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In order to investigate the interfacial tuning mechanism of electronic skin (e-skin), several models of the capacitive pressure sensors
(CPS) with different microstructures and several sizes of microstructures are constructed through finite element analysis method.
The simulative pressure response, the sensitivity, and the linearity of the designed CPS show that the sensor with micropyramids has
the best performance in all the designed models. The corresponding theoretically predicted sensitivity is as high as 6.3 x 10~ fF/Pa,
which is about 49 times higher than that without any microstructure. Additionally, these further simulative results show that the
smaller the ratios of L/H of pyramid, the better the sensitivity but the worse the linearity. When the ratio of L/H of pyramid is about
V2, the sensitivity and the linearity could reach a balance point. The simulative results evidently provide the important theoretically
directive significance for the further development of e-skin.

1. Introduction

Electronic skin (e-skin) is usually referred to as “the new flexi-
ble wearable tactile biomimetic sensor.” The rapid progress of
an e-skin with human-like sensory capabilities has been made
by the possibility of such large, multisensory surfaces being
highly applicable for autonomous artificial intelligence, med-
ical diagnostics, and replacement prosthetic devices capable
of providing the same level of sensory perception as the
organic equivalent [1]. The working mechanisms of human
machine interfacing for e-skin reported mainly focused on
the piezoresistivity [2, 3], capacitance [4, 5], piezoelectricity
[6, 7], optics [8, 9], and so on. Among them, capacitive
sensors based e-skin simplifies device design and analysis
owing to the simple governing equation C = &,¢,5/6 [10],
where ¢, is the free space permittivity, ¢, is the relative
permittivity, S is the opposite area, and § is the distance
between electrodes. Moreover, capacitive sensors for tactile
sensing of e-skin have demonstrated high strain sensitivity,
compatibility with static force measurement, and low power

consumption [10-12]. After the first monolithic capacitive
pressure sensor was designed for medical-research applica-
tions in 1980 [13], silicon solution tablets technology and
etch-stop technique were put forward to make the capacitive
sensor [14]. Afterwards, the CPS with different microstruc-
tures had been deeply studied due to the introduction of
MEMS (microelectromechanical systems) technology [15-
18]. Ji et al. [19] made the capacitive pressure sensor by a
combination of a standard CMOS (Complementary Metal
Oxide Semiconductors) process and bulk micromachining
technology. Tian and coworkers [20] designed a flexible
capacitive pressure sensor with pyramids in 2010 and they
analyzed its response time by experimental studies. These
results showed that the pyramid structure had the advan-
tage of short response times, evidently demonstrating the
superbly capably tuning action of microstructure interface
between human skin and e-skin on the performance of
the CPS. Therefore, of important significance for the great
improvement of pressure sensor performance is making clear
the interfacial microstructure-tuning mechanism. However,



there is scarcely any report to theoretically and systematically
investigate the interfacial tuning mechanism of e-skin to
date. Here, we employ the traditional COMSOL Multi-
physics models using finite element analysis method [21-
24] to construct four different microstructures and several
sizes of microstructures for the detailed study of interfacial
microstructure-tuning mechanism between human skin and
PVDF (polyvinylidene fluoride). The theoretical model of
the CPS with microstructure decorated is proposed. And the
pressure response, the sensitivity, and the nonlinear error
of the designed sensors are analyzed. Both the results from
theoretical analysis and simulation calculation could be used
as theoretical guidance in e-skin processing.

2. System Design and Characterization

As we know, the capacitance of parallel plate capacitors is

B &S B £E,S

0 5’
where ¢ is the dielectric permittivity of dielectric medium; ¢,
is the vacuum dielectric constant; ¢, is the relative dielectric
constant; S is the opposite area of the electrodes; § is the
distance between the electrodes. According to (1), S and § are
the two important factors to tune the sensitivity of the CPS.
Experimentally, the microstructures surface modifications
of the middle dielectric layers were usually employed to
effectively control the opposite area S and the distance & of
electrodes to improve the performance of the CPS. Herein,
in order to obtain their theoretical mechanisms, we have
designed the middle layers with four different microstruc-
tures to get a systematic insight of microstructures surface
modifications into the tuning process of the CPS. The sketch
of the CPS for e-skin is shown in Figure 1.

In this model, both the top and bottom electrodes are
the copper thin film materials and the dielectric material
is PVDF with excellent dielectric property and flexibility
[25]. The substrate is PET (polyethylene terephthalate), which
is transparent, and has excellent physical and mechanical
properties and electrical insulating properties [5]. Its initial
capacity value should be demonstrated as

C 1

)

in which §,, is the initial distance between the electrodes and
C, is the initial capacitance. When the plate moves,
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where Ad is the variation of the plate spacing. The relative
variation of capacitance can be presented as

AC  AS A8/3,
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The Taylor expansion of (4) is shown as

AC A AS A8\ (A8
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FIGURE 1: The sketch of the CPS for e-skin. The sensor has six layers,
namely, polyimide, copper, PVDE copper, polyacrylic resin, and
PET. The upper end uses polyimide material as the cover layer; the
two pieces of copper used as the electrode, polyacrylic resin as the
adhesive coating, and all the devices put on the PET base.

When A§/8, < 1, the result (omitting the high-order)
can be simplified as

ae 20 ©
Co - 8
The sensitivity K [26] can be defined as
AC C, &S 1
K=—=—"=— _
AS 60 802 & 802 (7)

Nonlinear error r [27, 28], namely, linearity, is usually
measured in terms of a deviation from an ideal straight line
and it is typically expressed in terms of percent of full scale,
which can be explained as

AC AS
p = —UMAX 1000y — TMAX o 1000 (8)
C, [

3. Results and Discussion

In this paper, the middle layers with four microstruc-
tures for CPS were designed to investigate the interfacial
microstructure-tuning mechanisms of surface modification.
As shown in Figure 2, the sketches of these structures are,
respectively, flat panel (Figure 2(a)), cuboids (Figure 2(b)),
cylinders (Figure 2(c)), and pyramids (Figure 2(d)).

In order to investigate the effect of middle dielectric layer
microstructure on the sensitivity of pressure sensor, all hem-
line lengths (L) of the above microstructures are identically
fixed to be 10 ym, and their heights (H) are designed to the
same size of about 7.07 ym. The corresponding ratios of L/H
are controlled to be about V2. As shown in Figure 2, under
the same pressure of 1 MPa, the simulative pressure responses
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FIGURE 2: Different profile structures of the CPS. (a) The flat panel, (b) the cuboids, (c) the cylinders, and (d) the pyramids. The 3D diagrams
of the CPS, the cross-sectional view of sensors, the vertical view of the functional layer of the sensor, and the deformations of the functional

layer are listed in the figure from top to bottom.

TABLE 1: Sensitivity and nonlinear error of the CPS with different
microstructures.

Structure Sensitivity K (fF/Pa) Nonlinear error r
Flat panel 1.28273E - 8 0.001646%
Cuboids 8.05555E - 8 0.000681%
Cylinders 1.00342E - 7 0.000476%
Pyramids 6.29792E -7 0.008034%

of CPS evidently show that the sensitivity K of the CPS
with microstructures should be better than that without any
microstructure, and that of pyramids-based CPS is obviously
the best one among four microstructures. Furthermore, the
detailed characteristic analyses of the above four structures
within the ambient pressure range of 0~1 MPa through the
finite element software COMSOL Multiphysics are shown in
Figure 3.

Figures 3(a)-3(d) represent the obvious deformation of
the CPS with the increasing pressure. The central areas of CPS
have the largest deformation in each model. The capacitance
pressure characteristic curves of all the models are shown
in Figure 3(e). The comparisons of the sensors’ sensitivity
K and nonlinear error r between different microstructures
are shown in Figure 3(f) and Table 1, showing the sensitiv-
ities of pyramids-based and flat panel pressure sensors are

6.3x1077 and 1.28 x 107° fF/Pa, respectively. That is, the
former is about 49 times higher than the latter, evidently
revealing the excellent capacity for microstructure-control
of middle dielectric layer to tune the sensitivity of CPS.
From Figure 3(f), the nonlinear error r of pyramids is greater
than that of other models but still less than 1%, evidently
showing the designed CPS has very good linearity. This result
is consistent with the discussion of the literature [26]. This
can be explained by considering the stress distribution of
the different geometrical shapes. In a flat panel structure, the
stress distribution is fairly constant throughout the height
of the panel to the force contact area. However, when the
shape changes from the flat panel to cuboids, cylinders,
and pyramids, the stress distribution is nonuniform and is
concentrated at the pointed tips due to the smaller contact
area, rather than the broad bases of the structures. Thus,
the pyramid tips compress more, resulting in the higher
mechanical deformations at the top. Therefore, the pyramids
shapes are more sensitive.

In order to further study the performance of sensor dec-
orated with pyramids, a series of simulations were performed
with different L of pyramids; the sketches and simulation
results of the models are shown in Figure 4.

In the simulation, L changes from 8 ym to 12 ym with
constant height (H = 7.07 ym). The pressure responses of the
CPS with different hemline lengths of pyramids are shown in
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FIGURE 3: The pressure responses of the CPS with different microstructures. The deformations of the CPS were shown as (a) the flat panel, (b)
the cuboids, (c) the cylinders, and (d) the pyramids. In the same model, the top part is the surface deformation of the CPS, the bottom part
is the partial detailed view of the microstructure. (e) The capacitance-pressure characteristics of the sensors with different microstructures.
(f) The sensitivity and nonlinear error of the sensors with different microstructures.
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FIGURE 4: The pressure responses of the CPS with different lengths of hemline of pyramids. (a) The profile structures of sensors with different
lengths of hemline of pyramid, from 8 ym to 12 ym, and the same height 7.0711 ym, at 1 MPa. (b) The comparison of capacitance-pressure
characteristics of the sensors with different lengths. (c) The sensitivity and nonlinear error of the sensors with different lengths.

TABLE 2: Sensitivity and nonlinear error of the CPS with different
hemline lengths of pyramids.

Length of

hemline L (4m) Sensitivity K (fF/Pa) Nonlinear error r
8 8.81355E — 7 0.017621%
9 7.35721E -7 0.012068%
10 6.29792E -7 0.008034%
1 5.48525E -7 0.005271%
12 4.85630E -7 0.004066%

Figure 4(b) and the sensitivities and the nonlinear errors of
CPS were shown in Figure 4(c) and Table 2.

From Table 2, both the sensitivity and the nonlinear error
decrease with the increasing L. When hemline length L and
heights H are 8 ym and 7.07 um, the sensor has the best
sensitivity of 8.81 x 107/ fF/Pa. In this case, in order to

obtain greater sensitivity, we hope the hemline length is as
small as possible. In other words, the smaller the ratios of
L/H of pyramid, the better the sensitivity of the CPS. But
its nonlinear error would reach 0.018%. As the change of
ratios of L/H, we should balance the sensitivity of CPS for
e-skin against the nonlinearity error to effectively tune the
performance of CPS through choosing different parameters
according to the required demands.

In analogy with the research between the pyramids
lengths of hemline and the sensor’s performance, we have also
made a series of simulations about the pyramids’ heights. In
the simulation, the height changes from 5 ym to 9 ym with the
same length of hemline (L = 10 ym); the schematic diagram
is shown in Figure 5(a).

From this schematic diagram, all the models have the
same distance between the two electrodes; when the height
of pyramids changes, the bottom of the pyramid will be
filled with dielectric material. Likewise, the outside pressure
changes from 0 to 1MPa too, the pressure responses of
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FIGURE 5: The pressure responses of the CPS with different heights of pyramids. (a) The profile structures of sensors with different heights of
pyramid, from 5 ym to 9 ym, and the same lengths of hemline 10 ¢m, at 1 MPa. (b) The comparison of capacitance-pressure characteristics of
the sensors with different heights. (c) The sensitivity and nonlinear error of the sensors with different heights.

the sensor are obtained, and the capacitance-pressure curves
of sensors are shown in Figure 5(b). The sensitivity and the
linearity of sensors are shown in Figure 5(c) and Table 3.

From Figure 5 and Table 3, it is easy to find that the
sensitivity increases with the height increases from 5um to
9 um, but the linearity is decreased. In the simulation of
this series, when the length of hemline of pyramid is 10 ym
and the height of pyramid is 9 ym, the sensor has the best
sensitivity, that is, 7.00589E — 7 fF/Pa. In this case, in order to
obtain the greater sensitivity, we hope the height of pyramid
is as large as possible. In other words, in order to obtain the
greater sensitivity, we expect that the length of hemline of
pyramid is more than V2 times the height.

From what has been discussed above, it is obvious that
the performance of the sensor is affected by the length of
hemline and the height simultaneously. Considering these
two contradictory parameters, a compromise method is
proposed to obtain the optimal performance of the sensor;

TABLE 3: Sensitivity and nonlinear error of the CPS with different
heights of pyramids.

Height H (um) Sensitivity K (fF/Pa) Nonlinear error r
5 3.98334E -7 0.005111%
6 4.04683E -7 0.005135%
7 4.09844E -7 0.005384%
8 4.12467E -7 0.006055%
9 7.00589E — 7 0.022813%

if the medians of L and H are selected, at this point, both
the sensitivity and linearity have good values. Through the
analysis of the relationship between L and H, the author
comes to the conclusion that in order to make the sensor have
better performance the ratios of L/H should be V2.
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4. Conclusions

In this paper, we employ the traditional COMSOL Mul-
tiphysics models based on finite element analysis method
to construct four different microstructures (flat panel,
cuboids, cylinders, and pyramids) CPS for the detailed study
of microstructure interfacial tuning mechanism between
human skin and PVDE The simulative results show that
CPS with micropyramids structures has the best measuring
sensitivity K (= 6.3 x 1077 fF/Pa), which is about 49 times
higher than that without any microstructure. Through the
simulation of pyramids with different ratios of L/H, the
results show that the smaller the ratios of L/H of pyramid,
the better the sensitivity, but the nonlinear error will increase.
When the ratio of L/H of pyramid is about V/2, the sensitivity
and the linearity could reach a balance point. This method can
be used as theoretical guidance for the e-skin processing.
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