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Abstract. Capacitive pressure sensors are widely used in a variety of applications and are built using a variety
of processes, including 3D printing technology. The use of this technology could lead us to a situation of large
deflections, depending on the mechanical properties of the materials and the resolution of the machines used. This
aspect is rarely reported in previous research works that focus on improving the performance in terms of linearity
and sensitivity of these sensors. This paper describes the realization of relative pressure sensors designed as two
different structures; the first one is the classical design composed of a single capacitor, while the second one is
composed of two capacitors, designed in such a way that they both vary according to the applied pressure but in
opposite senses to each other. The purpose is to study in particular the performance of the second structure in the
case of large deflections for the context of educational use. Polylactic acid (PLA) is used as the manufacturing
material to print the sensors by means of a printer based on fused deposing modeling, while conductive materials
are used to provide the electrical conductivity required for the printed sensors. The manufactured sensors were
tested under pressure in the range of [0; 9] KPa. Compared to the performance obtained with the first structure,
simulation and experimental results show that the second structure improves linearity and allows the sensitivity

to be increased from a minimum of 9.98 x 10~ pF/hPa to a minimum of 3.4 x 10~! pF/hPa.

1 Introduction

Pressure is an important parameter for many applications,
such as automotive applications (Sparks, 2013), aeronautics
(Javed et al., 2019), biological and medical engineering (Al-
daoud et al., 2015; Martini et al., 2020; Ruth et al., 2019),
and robotics (Muhammad et al., 2011).

Piezoresistive sensors (Bae et al., 2004; Kumar and Pant,
2014; Song et al., 2020) constitute the major part of the
market. However, other types of sensors exist, in partic-
ular those based on the capacitive sensing principle (Lee
and Wise, 1982; Menini, 1998; Palasagaram and Ramadoss,
2006), which are often used in the case of low pressure. The
first model of capacitive pressure sensor, composed of two
parallel plates, one of which is movable and the other fixed,
shows a nonlinear relationship between the applied pressure
and the measured capacitance. Since then, several research
works have focused on improving the performance of this
first model in terms of linearity and sensitivity by modifying
the sensor structure. Reasons for nonlinearity can be related

to the nonlinearity of the materials (such as noncrystalline
materials) or deflections in the undesired direction, variable
deflections depending on the position of the point on the di-
aphragm, parasitic capacitances, or large deflections. These
are caused by a maximum displacement of the movable plate
center under maximum pressure close to the plate thickness
(Rosengren et al., 1992).

To improve linearity of the capacitive pressure sen-
sors, several solutions have been proposed in the literature.
Among the solutions that have been suggested for modifying
the structure of the movable diaphragm is to add a boss or
replace the flat structure with a corrugated one (Eswaran and
Malarvizhi, 2012; Huang and Zhang, 2014; Jerman, 1990; Li
et al., 2018; Sandmaier, 1991; Yu et al., 2013). Other solu-
tions focused on improving the sensitivity as well through
combining the change of the movable plate structure with a
general modification of the sensor structure (Chitra and Ra-
makrishnan, 2014; Ettouhami et al., 2004; Zhang et al., 2011)
or were based on the principle of the “touch mode” in which
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Figure 1. Design of the structures of the two studied pressure sensors. (a) Structure A: sensor with C fixed. (b) Structure B: sensor with Cy

variable.

the two parallel plates insulated by a nonconductive material
touch each other starting from a pressure value called con-
tact pressure (Han and Shannon, 2009; Ko and Wang, 1999;
Wang and Ko, 1999). For most of the above solutions, the im-
provement of linearity is done to the detriment of sensitivity.
Furthermore, these works only dealt with the case of small
deflections caused by a maximum displacement of the mov-
able diaphragm center, under the applied pressure largely in-
ferior to its thickness.

3D printing has recently gained increasing interest as
a possible new manufacturing process of sensors, espe-
cially for applications for which cost reduction may be of
greater interest than miniaturization. It allows the production
of complex 3D parts directly from computer-aided design
(CAD) files. This allows rapid prototyping of high-quality
products at an affordable cost (Gibson et al., 2015).

Materials that can be currently used for 3D-printed pres-
sure sensors are varied. In fact the different capacitive pres-
sure sensors or capacitors reported in the literature have been
manufactured using conductive materials (steel, copper, etc.)
(Faller et al., 2018; Shemelya et al., 2013; Zhao et al., 2014),
or thermoplastic materials whereby metallization is used to
provide surface conductivity (Tuna et al., 2017; Zega et al.,
2018).

In this work, the 3D-printed relative pressure sensor is
manufactured using polylactic acid (PLA) as the manufactur-
ing material. The elements intended to present the capacitive
sensor armatures were then coated with conductive materi-
als to ensure the surface conductivity necessary to obtain a
capacitive reading. Due to the constraints related to the reso-
lution of the machines used and the mechanical properties
of the thermoplastic materials, we could not achieve very
small plates’ separation compared to the diaphragm thick-
ness, which leads us to a case study of large deflections. Solu-
tions based on modifying the membrane by adding a boss are
no longer appropriate in this case study. Therefore we have
adopted the structure proposed by Ettouhami et al. ( 2004) in
which a sensor composed of two capacitors, the correspond-
ing capacitances of which change simultaneously in opposite
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Figure 2. Specimen dimensions according to DIN EN ISO 527-2.

senses (difference of capacitances becomes larger). Results
of the simulation showed that such a structure improves lin-
earity and sensitivity while keeping the movable diaphragm
flat.

On the basis of the structure proposed by Ettouhami et
al. (2004) our work consists in studying feasibility through
simulation and fabrication of the capacitive sensor using 3D
printing technology and testing the linearity and the sensitiv-
ity in the case of large deflections.

In our work, we limited ourselves to test the sensor in the
pressure range of [0, 9] KPa. Such a range is appropriate for
educational purposes for practical teaching and computer-
aided design experimentations (Nonnon, 1998).
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Figure 3. Finite element simulation of the printed membrane, showing a maximum deflection at the center equal to 130 pm at 9 KPa.

In this article we describe the sensor dimensioning and the
steps of the process of fabrication in two cases: (1) Cop, the
zero-pressure capacitance, is fixed and (2) Cy is variable. We
compare the performances obtained for both the simulated
proposed structure and the fabricated one.

2 Principle of capacitive pressure sensors

The proposed design is composed of two parallel circular
plates. A thin diaphragm called the top plate forms the mov-
able diaphragm of a parallel plates’ capacitor. A thick layer
called the bottom plate forms the second part of the sensor as
shown in Fig. la.

To ensure the surface conductivity necessary for the ca-
pacitive structure of the pressure sensor, the bottom plate is
covered with Al sheet, while the top plate is covered with Au
using a sputtering process. The perfect flush mounting of the
diaphragm is ensured by a third part called the “cover”, as
shown in Fig. 1.

When pressure is applied, the top plate deflects and pro-
duces capacitance variations, which can be sensed and cali-
brated to the real pressure, using the acquisition board and a
calibrated pressure sensor.

The capacitance variation in the case of circular plates is
expressed by the following equation (Ko et al., 1982):

Cc—cC _// erdrd0 e R? )
0= d—or 0, P) d

where C is the capacitance corresponding to the applied pres-
sure P, Cyp is the zero-pressure capacitance, R is the di-
aphragm radius, r is the (radial) distance between the loca-
tion where the deflection is evaluated and the plate center, &
is the dielectric constant of the dielectric between the plates
(in our case the air), d is the zero-pressure plates’ separation,
and w(r, 6, P) is the function that models the deflection of
the top plate.

https://doi.org/10.5194/jsss-9-401-2020

Table 1. 3D printing parameters.

Nozzle diameter (mm) 0.3
Injection temperature (°C) 200
Bed temperature (°C) 80
Angle from the horizontal axis 45°
Printing speed (mm/min) 4800
Filling (%) 100
Layer height (um) 25

Table 2. Mechanical properties of the PLA used.

Young’s modulus (MPa) 4500
Poisson ratio 0.36
Density (g/cm3 at21.5°C)  1.25

The study of the sensor response requires the determina-
tion of the deflection of the movable plate w(r, 8, P) as a
function of the applied pressure. The thin plate theory (Tim-
oshenko et al., 1959) is used and is appropriate for deflections
less than 1/5 of the movable plate thickness. The thick plate
theory (Timoshenko et al., 1959) is used for deflections up to
3 times the diaphragm thickness.

For a circular plate with clamped edges, the deflection is
zero at its edges. These boundary conditions allow the gov-
erning differential equations to be solved for the bending of
the movable plate. This allows the diaphragm deflection to
be determined at each point of the diaphragm.

Hence, according to Timoshenko et al. (1959) and Eaton
et al. (1999),

r

(- ()" :
w=f(1-(% @
where f denotes the deflection at the top plate center, R is

the plate radius, and r is the distance (radial) between the lo-
cation where the deflection is evaluated and the plate center.
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Figure 4. Sensor response for different d; values compared to the response of the traditional design for which Cy is fixed.

(a) (b)

Figure 5. 3D-printed pictures of the sensor: (a) different parts of
the sensor and (b) the assembled sensor.

The deflection at the top plate center is obtained using the
Ansys simulation tool.

This kind of sensor is known for its nonlinearity. In their
work, Ettouhami et al. (2004) proposed a solution in which
the zero-pressure capacitance Cy varies as a function of pres-
sure but in the opposite sense of C (Fig. 1).

Hence the capacitance variation for this model is deduced
from Eqgs. (1) and (2):

// erdrdf
d—f(1-(%)?)?
erdrdf

f/d+f1— (%)2)?’

where d; is the zero-pressure plates’ separation for Cy.
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3 Mechanical properties

Before printing the designs in Fig. 1, a crucial step consists of
determining the mechanical properties of the material used,
since according to Dizon et al. (2018), Lay et al. (2019), and
Reppel and Weinberg (2018), these properties change after
printing. For this reason, specimens were printed in confor-
mity to DIN EN ISO 527-2.

The printing parameters with the most impact on the me-
chanical properties are mainly the angle, the injection tem-
perature, the layer thickness, and the filling ratio.

The printing parameters are listed in Table 1, and the di-
mensions of the specimens are given in Fig. 2.

To determine the mechanical properties of the material
used, experimental tests were carried out at a speed of
5 mm/min on a universal testing machine (H10KT Tinius),
and the results are presented in Table 2.

3.1 Design characteristics of the structure with C fixed

The goal here is to increase the sensitivity of the sensor
through an adequate choice of the dimensions as follows.

a. Thickness of the movable plate. The movable plate is
designed exploiting the resolution limits of the printing
process. The minimum thickness value allowed by the
3D printer used was 25 um. After testing the permeabil-
ity of the membranes for different thickness values, we
set the thickness layer to 200 um.

b. Radius. Simulations of the diaphragm behavior with dif-
ferent values of the radius have shown that for R less
than 8 mm, the displacement of the diaphragm center
under the maximum pressure is much lower than the

https://doi.org/10.5194/jsss-9-401-2020
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Figure 6. Schematic of the experimental setting.

Figure 7. Experimental setting. (1) LCZ meter, (2) Micro-
LabExAO board, (3) syringe pump, (4) differential pressure sensor
MPXV7025DP, and (5) fabricated pressure sensor.

machine resolution (25 um). For this reason we have set
R = 8 mm.

c. Zero-pressure plates’ separation. After setting the val-
ues of R and £, finite element method (FEM) simula-
tions of the diaphragm behavior were carried out using
Ansys software to determine its displacement under the
maximal pressure.

A maximum pressure of 9 KPa applied at the movable
plate center resulted in a maximum deflection of 130 um
as shown in Fig. 3. Therefore, the zero-plate separation
set to 150 um appeared to be a suitable choice consider-
ing the 3D printing equipment and limitations.

3.2 Design characteristics for the structure with variable
Co

In this case we consider the structure consisting of two cells
(Fig. 1b). The role of the second cell is to reduce the non-
linearity of the sensor as well as to increase its sensitivity.

https://doi.org/10.5194/jsss-9-401-2020
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These performance parameters depend on the value of the
plates distance separation of the second cell (referred to as
d;), Therefore, for designing the sensor, we maintained the
same values of & and R determined in Sect. 2 for both cells,
then, using Eq. (3), we simulated the behavior of the sensor
versus pressure. To determine the best choice for the plates’
separation distance, Fig. 4 shows the response of the sensor
versus the pressure for values of the plate separation distance
varying from 25 um up to 150 um. In addition, we plotted in
the same graph the response of the structure with the zero-
pressure capacitance (Co) fixed to compare the nonlinearity
offered in both structures. The curves show that nonlinear-
ity is significantly improved, namely for the plate separation
distance of 75 um within the range [0, 8000] Pa. Nonetheless,
for lower values of the distance, the nonlinearity revealed in
the range [0, 2000] Pa declines due to the nonlinearity of the
second cell.

Furthermore, sensitivity and nonlinearity parameters were
calculated for both structures using the formula as follows:

ac
S = i 4
NL = 100 x S =CLP) (5)

C (Pmax) - C(Pmin) '

where C(P) denotes the regression polynomial of the capac-
itance and Cp(P) is a linear function.

As shown in Table 3, the sensitivity has been improved
with the use of the proposed model compared to the tradi-
tional one in all the pressure ranges. The nonlinearity of the
sensor has also been improved in all pressure range inter-
vals; in addition it remains significant in the range [95 %,
100 %] which may be linked to the important contribution of
the movable diaphragm central part compared to that of its
edges.

4 Experimental results

4.1 Manufacturing process

The designs in Fig. 1 were drawn using CATIA modeling
software. They were first printed using polylactic acid (PLA)

J. Sens. Sens. Syst., 9, 401-409, 2020
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Figure 8. Responses obtained of the 3D-printed capacitive sensors at ambient temperature. The blue curve corresponds to the response of
the sensor with Cy fixed (structure A), and the orange one corresponds to the sensor with Cy variable (structure B).

Table 3. Sensitivity and nonlinearity according to the considered pressure measuring range, for d; = 75 um.

P/Puax (%)  [0-20] 120-40] 140-60] 160-80] 180-100]
-2 —1 —1 —1 —1
Sensitivity (pF/hPa) Structure A 9.98 x 10 1.20x 10 1.88 x 10 3.10x 10 753 % 10
Structure B 3.4 x 1071 261x107! 2.68x107! 3.69x 10! 7.96x 107!
Nonlinearity (%) Structure A 10.75 4.01 10.66 8.17 22.55
Structure B 3.78 2.09 532 5.73 13.00

as the manufacturing material, by means of the Volumic 3D
3D printer based on fused deposing modeling printing tech-
nology. The printing parameters were those summarized in
Table 2.

As a second step, to establish the electrical connections
and provide the conductive surface, the top plate was coated
with 22 nm Au using a sputtering process, while the bottom
plate was covered with an Al sheet to reduce the cost of its
fabrication.

To create an electrical connection to the sensor, copper
wires were attached to the sensor plates using silver epoxy.
The manufactured capacitive sensor is shown in Fig. 5.

4.2 Sensor characterization

Characterization of the manufactured sensors was performed
according to the experimental setting as shown in Figs. 6 and
7. The LCZ meter NF2345 was used to measure the capaci-
tance variation, while the MicroLabExAO acquisition board
was used to read the value of the applied pressure (Fig. 6).

The LCZ meter is calibrated using the open—short cir-
cuit correction to eliminate the bias impedance of the elec-
trode interface. Capacitance is measured with a frequency of
100 KHz and a voltage of 1.0 V.

J. Sens. Sens. Syst., 9, 401—409, 2020

As shown in Figs. 6 and 7, a syringe pump was connected
by means of a T connector to the manufactured pressure sen-
sor and a differential pressure sensor MPXV7025DP. An ex-
ternal pressure in the range of [0, 9] KPa was then applied to
the pressure sensors.

Figure 8 shows the results obtained at room temperature
with the two manufactured pressure sensors.

The behavior of the capacitances obtained through sim-
ulation was compared to that obtained with the fabricated
structures as shown in Fig. 9a for the case in which the zero-
pressure capacitance Cy is fixed and in Fig. 9b for the case in
which Cy is variable.

The difference between experimental and theoretical re-
sults is due to incertitude in the zero-pressure distance and
the plate thickness. Consequently, the fabricated sensors
show less sensitivity and nonlinearity compared to the the-
oretical performances as revealed in Table 4.

5 Conclusions
In this paper, we presented the design and the characteriza-
tion of relative pressure sensors fabricated using 3D printing

technology and tested at room temperature in the pressure
range [0, 9] KPa. The thermoplastic materials used with this

https://doi.org/10.5194/jsss-9-401-2020
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Figure 9. Responses obtained of the 3D-printed capacitive sensors at ambient temperature. (a) Responses of the sensor with C) fixed; the
orange curve corresponds to the practical response, while the blue one corresponds to the theoretical results. (b) Responses of the sensor with
Cy variable; the orange curve corresponds to the practical response, while the blue one corresponds to the theoretical results.

Table 4. Sensitivity and nonlinearity of the fabricated sensor.

P/Pmax (%)  [0-20] 120-40] 140-60] 160-80] 180-100]
-2 -2 -1 -1 -1
Sensitivity (pF/hPa) Structure A 9.9 x 10 9.03 x 10 1.02x 10 230 x 10 5.36 x 10
Structure B 3.20x 107! 255x 1071 2.03x107! 277x107! 543x 107!
Nonlinearity (% ) Structure A 12.7 5.22 9.67 9.93 17.84
Structure B 2.67 1.97 3.8 5.32 4.25
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technology lead us to a case of large deflections. Such a sit-
uation rarely studied in the literature has the disadvantage of
increasing the nonlinearity of the pressure sensor.

The proposed work aimed at improving the nonlinearity
and the sensitivity of a structure composed of two paral-
lel circular movable diaphragms. In both the simulated and
the fabricated models, in the comparison with the traditional
structure in which the zero-pressure capacitance is fixed, the
proposed sensor showed significant improvement of the non-
linearity as well as the sensitivity. However, the nonlinearity
remains higher than 1% due to the high contribution of the
mobile diaphragm’s central part compared to its edges.

The studied designs were drawn with CATIA software and
printed by means of a 3D printer based on fused deposing
modeling, using polylactic acid (PLA) as the manufacturing
material.
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