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Abstract— Flexible capacitive sensors are acquiring more
importance in nowadays applications. They are being used in a
wide variety of fields, from fingerprints reading to force sensing,
from cell growth evaluation to touch sensing. In the biomedical
field, research is pushing towards micrometer scale capacitive
sensors, requiring a complex fabrication process. This project
aims at the design of an easy-to-use and low-cost capacitive force
sensor for biomedical applications. For this purpose, a coplanar
geometry is studied, developed and few prototypes were
fabricated. In the current configuration, sensors’ size is 4 mm
thick, with a diameter of 8.5 mm but different sizes can be adopted
as well. Furthermore, the capacitive sensor is made by a wafer of
3 different polymeric layers, in which is inserted a flexible
polyimide PCB (130 pm thick). The prototypes were tested with a
maximum force of 1 N, but wider range are permitted. In the
current configuration, the tested sensors have a sensitivity of 172
fF/N, a resolution of 80 mN, a hysteresis of 20 fF and the
percentage of nonlinearity is 1.087%. Its field of application could
vary from sitting posture sensing, insole pressure sensor, tongue
pressure monitoring, tactile pressure and many other biomedical
applications in which a soft surface is needed.

Keywords— capacitive sensor; pressure sensor; coplanar sensor;
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I. INTRODUCTION

Force or pressure measurement is a key feature in many
applications, manipulative robots [1],[2], augmented reality [3],
surgical operations [2][4], breast cancer recognition [5][6], and
many others. This kind of sensors are based on different physical
principles, piezo-resistivity, capacitance, diffraction and many
others. The most used are resistive and capacitive sensors.
Resistive sensors are usually made by resistance-varying pastes,
which are generally affected by temperature drift, thermal noise
and hysteresis. Capacitive sensors made their fortune with their
employment in the consumer market of the smartphones, and the
wide penetration of touch-sensing technologies also in
manufacturing and automotive industries. Unlike resistive
sensors, they are less sensitive to temperature variations and
thermal noise. Their behavior is strictly dependent from the
dielectric type and the armors shape. Capacitive pressure sensors
are nowadays employed in many different fields, starting from
biology, for example for intraocular pressure measuring [7], to
harsh environments industrial application [8] for proximity
detection. As a consequence of the polymer industry growth,
more attention was put on flexible capacitive sensors [5-15,18-
22], usually involved in force detection. One of the drawbacks
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of this technology is the need of having two conductive plates
divided by a dielectric [5-13,20], which drives to an intrinsic
difficulty in the wafer construction and in the bonding.
Furthermore, more and more often easiness in fabrication and
the possibility of employing it in water-filled environments is
required. These constrains are given by keeping in touch with
the biomedical field, where these sensors are supposed to work
in. State of the art reports lots of capacitive force sensors, but
they are made in micrometrical scale, using hard-to-reproduce
techniques. Capacitive coplanar sensors are adopted extensively
in touch-sensitive interfaces, sensibly facilitating the fabrication
process of the PCBs, avoiding the need of physical buttons
shortening the bill of materials (BOM) and easing the interface
with the user also in high-moisture environments. These systems
can measure a variation of the capacitance value due to the
electric field variation around the electrodes. They are used for
tracking fingers movements, gesture recognition, proximity
detection, etc. In [17] many hints to deep understand capacitive-
touch interfaces are reported. These sensors are easy to fabricate
and with the right technical arrangements, they can work in high
moisture environments. In [18], a deep study on coplanar
capacitor shaping and dimension, with a different final purpose
is reported. These studies shown a great sensitivity to
environments variations by the spiral shaped coplanar
capacitors, with a high zero-capacitance value. However, force
or pressure measurements are not implemented restricting the
application fields to industrial or consumer, they are gaining
more importance also in the medicine, rehabilitation therapies
and tele-monitoring.

In this work, a capacitive coplanar force sensor is proposed, it is
designed with a full biocompatibility for being employed in a
variety of biomedical environments. Its particular shape
increases the sensitivity to the force applied in a specific
direction, removing the interferences coming from the opposite
side. The sensor surface is made on a 130 um flexible polyimide
substrate, stacked between three layers, two of ethylene vinyl
acetate (EVA) and one of poly vinyl siloxane (PVS). These
dielectric layers contain the electric field lines, reducing the
capacitance variation when approaching the sensitive surface. A
force application to the deformable surface reduces the distance
from the sensitive area, causing a capacitance variation. This
sensor then offers a low-cost alternative to aforementioned
polymer-based capacitive force sensors, reducing the fabrication
process complexity using standard flex PCB technologies.
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Fig. 1: Basic coplanar capacitor size and principle, where Cp is the
intrinsic capacitance, w is the path width, d is the distance between
them and h is the height of the metal layer.
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Fig. 2: Coplanar capacitor with ground plane, Cp is then the
parallel between the two intrinsic capacitances, increasing the
direct capacitance value.
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Fig. 3: When a finger (for example) approaches the coplanar
capacitor, the capacitance value of the finger will change the total
capacitance value of the sensor and it becomes Csens = Cp + Cf.
The capacitance variation is linked to the distance between the
finger and the sensing element.

II. SENSOR DESIGN

A. Working principle

Coplanar capacitors are usually characterized by a small
width (w) versus a short height (h), divided by a distance (d) as
shown in Fig. 1. The capacitance value is usually made by the
combination of two different components, the direct capacitance
value and the capacitance due to fringing effect. Direct
capacitance is the one evaluated only between the plates,
fringing capacitance is evaluated outside the borders. In this
particular case, the direct capacitance value should be lesser than
the fringing’s. The electric field of a simple coplanar capacitor
has the peculiarity of permeate the space in both directions from
the electrodes, making it sensible to perturbations as above as
below it. This is for the intrinsic symmetry of the free electric
field lines. Shaping the capacitor in a particular way, it is
possible to limit this effect, guiding the lines in a preferred path.
In the present configuration, the sensor is designed to be more
sensitive to one-side interaction. That could be obtained placing
a ground plane on the side we would blind to variations. In

Fig. 2, the working principle of a coplanar capacitor with a
ground plane is shown; electric field lines are more condensed
in the upper side than in the lower, making the lower side blind,
or less sensitive, to proximity variations. This kind of operation
also increases the intrinsic capacitance value of the capacitor Cp,
improving the reading operations. In [17], a deep explanation of
this phenomena is given, there are also some guidelines for touch
panels PCB design. When approaching to these sensors for
example with a finger, as shown in Fig. 3, or with something
with an intrinsic capacitive behavior, the total capacitance read
from the sensitive area is the sum of the two components Cp and
Cf. The capacitance of the fingers, read by the sensor, is linked
to the distance (q) between them. Placing an elastic material with
a dielectric constant higher than the air on the sensitive area, it
is possible to convoy the electric field lines in this layer,
reducing their scattering.

B. Capacitor shaping and material selection

Capacitor shape was designed in order to obtain the
maximum faces area, and then increase the initial capacitance
value. As reported in [18], the circular shape of the spiral is the
best trade-off between the area of the plates and total sensor
space occupation. In [18], the spiral capacitor is used for the
characterization of surrounding materials, in particular
multilayered dielectric structures; its shape gives both a higher
output signal strength and a better accuracy in material
characterization than the simple disk-and-ring configuration.
Mixing the concepts reported in [17] and [18] a sensor was
designed as a spiral with a radius of 8.5 mm, a 3D representation
of the spiral is shown in Fig. 4. The elastic material chosen for
being placed on the sensing element is a particular poly-vinyl
siloxane (PVS). This material is widely used in dental clinics as
mold for the dental impressions. In this particular case, the
choice was between two materials, one with a typical hardness
of 8 shore A, and the second with a 16 shore A. The materials
involved are the “Elite Double 8” and the “Elite Double 16Fast”
by Zhermack (www.zhermac.com). Because this material
refuses to bond with glues as cyanoacrylates, it becomes
mandatory to find something to keep all the layers tight. For this
reason, the choice felt on the enclosing the structure between two
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layers of ethylene vinyl acetate (EVA), by a thermoforming
process. This also guarantees a completely hermetic enclosure,
for the employment in high moisture environments.

C. Sensor fabrication

Sensor prototypes were fabricated on a flexible substrate. A
polyimide layout laminated with copper was used to fabricate
the two coplanar electrodes and the ground plane on the bottom.
The substrate is a 25 pum layer of polyimide on which are glued
two 35 um copper layers. Then the copper is protected with an
enclosure of polyimide, reaching a total thickness of 171 pm,
including glues, resist and other fabrication-specific materials.
The drawn sensor follows the shape shown in Fig. 4, with a
maximum diameter of 8.5 mm. The sensor was bonded with two
wires and encapsulated between two EVA layers, each 1.5 mm
thick. The encapsulating process is made through a
thermoforming process which reduces the thickness of the
materials of near 25%. This enclosing technique hermetically
seals the sensor from the environment. It prevents capacitance
variation due to moisture changes in the surrounding
environment. The EVA layers become then more or less 2.25
mm thick. Making a choice between the two PVS materials,
required a series of tests. We have put a 2 mm layer on the
sensing area and measured which produces the greater
capacitance variation. Trials then reported a complete blindness
to low intensity force variations (< 1 N) of the 16 shore A PVS,
forcing the choice of the 8 shore A silicon. Fig. 5 shows a
schematic representation of the layered sensor in (a) and a
picture of the fabricated flexible PCB in (b). Copper spiral
dimensions are, referring to these reported in Fig. 2, w =
0.203 mm (8 mils) and d =0.1778 mm (7 mils), with a maximum
diameter of 8.5 mm. For clarity, in Fig. 5 (a) is depicted a general
representation of the wafer structure, the materials involved for
the flex PCB fabrication are not reported.

III. PRELIMINARY EXPERIMENTAL RESULTS

The fabricated prototypes were tested under an INSTRON®
3366 machine to obtain a relationship between capacitance
variation and applied force. An impedance analyzer HP4194A
was used to measure the capacitance during tests. The starting
capacitance Co of the encapsulated sensor, including the cables
parasites, was 16.5 pF. As a first step, the sensor was tested with
a force of 1 N, further analyses will examine its behavior with
stronger loads. The test was made with a metal tip, left
electrically floating. In Fig. 6, the evolution of the force value
seen from the INSTRON load cell and the simultaneous
capacitance reading of the impedance analyzer are reported.
Picture clearly depicts the presence of parasites on the
capacitance value, indeed there is a difference between the Co
value of the 3™ trial and the others. This behavior is probably
due also to the movements of the PVS layer inside the EVA
enclosure after a stress application. There is also a difference in
the AC between the 3rd and the other measures. This is due to
the different position of the INSTRON tip on the sensor. Further
investigations are undergoing to obtain a full characterization of
the sensor behavior against different force applications, in terms
of orthogonality and displacement from the center of the spiral.
Testl and Test2 reports instead a similar response, pretty
comparable to the force curve read by the INSTRON machine.

There is also an unexpected behavior of the load cell, this could
be due to a possible overheating.

Fig. 4: Coplanar capacitor spiral design
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Fig. 5: (a) Section of the sensor. The widths are, copper 35 um,
polyimide 25 um, PVS 2 mm and EVA 3 mm. The total sensor height
equals to EVA’s. (b) A picture of the polyimide machined layer,
where, referring to Figs.1 and 2, the dimensions are w = 0.203 mm
and d = 0.1778 mm. The maximum diameter of the spiral is 8.5 mm.

Looking the upper side of Fig. 6, the initial force value is
different from the last, and this behaves as a straight line over
time. This drift is automatically erased drawing a picture as Fig.
7. In Fig. 7, the results of three different runs of the force test are
shown. In Testl and Test2, the force is applied in the same point,
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in the Test3 it was near the edge. The sensor behavior reveals
low hysteresis, with a maximum value of 20 fF.
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Fig. 6: Force values measured by the INSTRON load cell and
the variation in the capacitance value of the sensor measured by the
impedance analyzer.
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Fig. 7: Capacitance variation versus force. Testl and Test2 are
two different runs of the same test, maintaining the same force
application position. Test3 is obtained moving the force application
position from the spiral center

It also has a sensitivity of 172 fF/N, a resolution of 80 mN and a
zero drift of -5.5 fF. When moving from the center of the sensor,
the sensitivity decreases. In this particular case, it reduces its
value of a 32.7%. It could be linearized with a first order
polynomial approximation, with a R*=0.9798 and a standard
deviation of the residuals 0=4.9 fF in tests 1 and 2. This
corresponds to an uncertainty on the estimated force of about
& = 64.07 mN. In terms of percentage of nonlinearity, the
sensor shown a 1.08%. If the force is not equally distributed on
the sensor’s surface, the sensor is also sensitive to the position

of force application point. Test3 reveals that the response to a
force applied outside the center gives a different capacitance
variation. This extent the possible application fields also to the
position detection through placing arrays of sensors. Further
analyses are ongoing in order to obtain a complete
characterization in respect to the tip positions.

IV. CONCLUSIONS

A low-cost capacitive pressure sensor has been designed,
fabricated and tested. Preliminary results are reported with an
applied force with a maximum intensity of 1 N. Because of its
geometry it is sensitive only to a one-direction stimulus and it
could also act as a position sensor, varying its maximum
capacitance variation against the position from the center of the
spiral. Applying a force of 1 N it gives a variation in the
capacitance with a good repeatability and a low hysteresis, in the
order of 0.02 pF. It has shown a sensitivity of 172 fF/N, a
resolution of 80 mN and a low zero drift. This sensor is
fabricated using standard methodologies involved in the flex
PCB construction, avoiding the need of expensive ad-hoc
methods. Further analyses are needed in order to obtain a sensor
characterization in terms of long-time stability, linearity and
resolution. The thermoforming technique involved in the sensor
construction permits to hermetically seal sensors from the
outside environment. This prevents any capacitance value
variations due to moisture changes. Anyway, a deep
environmental calibration of the sensor is undergoing to evaluate
the effect of the temperature on sensors behavior. Deeper
investigations are also needed on the dimensions and the sensor
capacitance variation with a non-floating INSTRON tip.
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