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Abstract

In this paper, a new method was proposed to improve the sensitivity of capacitive-type pressure sensors by using the high
dielectric constant materials as dielectric layer of sensors. The porous multi-wall carbon nanotubes (MWCNTs)/Ecoflex
elastomer composites with high dielectric constant were prepared to serve as dielectric layers of capacitive-type pressure
sensors. The MWCNTs/Ecoflex elastomer composite sensors show ultra-high sensitivity of 2.306 kPa™!, wide dynamic
range and low hysteresis. The as-prepared sensors can monitor the response to pressure below 2.6 Pa. Moreover, they have
exhibited excellent performances in promising practical applications as wearable devices in detecting pulses of carotid
artery and heartbeats. This strategy proposed here presents a promising way to obtain high performance pressure sensors
for applications in E-skin, robotics, wearable medical aids and real-time tactile sensing systems.

1 Introduction

In recent years, flexible pressure sensors have been attracting
attentions due to their widely advanced applications in flex-
ible electronic skin [1, 2], mobile medical aids [3-5], energy
collection [3, 6, 7], flexible touch screen [8, 9], artificial limb
[10] and so on. These applications relate to human tactile
pressure interactions between the users and the devices. So
flexible pressure sensors are required to possess a high sen-
sitivity in the low pressure range which can detect blood
pressure or mild touches (0-10 kPa), and a wide pressure-
measurement range which can cover the entire tactile pres-
sure range (0100 kPa) [11, 12].

Recently, the reported studies have focused on the
improvement of the sensor sensitivity in the low-pressure
range, involving three main mechanisms, capacitance [11,
13, 14], piezoresistivity [15], and piezoelectricity [16],
which can convert physical variables (pressure, and strain,
etc.) into electrical signals. Specifically, a number of porous
structured materials were employed to enhance the sensi-
tivity of sensors, due to their high deformation of porous
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structures under even small amounts of pressure, such as,
polydimethylsiloxane (PDMS) sponges [17], micropatterned
PDMS electrodes/PS microsphere layer [18], RGO/PU (or
PVC) sponges [19], PANI/sponge composites [20], PDMS
porous network structure with graphene [21], porous car-
bon nanotube-thermoplastic polyurethane [22], and porous
carbon/PDMS composites [23], etc. For capacitive-type
pressure sensors, the porous structured dielectric materials
are incorporated within a parallel-plate capacitor. The high
deformability of porous structures can increase the sensitiv-
ity of sensors. In addition, an important advantage is that air
in micropores is squeezed out of porous layer under com-
pression. The decrease of air in porous layer can lead to an
increase of the effective dielectric constant of porous layer,
thereby further enhancing the sensitivity [17, 20, 24]. This
increase of the effective dielectric constant can be improved
by improving the dielectric constant of porous dielectric
materials. Consequently, a new strategy to improve the sen-
sitivity of capacitive-type pressure sensors can be proposed
by using the higher dielectric constant materials as dielectric
layer of capacitive-type pressure sensors.

Currently, the polymer elastomers, PDMS and Ecoflex,
are widely used as porous dielectric layers in capacitive-
type pressure sensors because of their advantages, such as
high elasticity, high dielectric constant, and good recovery
property. Their composites with the multiwalled carbon
nanotubes (MWCNTSs) have a higher dielectric constant [25,
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26]. For example, the dielectric constant of poly(vinylidene
fluoride) (PVDF) can be increased up to 3600 at 1 kHz by
composite of MWCNTs [26].

Following this line of thought, we propose a new method
for improving the sensitivity of capacitive-type sensors by
using the higher dielectric constant materials as dielectric
layer. The Ecoflex elastomers were used as the polymer
matrix owing to its low elastic modulus and high dielectric
constant (¢,=3.2-3.5), compared to PDMS (¢,=2.5—2.8).
The porous MWCNTs/Ecoflex composite dielectric layer
was prepared by molding Ecoflex within the template of
mixtures of salt particles and MWCNTs. The top and bottom
electrodes coupled with porous MWCNTs/Ecoflex compos-
ite dielectric layer constructed the device. The capacitive-
type pressure sensors showed an ultra-high sensitivity, up
to 2.309 kPa~!, which is 4.2 times the value of sensor of the
pure Ecoflex. Furthermore, the pressure sensors exhibited
low detection limit (~2.6 Pa), wide pressure-measurement
range (0-100 kPa), and low hysteresis. This strategy pro-
posed here demonstrates a promising way to obtain high
performance pressure sensors, covering the entire tactile
pressure range.

2 Experimental details

The preparation process of sensors was presented schemati-
cally in Fig. la.

The Ecoflex (Ecoflex Shore hardness, 00—30; Smooth-
On, Inc., Macungie, PA, USA) prepolymer solution was
prepared by mixing a base and a cured agent at a weight
ratio of 1:1. MWCNTs (purity > 95 wt%, diameter 8— 15 nm,
length about 50 pm, Aladdin) dispersed in isopropyl alcohol
(1 wt%) were spray-coated onto a high gloss paper with a
coating mask. After drying and removing the mask, a pre-
polymer solution of Ecoflex was poured onto the high gloss
paper with the MWCNTSs patterns, and degassed in the vac-
uum chamber. The Ecoflex film with the MWCNTSs patterns
peeled from the high gloss paper was served as the electrode
after curing in drying oven at 60 °C for 1 h, as shown sche-
matically in the top and the bottom of Fig. la.

A porous dielectric layer was formed by molding Ecoflex
within a cube template [24]. The mixtures of salt particles
(diameter about 250-300 pm) and MWCNTs were extruded
into a cube as a template with the various MWCNTs con-
tent. The templates were immersed in the prepolymer of
Ecoflex and degassed in a vacuum chamber for 2 h. After
curing in a drying oven at 60 °C for 1 h, the samples were
dipped into deionized water to completely dissolve the salt
and the porous MWCNTs/Ecoflex composites were formed
shown schematically in the middle of Fig. 1a. Figure 1b, c
show photographs of the porous MWCNTSs/Ecoflex com-
posite layer and the porous Ecoflex layer under relaxing
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Fig.1 a Schematic diagram of the flexible MWCNTSs/Ecoflex film
electrodes (top and bottom) and the porous dielectric layer (mid-
dle); b photographs of the porous MWCNTs/Ecoflex composite layer
under relaxing (left) and compressing (right) conditions; ¢ photo-
graphs of the porous structure layer of pure Ecoflex under relaxing
(left) and compressing (right) conditions; d schematic diagram of a
capacitive-type pressure sensor using the porous structures; e a pho-
tograph of the as-prepared sensor using the porous MWCNTs/Ecoflex
composite layer

and compressing conditions. The as-prepared porous layers
have high extremely compressibility. The MWCNTs con-
tent of the porous layers were calculated as 0 wt%, 0.3 wt%,
0.65 wt%, and 1 wt% respectively. Consequently, the flex-
ible sensors were fabricated by incorporating porous MWC-
NTs/Ecoflex composite between two MWCNTs/Ecoflex film
electrodes, as shown schematically in Fig. 1d. A photograph
of the as-prepared sensor of porous MWCNTSs/Ecoflex com-
posites was displayed in Fig. le.

The morphology of the samples was characterized by
field emission scanning electron microscopy (FESEM, JSM-
6700F, JEOL, JP). The Raman spectra were performed by
Raman spectroscopy (InViaReflex, Renishaw, UK) using a
532 nm laser as the exciting source. The dielectric proper-
ties of the as-prepared porous layers were measured using
impedance analyzer (E4990A, Keysight, USA) at 300 kHz.
A force gauge (DPS-50N, Yinuo, TW) was used to measure
the applied force. The capacitance of flexible sensors was
measured using a precision LCR meter (TH2818, Tonghui,
China) under the signal of 1 V at 300 kHz. Note that the
electrical measurements were performed under ambient
conditions.

3 Results and discussions

Figure 2 shows the SEM images of the as-prepared porous
layers. As shown Fig. 2a—c, the porous structures were
formed in the samples containing 0 wt%, 0.3 wt% and
0.65 wt% MWCNTs respectively, with about 250-300 pum
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Fig.2 SEM images of porous layers containing a 0 wt%, b 0.3 wt%, ¢
0.65 wt%, and d 1 wt% MWCNTSs, respectively
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Fig.3 Raman spectra of the pure MWCNTs: a and the samples con-
taining, b 0.3 wt%, ¢ 0.65 wt%, and d 1 wt% MWCNTs respectively

of the pore diameter. For the sample with 1 wt% MWCNTs,
the framework of porous structures has collapsed, as pre-
sented in Fig. 2d. But this sample can keep cubic shape still.

The Raman spectra of four samples were shown in Fig. 3.
The composite samples and the pure MWCNTs exhibit two
peaks near 1343 cm™! and 1580 cm™!, corresponding to the
characteristics bands of D and G of MWCNTs respectively,
which indicates that MWCNTs are hybridized with Ecoflex
successfully.

Figure 4a displays the curves of the external applied
pressure (P) versus the responses (C — C,)/C,, where C
and C, represent the capacitance under compression and
initial capacitance of the different samples in the pressure
range of 0—100 kPa. The MWCNTs/Ecoflex composite
sensors show higher response, compared to the pure Eco-
flex sample, and the response increases with the MWCNTSs

@ Springer

content of samples. The response of the sample with 1 wt%
MWCNTs is about 14.81 at 100 kPa, about 7.4 times of the
pure Ecoflex sample (1.99 at 100 kPa). In the low-pressure
range (below 60 Pa), the response of the different samples
for an increasing pressure (P) were measured. The curves
and their corresponding linearly fitted lines were shown in
Fig. 4b. The sensitivity (S) of sensor is defined as the slope
of the curve (S = A((C — C,)/C,)/AP). Form Fig. 4b, the
pressure-sensing performances of all samples exhibit lin-
ear behavior (R?>0.991) in the low-pressure range and the
corresponding sensitivities of four samples are 0.547 kPa™!
(0 wt%), 1.367 kPa™" (0.3 wt%), 1.937 kPa™" (0.65 wt%),
and 2.306 kPa~! (1 wt%) respectively. It should be noted
that the sensitivity of samples increase with the MWCNTs
content. The sensitivity of the MWCNTs/Ecoflex composite
sensors with 1 wt% MWCNTs is highest, 2.306 kPa~!, about
4.2 times that of the pure Ecoflex. This ultra-high sensitiv-
ity can be attributed to the higher dielectric constant of the
MWCNTs/Ecoflex composites compared with the pure Eco-
flex. Figure 4c shows the dielectric constant of the porous
layers as a function of MWCNTs content at 300 kHz. The
dielectric constant of samples increases with MWCNTSs
content. Typically, the dielectric constant of the MWCNTSs/
Ecoflex composites with 1 wt% MWCNTs is 9.390, which
is about 4.4 times that (2.104) of the pure Ecoflex, in agree-
ment with the increment of sensitivity of this sample nearly.
These results demonstrate that the proposed method in our
case is a promising way to improve the sensitivity of pres-
sure sensor.

Further, the limit of detection, an important parameter
for detection of ultralow-pressure, was examined by loading
about 40 mg object on the prepared sensors, which corre-
sponds to a pressure of about 2.6 Pa. As shown in Fig. 4d,
three MWCNTs/Ecoflex composite samples show a distin-
guishable response. The response of the sample with 1 wt%
MWCNTs is highest among the three composite samples.

To evaluate stability of the prepared sensors, the response
of the prepared sensors was tested repeatedly over 50 com-
pression/release cycles between a minimum pressure of
0 kPa and a maximum pressure of 20 kPa, as shown in
Fig. 4e. It can be seen that there is no obvious change in
variations of capacitance, indicating that all the prepared
sensors exhibited good stability. Besides, in order to evalu-
ate hysteresis properties of sensors, the responses of four
samples containing 0 wt%, 0.3 wt%, 0.65 wt%, and 1 wt%
MWCNTs were detected during a continuous compressing
and releasing cycle from 0 to 100 kPa. The results were
shown in Fig. 4f. The pure Ecoflex sensor shows the largest
hysteresis, and other three composite sensors show negligi-
ble hysteresis. The addition of MWCNTs to Ecoflex leads
to a decrease of hysteresis, which could be because the high
elastic modulus of MWCNTs enables them to increase the
elastic modulus of the composite elastomer [27-29]. Our
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Fig.4 a Pressure-response curves of four pressure sensors with
0 wt%, 0.3 wt%, 0.65 wt%, and 1 wt% MWCNTs respectively in the
range of 0—100 kPa; b pressure-response curves of four pressure sen-
sors and their corresponding fitted lines in the low-pressure range
(below 66 Pa); ¢ dielectric constant of four porous dielectric layer as

results indicate that the composite sensors have good revers-
ible compression/release behavior at various pressure levels.
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a function of MWCNTs content; d transient responses of three com-
posite pressure sensors with 0.3 wt%, 0.65 wt%, and 1 wt% MWC-
NTs to 40 mg object respectively; e stability studies of four pressure
sensors over 50 repeated compression-release cycles at 0 and 20 kPa,
f hysteresis properties of four prepared sensors

Table 1 shows the comparison of performances with
other reported works constructed with various porous elasto-
mers. By contrast, our MWCNTSs/Ecoflex composite sensors
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Table 1 Comparison on. the Active materials Minimum Maximum detection Sensitivity References

performance of the studied detection (kPa™")

pressure sensor and other

studies Ecoflex 5kPa 130 kPa 0.601 [24]
PDMS - 500 kPa 0.815 [18]
Fluoro silicone/air gap 500 Pa 190 kPa 0.91 [30]
AgNWs/PDMS 50 Pa 1.2 kPa 0.65 [31]
PDMS microstructure OFET 3 Pa 20 kPa 0.55 [11]
MWNT - 758 Pa 1.33 [13]
Graphene oxide 1 kPa 4 kPa 0.8 [14]
MWCNTs/Ecoflex 2.6 Pa >100 kPa 2.306 This work

exhibit ultra-high sensitivity in low pressure range. Specifi-
cally, the sensitivity of the MWCNTs/Ecoflex composite
sensors with 1 wt% MWCNTs, about 2.306 kPa™!, is higher
than that from other previous studies [1-7, 9].

4 Application

To investigate their practical applications as wearable pres-
sure devices, three MWCNTs/Ecoflex composite sensors
were employed to monitor the pulses of carotid artery and
the heartbeats of a human by fixing the sensors at the neck
and the chest respectively, as illustrated schematically in
Fig. 5a. The monitoring results of pulses were in Fig. 5b.
All three sensors can detect the pulses clearly in real-time,
and the results are similar, about 78 beats/min. Form Fig. 5c,
the heartbeats can be detected clearly by our three composite
sensors in real-time too, which exhibited about 78 beats/
min. The pulse rate counted by the three sensors is coin-
cident with the heart rate obtained, demonstrating that the
sensor signals come from the pulse and the heartbeat truly.
Therefore, our prepared sensors can be expected to apply in
human—machine interface system, and mobile medical aids.

5 Conclusions

In summary, we have reported a new method to improve
the sensitivity of capacitive-type pressure sensors. The
porous MWCNTs/Ecoflex elastomer composites was
designed and prepared through a simple route for appli-
cation in capacitive-type pressure sensors, which have
higher dielectric constant than the pure Ecoflex elasto-
mer. The MWCNTs/Ecoflex elastomer composite sensors
show ultra-high sensitivity, wide dynamic range and low
hysteresis. Moreover, they exhibited promising practical
applications as wearable devices in detecting the pulses of
carotid artery and the heartbeats. It can be anticipated that
the MWCNTs/Ecoflex elastomer composite sensors could
be applied in E-skin, robotics, wearable medical aids and
real-time tactile sensing systems, etc.
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Fig.5 a Schematic diagram of the sensors at the neck and the chest respectively; real-time measurement of b the pulses signal monitoring of

carotid artery and c the heartbeats signal monitoring
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