD4 was up to 30.2 
kPa� 1, much higher than most of the previous reports as exhibited in 
Table S1 (Supporting Information). In the high pressure rang (130 Pa-10 
kPa), the FCPS-MD4 demonstrated a sensitivity of 0.47 kPa� 1. The linear 
relationship in the range of 0–130 Pa was zoomed up in Fig. S5. It clearly 
reveals that there is an excellent linear relationship in the pressure range 
of 0–130 Pa with a high correlation coefficient of 0.97. This ultrahigh 
sensitivity was mainly attributed to the convex microarrays and ultra
thin dielectric layer. For the FCPS-FD4, the capacitance curve (black 
dotted line) presents a linear trend with low sensitivity of 0.89 kPa� 1 

(0–1.8 kPa) and 0.39 kPa� 1 (3–9 kPa). It proved that the existence of the 
convex microarrays on the electrodes surface can obviously improve the 
sensitivity of the sensor because of the various contact area under 
different pressure. 

To investigate the effect of the thickness of PVDF dielectric layer on 
the sensitivity of the FCPS, the capacitance-pressure curves were 
measured of the sensors with different dielectric layer thicknesses of 4, 7 
and 10 μm. The results show that FCPS-MD4 was much higher than that 
of the FCPS-MD7 (24 kPa� 1, 0–200Pa; 0.25 kPa� 1, 4–9 kPa) and FCPS- 
MD10 (4.3 kPa� 1, 0–200 Pa; 0.53 kPa� 1, 4–9 kPa). The zoomed up and 
linear fitting curves in Fig. 3a were presented in Fig. S6 in the Supporting 
Information for more clear observation. It can be explained that the 
thickness changes of the PVDF dielectric layer with different thicknesses 
are the same under the same pressure conditions, however, considering 
their different initial thicknesses, the relative change rate of the inter- 
planar spacing was different. As shown in Fig. 3a, when the thickness 
of the dielectric layer reduces from 10 to 7 and 4 μm, the sensitivity of 
the sensor gradually increases, indicating that the sensitivity of the 
sensor is inverse correlation to the thickness of the dielectric layer. The 
change in the contact area and the parallel plate distance under external 
pressure will synergistically improve the sensitivity of the sensor. It 
should be noted that, when the thickness of the dielectric layer is too 
thin especially close to the size of microarrays, it will be easily damaged 
and resulting into failure of the sensor upon external loading stimulation 
due to modulus mismatch and stress concentration at the contact points 
between the dielectric layer and the microarrays. The smaller of the 
inter-planar spacing, the greater the rate of change of the inter-planar 
spacing, especially occured when the thickness of the dielectric layer 
was close to the height of the microarrays. The synergistic effect of the 
changed contact area and the changed inter-planar spacing causes a 
sharp change in the capacitance value, thereby improving the sensitivity 

Fig. 2. a) SEM image of the self-assembled PS microspheres array. b) SEM image of PDMS film with surface concave microstructure. c) SEM image of PDMS film with 
surface convex microstructure. d) SEM image and thickness measurement of the PVDF film. e) The cross-sectional SEM image of the sandwiched flexible pressure 
sensor. and f) Partial enlarged image of (e). 
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of the sensor. 
Fig. 3b provides schematic illustration for the rate of capacitance 

change under the external pressure where the “δd” and “δA” are repre
sented the changes of parallel plate height and contact area, respec
tively. For the pressure loading on the FCPS-FD4, δA is almost constant 
which has negligible effect on the change of capacitance. δd caused by 
the deformation of elastomeric dielectric layer contributes to the various 
capacitance. For the pressure loading on the FCPS-MD4, the δd and δA 
jointly dedicate to the changes in capacitance. More details are illus
trated in Fig. 3c and d. When external pressure was loaded on the FCPS- 
FD4, the contact area was hardly changed and the deformation of 
dielectric layer thickness was the main factor resulting in various of 
relative capacitances. However, the FCPS-MD4 was easier to be 
deformed under the same pressure as compared with FCPS-FD4 because 
external pressure was focused on microstructure rather than the whole 
flat, resulting patented microarrays were easier to be deformed which 
reflected in δd and δA. So, for the FCPS-MD4, not only the distance be
tween two electrodes but also the contact area was dramatically 
changed under applied pressure, leading to observable improvement of 
its sensitivity. 

The sensing mechanism was further validated from finite element 
analysis (FEA) and the results were shown in Fig. 4. The schematic di
agram (Fig. 4a) shows model flexible capacitive pressure sensor inte
grated by two gold coated PDMS films with surface convex microarrays. 
A dielectric layer PVDF sandwiched between the gold coated micro
arrays and two silver leads were attached to the top and bottom gold 
coated PDMS electrodes. Fig. 4b exhibits the deformations of the convex 
microarrays under external pressure. The deformations will increase the 
contact area as well as decrease the distance between two electrodes, 
consequently generating remarkable capacitance signals. 

In order to investigate how the microarrays and the thickness of 

dielectric layer affect the sensing performance of the as-prepared 
capacitive sensor, FEA was applied in simulating the deformation 
against with external pressure. A similar sensor integrated by two PDMS 
films without microarrays was used as control. Fig. 4c–f shows the 
sensor was deformed under pressures of 10, 20, 30, and 40 kPa, 
respectively. As demonstrated in Fig. 4c, for the control sensor without 
microarrays, the whole contact surface was deformed under external 
force and the stress was uniformly distributed due to the contact surface 
is flat and continuous, resulting in a low change rate of the relative inter- 
planar spacing. In this case, the change value of the capacitance is 
dominantly affected by the decrease of the distance between two elec
trodes because the contact area is hardly changed. So, there is a low 
capacitance change rate due to the small change of the inter-planar 
spacing, ultimately resulting in a low sensitivity. However, for the 
flexible sensors with microarrays (Fig. 4d–f), due to there are a number 
of discontinuous convex microarrays, the mechanical deformation of the 
flexible electrodes as the function of pressure will gradually increase the 
contact area as well as decrease the distance between two flexible 
electrodes, eventually improving the sensitivity of the sensor. Compared 
to the unstructured flexible electrode, the force on discontinuous 
microstructure is more concentrated on microarrays under the same 
pressure conditions, generating larger deformation. So, the ratios of δd/ 
d (changed in height) and the contact area δA/A (changed in horizontal) 
are higher than that of the flat PDMS electrode (Movie S4, Supporting 
Information). 

Supplementary data related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2019.104436. 

In the FEA press-mode operation, the concrete data in FEA of contact 
area and distance are depicted in Fig. 4g–j. It can be seen from Fig. 4g 
that the change rate of the contact area of the flexible electrode without 
the microarrays is almost a horizontal line, which means that the contact 

Fig. 3. a) Sensitivity comparison of different flexible sensors. b) Effect of dielectric layer thickness and contact area on the sensitivity. c) Schematic diagram of 
distance and contact area changes when FCPS-FD was loaded. d) Schematic diagram of distance and contact area changes when FCPS-MD was loaded. 
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Fig. 4. Simulation results of the flexible 
capacitive pressure sensors. a) Diagram of 
the capacitive sensor composition. b) Sche
matic diagram of the contact area of the 
sensor under external pressure. c) Force 
analysis cloud diagram of the FCPS-FD4. d) 
Force analysis cloud diagram of the FCPS- 
MD4. e) Force analysis cloud diagram of 
the FCPS-MD7. f) Force analysis cloud dia
gram of the FCPS-MD10. Fig. 4 g) FEA 
simulates the results of changed contact 
area. h) FEA simulates the results of dis
tance between two microstructured elec
trodes. i) FEA simulates the results of 
distance between two flat electrodes. j) FEA 
simulates the results of A/d of micro- 
arrayed sensor.   
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area of the continuous flat structure is hardly changed under the pres
sure action. However, the change rate of the contact area of the flexible 
electrode with microarrays increases rapidly with the increase of the 
pressure, and the change rate of the contact area increases slowly when 
the pressure exceeds a certain range. Moreover, it can be seen from 
Fig. 4h that the reciprocal change of distance for FCPS-MD4 is higher 
than that of FCPS-MD7 and FCPS-MD10, revealing sensitivity curve is 
inversely proportional to the dielectric layer thickness, which is agreed 
with previous experiment results. Similarly, for the sensor with flat 
electrode, Fig. 4i shows that the change rate of d is inversely propor
tional to the dielectric layer thickness. Based on the results of Fig. 4g–i, 
the quantitative relationship between A/d and applied pressure was 
obtained as shown in Fig. 4j (micro-arrayed electrodes) and Fig. S7 (flat 
electrodes). 

As definition of the capacitance and sensitivity as following equa
tions: 

S¼
δðC � C0Þ=C0

δP 

the sensitivity can be further written to 

S¼
δ
�

C
C0
� 1
�

δP
¼

δ

0

B
B
@

εA
4πkd
εA0

4πkd0

� 1

1

C
C
A

δP
¼

δ
�

d0
A0
� A

d � 1
�

δP  

where d0 and A0 is the initial distance and initial contact area of the 
sensor, respectively, and they are constants for every sensor. Therefore, 
for the curve of δ(A/d)-P, the sensitivity of the sensor can be calculated 
by its slope. From the results of the above simulations, we can draw 
three conclusions. The first, limited by the deformation ability of the 
microarrays, the sensitivity decreases slowly with the increase of pres
sure. The second, convex microarrays make great progress in improving 
sensitivity compared with flat film without microstructure. The third, 
the smaller thickness of the dielectric layer, the higher sensitivity of the 
sensor. 

Response time and detection limit are also the significant parameters 
for FCPS-MD4, which were measured by applying lightweight objects as 
external pressure. In order to obtain a stable capacitance response signal 
in the process of loading and unloading cycles, a mica sheet was placed 
on the sensor to just cover the surface of sensor. Fig. 5a demonstrates the 
time-response curve of loading and unloading pressure with an exquisite 
handicraft on the FCPS-MD4. The acquired capacitance signal exhibits a 

Fig. 5. a) Response time of the FCPS-MD4, the enlarged drawings show the blue part of the curve which corresponds to the loading/unloading of pressure. b) 
Corresponding capacitance signals of sever loading/unloading cycles for LOD test. c) Stability test (up to 100 000) of the FCPS-MD4 under the pressure of 15 Pa, the 
partially magnified pictures show the changed capacitance curves for different cycle stages. 
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short response time of 25 ms and 50 ms during the loading and 
unloading cycles, respectively. Fig. 5b shows a dried flower placed on 
the surface of FCPS-MD4 to apply a static pressure of 0.7 Pa. The static 
pressure is calculated through the equation of P ¼mg/S, where m is the 
dried flower mass of 8.2 mg, g is the gravity acceleration of 9.8 N/kg, 
and S is the valid area of the sensor of 0.9 cm � 1.3 cm. It can be clearly 
seen that the capacitance signal curve is regularly changed during the 
flower loading and unloading, indicating the sensor can distinctly detect 
tiny stimulus and translate into an obvious response signal. It can be 
clearly seen that the capacitance signal is regularly changed during the 
flower loading and unloading cycles, indicating that the sensor can 
distinctly detect tiny stimulus and translate into an obvious response 
signal. To further investigate the stability of the FCPS-MD4, external 
pressure (15 Pa) was dynamically loaded and unloaded onto the surface 

of the sensor with frequency of 1 Hz. As shown in Fig. 5c, the response 
performance was perfectly maintained even up to 100 000 loading/ 
unloading cycles (Movie S1, Supporting Information), which reveals the 
outstanding repeatability and stability of the FCPS-MD4. The above 
results reveal that the as-prepared sensor has significant potential to 
detect subtle pressure with high accuracy and excellent long-term sta
bility for practical application. 

Supplementary data related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2019.104436. 

Physiological signals and body motions are important in human 
healthcare monitoring. Here, FCPS-MD4 was used to detect various 
motions such as breathe rating, pulse beating, pronouncing, elbow- 
bending, leg-bending and pressure distribution as shown in Fig. 6. The 
FCPS-MD4 sensor was attached to different body positions as given in 

Fig. 6. Various applications of the FCPS-MD4. a) Schematic diagram of the FCPS-MD4 in detecting physical signals. b) Detection of the respiration rate by attaching 
the sensor on the philtrum. c) Detection of the vocal cord vibration signal caused by pronouncing multiple letters of “S”, “I”, “A” and “T”. d) Detection of vocal cord 
vibration signal caused by multiple words of “sensor”, “better” and “life”. e) Detection of the vocal cord vibration signal caused by a sentence of “we are family”. f-g) 
Detection of pulse signal in real time. h) Detection of elbow bending motions with bending angle of 60� and 30�. i) Detection of the leg bending motion. j) Cloud map 
of the pressure distribution detected by the capacitive sensor array. 
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Fig. 6a of philtrum, neck, wrist, arm and leg to detect various of human 
physiological signals of breath, voice, pulse beating, and elbow-bending, 
leg-bending, respectively. Detecting the respiration rate is significant for 
disorders, such as asthma and sleep apnea. Fig. 6b shows the breath 
signals acquired from the sensor to detect the pressure change caused by 
the airflow disturbance. The result reveals the breathing rate is 18 cy
cles/min when the volunteer in relaxation, demonstrating potential 
application of pressure sensor in medical monitoring abnormal respi
ration rates. Fig. 6c–e shows the acquired voice signals of pronunciation 
of letters, words and sentence, respectively, which caused by the 
movement of neck muscle and the vibration of vocal cord. Fig. 6c clearly 
shows the time-capacitance curve during pronunciation of the individ
ual letters of “S”, “I”, “A” and “T”. It can be seen that each letter’s 
pronunciation including the weak consonant letter of “T” can be 
detected by the sensor and converted to capacitance peak. Fig. 6d and e 
also exhibit the characterized signal peaks of pronunciation of the words 
of “sensor”, “better”, “life” and even a sentence of “we are family”, 
respectively. In order to illustrate the repeatability of the voice signal, 
detection of the repeated pronunciation was shown in Fig. S8. The 
fluctuation of the signal is related to the amplitude and frequency of the 
speaker voice during detection. The waveforms of five cyclic pro
nunciations of “We are family” exhibit excellent consistency and 
repeatability. These results reveal the flexible sensor can clearly 
distinguish vocal cord vibrations generated from pronunciation of no 
matter letters, words or sentence, illustrating promising potential of the 
sensor in analyzing of linguistic information. To demonstrate the 
application in pulse detecting (Movie S2, Supporting Information), the 
FCPS-MD4 was attached on the wrist of volunteer and the results are 
showed in Fig. 6f–g. The curve clearly shows the variation of capaci
tance caused by the pulse and it demonstrates stable and repeatable 

pulse shape including percussion wave (P-wave), tidal wave (T-wave) 
and dicrotic wave (D-wave), which are related with the systolic and 
diastolic blood pressure, ventricular rate, and heart rate respectively. 
Also, Fig. 6f reveals the resting heart rate of the volunteer was 76 beats 
per minute, which is the normal heart rate for adults. The sensor was 
also attached to the joint to detect the bending of the arm. As shown in 
Fig. 6h, when the arm was bent by ~30� and ~60�, the capacitance of 
the sensor is increased from 380 to 435 and 460 pF, respectively, and the 
sensor exhibited good signal resolution with continuous bending- 
relaxing cycles. Fig. 6i shows the leg bending signal by attaching the 
sensor to the thigh muscles. The uniform capacitive curve can be 
observed during running due to high sensitivity and excellent stability of 
the sensor. In order to illustrate the perception ability of spatial pressure 
distribution in a straightway, the FCPS-MD4 was assembled into a 7 � 7 
array, and a transparent “bear’s paw” mold was placed on the surface of 
the sensor array. As demonstrated in Fig. 6j, the red region (high pres
sure region) is basically consistent with the shape of the mold, which 
reveals the special pressure distribution of lightweight object (2.1763 g) 
can be clearly identified. These results illustrated the great potential of 
the flexible capacitive pressure sensor with convex microstructure as 
non-invasive medical devices for real-time monitoring of human health 
conditions. 

Supplementary data related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2019.104436. 

To evaluate the sensing capabilities of the FCPS-MD4 used as a tactile 
sensor in actual applications, the capacitive sensor was attached to the 
surface of objects with different hardness, and the objects were grabbed 
by a robot hand as shown in Fig. 7a. The robot hand was manipulated by 
the robot control system, and the capacitance signal of the sensor was 
recorded in real time by a LCR tester and graphically displayed on the 

Fig. 7. Real-time monitoring of robotic hand grabbing objects. a) Schematic diagram of signal recording for robotic grabbing objects. b) Four representative gestures 
during the robot hand grabbing objects. c-e) The electrical signals monitored by the sensor attached on the objects with different hardness of sponge, tomato, and 
apple grabbed by robot hand, respectively. 
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screen of computer through LabVIEW. Fig. 7b illustrates four repre
sentative gestures of the robot hand from full relaxation (I) to tightly 
grasp (Ⅳ) during grabbing objects. Fig. 7c–e exhibit the electrical signal 
curves recorded from grabbing a sponge (soft object), a tomato (middle 
hard object) and an apple (hard object), respectively. The grabbing 
motions were carried out as relaxing ~0.5 s followed by holding ~1 s 
with three repeated cycles. It can be clearly observed that the up-hill and 
down-hill of curve represented the bending and opening state of the 
palm during the gripping process, and different heights of up-hill rep
resented the magnitude of robot arm’s force during gripping process 
(Movie S3, Supporting Information). For example, the sponge had the 
characteristics of light weight and easy deformation, so the received 
force by the robot was gradually increased during the process of being 
grasped. However, the apple was not only heavy but also the surface was 
not easily deformed, so that the signal of the sensor was always in a high 
state during the grip by the robot arm. In a word, outstanding experi
mental results illustrate that the capacitive sensor provides a facile, low- 
cost and highly-effective method to manage medical diagnosis and 
promote the human-machine interaction owing to its high-sensitivity, 
fast response behavior and excellent cyclic stability. 

Supplementary data related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2019.104436. 

4. Conclusion 

In summary, we have fabricated a flexible capacitive pressure sensor 
with ultrahigh sensitivity based on convex microarrays and ultrathin 
dielectric layer by a facile and low-cost strategy. The sensor demon
strates ultrahigh sensitivity of 30.2 kPa� 1 (<130Pa), low limit of 
detection of 0.7 Pa, fast response time of 25 ms and outstanding stability 
upon 100 000 cycles. The FEA results reveal the microarrays on the 
electrode surface and ultrathin dielectric layer synergistically cause 
significant increase in contact area as well as huge reduce in distance 
between two electrodes when external pressure was applied on the 
sensor, ultimately resulting in high sensitivity. The flexible sensor has 
been successfully applied in monitoring various human biological sig
nals and robot hand’s motion, paving a way for the applications in smart 
health care, automatic speech recognition (ASR) and language recog
nition, and is expected to enter the big date era. 
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