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Introduction

During the initial era of automation focused on the industrial robotics, the sensing tech-
nology was mainly restricted to joint force/torques, for both safety and operational reasons.

Nowadays the design of humanoid robots for an utilization in complex human environ-
ment has created a research focus for the fabrication of devices to sense mechanical strain
with the aim to reproduce the human sense of touch. Many different working principles have
been exploited to evaluate mechanical pressure: piezoelectric, capacitive and piezoresistivity
are the most diffused, but several other exotic approaches have been also reported. However,
most of these methods bring to solutions with large pay load, reduced flexibility and thus
unsuitable for integration on a robot body.

One of the most promising strategies to fabricate large area or whole-body tactile sensing
structures with a high sensitivity is the development of hybrid systems, due to the possibility
of combining the desirable characteristics of the filler and matrix and the great number of
possible synergistic properties and functionalities. Ease conformability, tailoring function-
alities and cost efficient processes are just some of the advantages that have promoted the
research of electrical conductive composite systems as tactile sensors.

In particular piezoresistive composites exploiting tunnelling conduction mechanism are
very interesting, because even a small deformation can cause a reduction of the electrical
resistance of orders of magnitude. Without any external pressure, the metallic fillers are
distributed throughout the elastomeric matrix separated between each other by a layer of
polymer, thus the overall composite behaves like an insulator. Upon the application of
a mechanical deformation, the insulating interparticle layer decreases, thus increasing the
tunneling probability of the electrons between two adjacent particles, as sketched in Fig.1.
Moreover the high mechanical flexibility, conferred by the polymer, combined with the tun-
ability from the insulating to conductive electrical behavior, makes this kind of composite

the ideal candidate to constitute a smart sensing skin for robotic applications. In particular,



these piezoresistive materials could satisfy the main requirements, such as (i) high conforma-
bility and compliance, leading to soft materials adaptable to arbitrary curved surfaces and
shapes; (ii) broad range and high sensitivity; (iii) large area coverage; (iv) low power con-
sumption, since the composite behaves like an insulator when no load is applied; (v) low
payload; (vi) broad working temperature range, mainly depending on the polymer matrix;
and (vii) insensitivity to electromagnetic field noise. Moreover, due to their simple construc-
tion, generally these composites are very robust to overpressures, shocks and vibrations.

This thesis presents the development and characterization of three different metal-polymer
piezoresistive composites with tunable sensitivity and their integration as functional mate-
rial into tactile sensors. The tunnelling conduction mechanism ensures variation of electrical
resistance up to nine orders of magnitude. Two different sensor design have been fabricated
with the synthesized composites, tested and mounted on the robotic assistant EUROBOT
designed by Thales ESA (European Space Agency).

The thesis consists of eight chapters. The first two are an overview on the tactile sen-
sors research and of the theoretical conduction models for tunnelling conductive composites,
while the next six ones regards the experimental work. Chapter 1 describes the human sense
of touch and categorizes the tactile sensor devices presented in literature on the basis of the
transduction method. Chapter 2 gives an analysis of the mathematical models to describe
the conduction inside piezoresistive composite. Chapters 3, 4 and 5 present the prepara-
tion and characterization of the piezoresistive composites fabricated with nickel, copper and
gold as filler, respectively. Chapter 6 compared the functional response of the three com-
posites. Chapter 7 and 8 describe the fabrication of two different sensor architectures, the
first directly measuring the resistance of each nodes in a sensing matrix, while the second
evaluating the frequency shift of an AC voltage signal due to a variation of resistance and

capacitance of the composite induced by a mechanical deformation.



Figure 1. Graphical artwork representing the conduction mechanism in tunnelling piezoresis-
tive composites. The picture appeared on the front cover of the Journal of Polymer Science:
Polymer Physics, vol 50, N_14 (2012).






Chapter 1

Tactile sensing

The challenge to transfer robots from the confined environment of a production line to
complex human environments, where smart tasks and increasingly difficult operations are
required, pushes towards the improvement not only of in-hand manipulation and exploration
tasks, but also of safe interactions. Humanoid robots, unlike the industrial ones, are required
to reach their goals interacting with humans and their tools, adapting to the changes in the
environment thanks to an autonomous learning. In order to satisfy these requirements,
robots need to be able to perform advanced human-like manipulation tasks such as rotation,
translation and in-hand grasping [1].

To operate in changing environments, humanoid robots needs to sense and elaborate the
information about the surrounding environment, while interacting with real world objects.
Analyzing the force and the position at all points of contact, robots can obtain information
about the weight, the stiffness and the surface of the tool and elaborate a way to complete
the assigned tasks. In order to satisfy these requirements, there is an increased interest
in the robotic community for the development of large area or whole-body tactile sensing
structures. Without a performing tactile sensing system, humanoid projects strongly limit
their interaction and cognitive capabilities [2]. Also in human, tactile sensing is essential for
fine manipulation tasks. In winter or after touching ice blocks our hands are chilled, simple
operations like lacing up the shoes or simply maintaining a stable grasp on an object can
become very complex tasks. The problem is a lost of sensing, in fact, our mechanoreceptors
are anesthetized and our movements become inaccurate and clumsy.

In the last twenty years, many tactile sensor solutions have been presented, exploiting

several physical phenomena as transduction modes [1, 2, 3]. However, most of them do not
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satisfy completely the specific requirements of in-hand manipulation, being to bulky to be
used without sacrificing dexterity or because they are fragile, rigid, slow or lack fundamental
characteristics. For this reason, it is not possible to choose a standard system like CCD or
CMOS optical arrays for sight sense. Moreover tactile sensors get the informations through
physical interaction, this brings problem of robustness, to withstand several impacts and
abrasions, and of compliance, to conform the device to the robot surface guaranteeing an
adequate friction for handling tools securely [3].

A successful way to design a tactile sensor satisfying the above requirements is to get
inspiration from the study of the human skin and sense of touch. Along human history,
engineers have always been inspired by biological systems, for example to project airplane
from birds and hook-and-loop fastener (better know as Velcro®)) from the burrs of burdock,
and as well now roboticists are inspired by the human physiology [4, 5]. Such analysis would
help in defining the specific requirements (like force resolution, working range, location, and
robustness) and in designing robots more suitable for working in a human environment. For
this reason this chapter will firstly present a description of the human sense of touch, with
the definition of the specific requirements for the design of a tactile sensing structures and
then a review of the main classes of sensors with a special consideration on the piezoresistive

ones.

1.1 Human sense of touch

The sense of touch in humans is divided in two main modalities, depending on the site of
sensory inputs. The kinesthetic sense receives the inputs from the receptors within muscles,
tendons, and joints, while the cutaneous from the receptors embedded in the skin [6, 7]. The
receptors are not limited to detect the mechanical stimulations, but are also sensitive to the
temperature variation and various stimuli producing pain.

The kinesthetic system gives information about the static and dynamic body postures
(relative positioning of the head, torso, limbs, and end effectors) on the basis of sensing from
the muscles, joints, and tendons and from efference copy, which is the correlate of muscle
efference available to the higher brain. On the contrary, the cutaneous system involves phys-
ical contact with the stimulus and provides awareness of the stimulation of the outer surface
of body by means of receptors in the skin and associated somatosensory area of central

nervous system (CNS) [6, 8]. Moreover, the sensing elements of the cutaneous sensing work
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not only as transducers, as the kinesthetic ones, but studies showed that they locally process
the stimulus before sending tactile data to the somatosensory cortex of CNS for perceptual
interpretation [9]. The trasmission of the electrical signal between the receptors have been
found to be pyroelectric and piezoelectric [10]. The perception of the external stimuli is
done by a large number of receptors (e.g., mechanoreceptors for pressure, thermoreceptors
for temperature, and nocioceptors for pain [11]) that are distributed all over the skin with
variable density. The mechanoreceptive afferent neurons (mechanoreceptors) represent for
the human a distribution of force/pressure/stress sensors over the whole skin. For this tasks
they are the biological analogy we would like to reproduce with the piezoresistive composites
in this thesis work.

The mechanoreceptors, embedded in the skin at different depths, are divided in four
different types depending on their function, sensing ranges and rates of adaption as summa-
rized in Fig.1.1. Fast-adapting afferents respond to temporal changes in skin deformations
(dynamic) with burst of action potentials when the stimulus is applied or removed. In con-
trast slow-adapting afferents respond to sustained pressure over time (static). Both families
are divided in two types depending on their location in the depth of the skin and their
receptive field. Type I receptors are located in the dermal-epidermal boundary and have
small and well-defined receptive fields, while the type II are found in deeper layers of the
skin and have larger and more diffuse receptive fields |1, 2, 12].

Under the application of a stimulus, the skin conforms its surface projecting the defor-
mation to a large number of mechanoreceptors. If the magnitude of the stimulus is above the
threshold, each receptor (representing a part of interesting area) encodes the tactile informa-
tion generating a spikes of action potentials-voltage pulses. The amplitude of the stimulus is
then converted to a train of action potentials in a process similar to the digitalization of an
analog signal in electronics [13]. Then the signal is transmitted to the brain for higher level
processing and interpretation via multiple nerves up to the spinal cord and via two major
pathways: spinothalamic and dorsal-column-medial-lemniscal (DCML), as shown in Fig.1.1.
The spinothalamic pathway is slower and carries temperature and pain-related information,
while DCML quickly transfer mechanical related information to the central nervous system.
To reduce the amount of data towards the CNS and speed up the spatio-temporal perception
of the stimulus, the tactile information are selected and processed at various transfer stages
[2].

The limitation and sensitivity of the receptors affect the recognition of the shape of
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Figure 1.1. (a) Section of skin showing the location and classification of the various
mechanoreceptors, (b) dynamics of the tactile signal transmission from the sensing area on
the fingertip up to the somatosensory area of the central nervous system and (c) events during
tactile signal transmission from the stimulus to the brain [2].

objects and of the direction and magnitude of the force. Focusing on the hands type I
mechanoreceptors are more concentrated in the fingertips and decrease proximally towards
the palm, while the density of the type II is more uniform throughout the whole hand.
Moreover there is a predominance of fast adapting type I receptors in the hand indicating
the importance of high spatial and temporal resolution in dynamic mechanical interactions,
like creation and variation of contact with the object. The spacial concentration of the dif-
ferent mechanoreceptive afferent neurons is shown in Fig.1.2. These two points suggest that
the fingertips and phalanges are mainly responsible for movements for direct manipulation
of objects, and that the signals coming from the whole hand, hence with a lower temporal

and spatial resolution, are important for maintaining stability during manipulation. Talking
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Figure 1.2. Mechanoreceptors density (afferents per cm?) in the human hand. (a)
Fast-adapting type I (FA I), (b) slow-adapting type I (SA I), (c) fast-adapting type
IT (FA II) and (d) slow-adapting type II (SA II). The scale bar for the colour coding
is presented in (a) [1].

about spatial resolution, a person can distinguish two different points of contact as close as
1 mm on the fingertips. This resolution decreases in the other parts of the body up to reach
the lowest value (30 mm) in the belly [14].

For what concerns temporal resolution, humans can detect dynamic signal on the same
contacty point with a frequency up to 700 Hz (minimum time distance between two notice-
able signal of 1.4 ms) [8]. Otherwise the critical temporal separation for two contact events
at different locations is around 30-50 ms. All these values are referred to the fingertips that
are the most sensitive part, while the time intervals expanded for the rest of the body.

Another parameter involved in determining the tactile sensitivity of the skin is the pres-
sure threshold to activate the mechanoreceptors. The higher the pressure threshold, the
lower the sensitivity of the body part. It is interesting to notice that the pressure threshold
is much different between men and women. The first have average values of about 0.158
g on the palm and about 0.055 g on the fingertips, while the latter 0.032 g and 0.019 g,
respectively [15].

1.2 Specific requirements for tactile sensing devices

On the basis of the consideration brought out during the study of the human sense of
touch, some functional requirements can be defined as basic design criteria for the fabrication
of a robotic tactile sensor system. The following points are an elaboration of the hints found

in [1, 2, 16] and they are summarized in Tab.1.1.

10
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The device has to be able to detect both static and dynamic contact, distinguish

release, lift and replacement of an object.

The spacial resolution of the sensing arrays should be based on the robot body sites.
It has to be at least 1 mm in the fingertips, while it can be lower in less sensitive part

like palm, limbs and belly.

The robots has to appreciate the direction of the force, thus measuring the normal

and the tangential components.

Tactile sensors need a high sensitivity and a wide working range. A force sensitivity
range of 0.01 N -10 N is desirable, even if variation could be made depending on the

application.

Faster response of the order of 1 ms are needed, in particular in robots where tactile
information are used as control feedback. Less performing device could be used on

limbs or other body parts.

The sensor has to be stable, repeatable, as much as possible linear and without hystere-
sis phenomena. While nonlinearity can be canceled out with an inverse compensation

circuit, taking care of the hysteresis is a more challenging task.

The robotic sensible area should be flexible, soft, and stretchable in order to conform to
the object shape. Therefore, it should withstand mechanical impacts and abrasions,
harsh conditions of temperature, humidity, chemical stresses, electric field, sudden
force, etc. Moreover when integrated over the body, it should not be too bulky, since

significantly increasing of the dimension of robot part worsen the motion performance.

These design criteria are almost exhaustive, but should not be considered definitive. More-

over they could be modified depending on the specific application in which the robot will be

used. Even if some criteria are strict and technologically challenging, a possible solution to

fulfill them are complex systems integrating different devices instead of using a single tactile

SEensor.

11
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Parameter Requirements

Force direction Both normal and tangential

Temporal variation Both static and dynamic

Spatial resolution 1 mm on fingertips, 5 mm on the palm, even less else-
where

Time resolution 1 ms

Force sensitivity 0.01 N - 10 N (1000:1)

Linearity /hysteresis Stable, repeatable and low hysteresis

Robustness Depending on the application and environment

Shielding Electronic and magnetic shielding

Integration and fabrication | Simple and not bulky mechanical integration, minimal
wiring, low power consumption and cost

Table 1.1. Specific requirements for the design of a tactile sensor device inspired by the
physiology of the human skin [1].

1.3 Classification of tactile sensors

The solutions presented in literature for the fabrication of a tactile sensors are innumer-
able, so that a deep classification based on task, site, transduction method and mechanical
properties (as shown in Fig.1.3) is necessary to organize and select the interested field |2, 17].

Considering the working task, they can be divided in two categories: (i) “Perception for
Action”, as in grasp control and dexterous manipulation, and “Action for Perception”, as in
exploration, recognition and evaluation of mechanical properties of the object [2].

Depending on the location of a sensor on a robot body, the sensing capability can be
classified as extrinsic and intrinsic sensing. Intrinsic sensors, aimed at the replication of the
kinesthetic sensing in humans, are usually placed within the mechanical structure of the
system and collect data such as magnitude of force and torque [18]. Extrinsic or tactile
sensors/sensing arrays are mounted at the contact interface and, similarly to the cutaneous
sensing, they collect data from localized regions [19, 20]. Extrinsic tactile sensors can further
be divided depending on the resolution they can achieve. High density tactile sensing arrays
are designed for highly sensitive area like fingertips and have to satisfy the requirements of
1 mm and few milliseconds of spatial and temporal resolution respectively. On the contrary,
in the large area tactile sensing devices the spatio-temporal constraints can be relaxed since
they are designed for less sensitive part as palm, limbs and body.

On the basis of the mechanical properties, the tactile sensors can be labeled as rigid,

12
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Figure 1.3. Classification of tactile sensing in robotics based on transduction methods, task,
site and mechanical properties [17].

flexible, compliant, conformable, stretchable, etc.

The last classification is made with regard to the physical nature of the transduction
method. The tactile devices can be divided in resistive (piezoresistive), capacitive, optical,
magnetic, piezoelectric and ultrasonic. In the following sections will be presented a brief
description of the physical principle involved, of the more representative examples and a
list of advantages and disadvantages, with a special focus on the device of the piezoresistive

family, which are the sensors developed in this thesis work.

1.3.1 Capacitive sensors

Capacitive principle is the transducer method that guarantees one of the highest sen-
sitivity and besides is temperature independent [22]. The devices measure the capacitance
variation due to the coupling with the human capacitance or, in the case of objects, to
the deformation of the dielectric layer. Classical capacitive sensors are constituted by an
array of capacitive nodes consisting in two parallel metal electrodes divided by a flexible
insulating material. The simplicity of the structure allowed capacitive sensors to become
widely diffused among tactile devices. Arrays of capacitor elements have been widely fabri-

cated with micro-electro-mechanical-technology (MEMS) and Si micromachining technology

13
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Figure 1.4. (a) Images and (b) working principle of the triangular structures with the silicone
foam fabricated by Cannata et al [21].

[23, 24, 25]. Normally the top electrode pattern is deposited on a flexible polymer spinned
on a fixed bottom electrode [26, 27, 28, 29|, otherwise a cavity between the two electrodes is
created, with the use of a sacrificial layer, and air is used as dielectric medium [30, 31]. With
these approaches the spatial resolution requirements of 1 mm for fingertips sensor can be
overcome easily and capacitor elements of 50 pym square have already been produced with
on-chip signal conditioning to observe fine texture as a fingerprint [26].

The drawback of this MEMS technique is the area limitation, since the dimension of

2. Different solution for large area coverage have

the chips is normally limited to few cm
been proposed using different approaches. One example of fabrication of an artificial skin
for covering the whole body of a humanoid robot was made by Cannata et al., combining
several sensors interconnected in order to form a networked structure [21]. Each sensor is
constituted by a triangular flexible PCB, in order to conform to smooth curved surfaces,
with a microcontroller board equipped with a capacitance to digital converter (CDC) on
one side and 12 circular capacitive taxels deposited on the other one (see Fig.1.4(a)). A de-
formable conductive ground plane was added on the sensing side by spraying a thin layer of

electrically conductive silicon rubber (connected to ground) on a compliant substrate made

14
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of silicone rubber foam. Under the pressure of an object, the deformation of the ground
plane modifies the capacitance value of the circuit, while for human his capacitance is added
to the device one as shown in Fig.1.4(b).

Normally large area devices defect in pressure sensitivity. An interesting and effective
solution to overcome this problem was proposed by Mannsfeld et al., miming the design of
the human skin, combining silicon micromachining and polymer moulding [32]. In order to
reproduce the ridges of human skin, different patterns organized in an array structure were
fabricated on a Si wafer, later used for molding the surface topology on a PDMS film work-
ing as dielectric layer (Fig.1.5). The sensing skin presented an elevate pressure sensitivity,
tunable by using different microstructures, with a maximum value of 0.55 kPa~!, reached

with the pyramids one.
RS

(a) (b)
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Figure 1.5. (a) Top: Scanning Electron Microscopy (SEM) images of micro-structured
PDMS films with pyramid or line features. Bottom: Pressure sensitive PDMS thin film
moulded from a whole microstructured wafer (diameter 100 mm). (b) Variation of the sensor

capacitance placing and removing a bluebottle fly 20 mg weight on an area of 64 mm?. The
device was able to sense a pressure of 3 Pa [32].

Summarizing capacitive techniques ensures very high sensitivity, temperature indepen-
dence, small sizes and high spatial resolution, but also the possibility of a large area coverage.
The main drawbacks are stray capacitances, severe hysteresis, electromagnetic sensitivity

and cross-talk phenomena.
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1.3.2 Optical sensors

Optical transduction mode takes advantage from changes in light intensity to measure
deformations. The use of optical fibers to carry the signals considerably reduces the wiring
complexity and cross talk. The simplest system are constituted by a LED source, a CCD
camera and plastic optical fibers. Variation of light intensity from the source to the detector
are generated by a deformation of the fibers [33] or a movement of reflector chips [34]. These
systems are immune to electromagnetic interference, flexible, highly sensitive (they can sense
few tens of mN), and fast, but they are bulky because of the optical cables.

Devices based on LEDs used both as transmitter and detector guarantee smaller and
cheaper solutions that can conform to complex curve surfaces due to the possibility of being
fabricated on flexible substrate. The LEDs are placed on the same layer covered by a
polymeric film, acting as sensing skin, that deforms under the application of a force. Hence
one LED emits light to the upper surface of the skin, while the other one detects the reflected
light which intensity depends on the induced deformation of the flexible layer [35, 36].

An interesting and effective solution to obtain a spacial resolution far beyond 1 mm
was proposed by Maheshwari e Saraf [37]. Applications like minimum invasive surgery and
cancer detection require a level of sophistication much higher than humanoid robotic. For
this reason they fabricated a tactile sensor able to detect features with a resolution higher
than 20 pm and sensitivity of 10 kPa, by combining metal and semiconducting nanoparticles.
The device consists of alternating layer of gold (Au) and cadmium sulfide (CdS) separated
by dielectric layers. Applying a voltage across the film, a tunnelling electron current flows
through the film inducing the CdS nanoparticles to emit light at a wavelength of 580 nm.
By applying a load the dielectric layers become compressed and the particles get closer, thus
increasing the tunnelling current and the intensity of the emitted light (linear dependence
with stress). Fig.1.6 shows the stress images obtained by pressing an object on the device,
with different pressure, and focusing the resulting electroluminescent light directly on the
CDD detector.

Optical tactile sensing guarantees low wiring, no cross-talk phenomena, high sensitivity,
flexibility and low cost if using LEDs as source and detector. On the contrary most of the
devices have a complex architecture, are bulky, require a long signal elaboration and among

all suffer of signal distortion related to loss of light by microbending and misalignment.
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Figure 1.6. Schematic of the optical tactile sensor measuring the load applied on an Indian
5 Rupee and stress images obtained at different pressures applying a bias of 18 V [22]

1.3.3 Piezoelectric sensors

Piezoelectric materials generate an electrical potential gradient when they are mechan-
ically deformed by an applied force [38]. Generally the sensitivity is very high since even
nanometric deformations can create potentials in the range of few volts. However, since
the voltage output decreases with time, these sensors are only suitable for dynamic tactile
sensing [39].

The basic design of a piezoelectric taxel is similar to the capacitive one, with a thin layer
of piezoelectric material placed between two conductive electrodes. Under the effect of a
force, the electric dipoles of the material move generating charges at the two electrodes, thus
a potential across the taxel. The magnitude of the generated charges depends on the ratio
between the piezoelectric constant dss of the material and its dielectric constant e, [40].

Many different materials have been used in piezoelectric tactile devices, but among all
lead zirconate titanate (PZT) and polyvinylidene fluoride (PVDF) were the most imple-
mented ones. PZT has the highest piezoelectric constant among piezoelectric material
(commercial PZT with dsz above 700 pC/N are commercially available [41, 42]) and its
electrical and mechanical properties can be modified by doping. PVDF and its copolymer
P(VDF-trifluoroethylene) have much lower piezoelectric constant (dss around 30 pC/N),

but at the same time a lower value of dielectric constant (even 100 times lower than PZT)
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that guarantees very high sensitivity [43]. Moreover since these polymers are low cost, ease
to process, mechanical flexible and chemical inert, they become so widely diffused to exceed
the use of ceramic material in piezoelectric tactile sensing [44, 45].

Thanks to the higher workability, the sensitivity of the PVDF tactile sensors was in-
creased by processing the material with micromachining techniques. An example are the
devices fabricated with dome and bump shape (PVDF-TrFE) films by Li et al. [46]. The
completely flexible tactile sensors showed a high sensitivity, due to the polymer microstruc-
turation (see Fig.1.7), which can measure forces as small as 40 mN for bump shape sensors
and 25 mN for dome shape sensors. In addition, to reduce crosstalk among different taxels,
a selective DC poling method for the PVDF-TrFE film was developed.
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Figure 1.7. Schematic and working principle of the dome and bump shape PVDF-TrFE
tactile sensors. (a) Dome shape (t = 30 pm; d = 500 pm, 1 mm, and 1.5 mm). (b) Bump
shape (t1 = 10 pm; t2 = 20 pm; w = 500 pum, lmm, and 1.5 mm) [46].

Dahiya et al. proposed different architectures of piezoelectric sensor arrays to measure
the force and partially process the signal at the same site, miming the work of human
mechanoreceptors. A first design consisted of microelectrode array of 32 elements (1 mm
center to center distance), with a sensing film of PVDF-TrFE deposited onto the top of the
metal disks (see Fig.1.8(a)) [47]. The taxels showed a linear response to applied forces in
the range of 0.02-4 N, with a sensitivity of 0.2 V/N and 0.4 V/N depending on the sens-

ing film thickness. Drawback of this design was the cross-talk between the sensors. The
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second devices was composed by an array of POSFET (Piezoelectric Oxide Semiconductor
Field Effect Transistor) [48]. By spinning the piezoelectric polymer film directly onto field
emitting transistors (FETs), they succeeded in unifying the sensing element and the pro-
cessing circuitry in an unique entity, decreasing processing time and reducing cross-talk (see
Fig.1.8(b)). Each POSFET had an area of 1 mm? and a linear response in the range of 0.2-5
N with a sensitivity of 0.5 V/N.

Piezoelectric polymer film

Back of MEA

Top of MEA

(a) (b)

Figure 1.8. (a) Back and top sides of the microelectrode array with 100 pm piezoelectric
film (with a protecting tape on top of polymer) [47] and (b) images of a POSFET device
before and after the deposition of the PVDF-TrFE film [48].

Piezoelectric tactile sensors can guarantee a high sensitivity, fast response, low dimen-
sions and high bandwidth and, in particular referred to PVDF based devices, flexibility,
robustness and chemical inertness. However, they are only suitable for dynamic application,
suffer of drift of the output voltage, fragility of the electrical junctions and temperature

sensitivity.

1.3.