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Preface

Electronic skin (e-skin) has gained high relevance for many application
domains such as prosthetics, robotics, biomedical instrumentation, Internet
of Things (IoT) systems, and industrial automation. Many relevant achieve-
ments on the e-skin development have been documented in the last two
decades. The main focus has been on the e-skin sensing material and tech-
nology with the aim of mimicking human skin features, e.g., flexibility,
stretchability, and time response. Regrettably, a holistic approach at system
level is not yet attempted.

The proposed book aims at filling the gap and takes into account not only
sensing materials but also provides a thorough assessment of the state-of-
the-art system level addressing of embedded computing and data decoding,
techniques for low power embedded data processing, and communication
interface.

Chapter 1 provides an introduction to the topic and highlights the
relevance and impact of e-skin systems by means of three examples.

Chapter 2 introduces the human sense of touch along with the phys-
iology of the human skin and provides a comprehensive overview of the
state-of-the-art tactile sensors. Additionally, the chapter highlights the latest
breakthroughs and recent advances in the e-skins and artificial tactile sensing
systems for robotic and prosthetics applications. Major technical details
of transduction mechanisms in the e-skins such as piezoresistivity, capaci-
tance, and piezoelectricity are also described with their merits and demerits.
Furthermore, the chapter reports the requirements, challenges, expected
improvements, and future perspectives for tactile sensing technologies.

Chapter 3 discusses the major requirements and challenges of tactile
sensors. The chapter reports the major achievements in the field of tactile
sensor devices and technology. The chapter also highlights novel concepts to
provide additional features and a full tactile feedback from sensors, with the
final goal of mimicking the surprising capabilities of the human skin to sense
the surrounding environment.

X1
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Chapter 4 describes the recent developments of optical-based soft tactile
sensing. As a case study, a comparison between machine learning (ML) and
analytical approaches — to decode tactile information in a continuum soft
optical waveguide — is presented.

Chapter 5 reports the development of a novel, large area soft artificial skin
with integrated fiber Bragg grating (FBG) sensors for the robotic perception
of physical interaction. Specifically, by combining the FBG technology and
ML techniques (fully connected neural network, FCNN), the considered
artificial skin permits to simultaneously solve contact location and force, thus
fostering applications in collaborative robotics.

Chapter 6 presents a survey of the existing algorithms and methods
for tactile data processing. The proposed algorithms and tasks include ML,
deep learning, feature extraction, and dimensionality reduction. The chapter
also provides guidelines for selecting appropriate hardware platforms for the
embedded implementation. Different algorithms are compared in terms of
computational load and hardware implementation requirements. In addition,
the chapter introduces a case study for touch modality classification.

Chapter 7 reports the state-of-the-art approximate computing techniques
(ACTs) employed at the circuit level for embedded ML algorithms in the
e-skin systems. The chapter demonstrates the feasibility of the ACTs in
the e-skin systems by implementing approximate arithmetic circuits, mainly
multipliers and adders, in the embedded ML algorithms with the aim of
enhancing the overall efficiency.

Chapter 8 deals with data communication and transmission subsystem.
The chapter introduces the working principles of optical communication
systems by describing the coding and decoding procedures that use a com-
bination of optical and analogue/digital electronic architectures designed to
be integrated in complimentary metal-oxide semiconductor (CMOS) tech-
nology. As a case study, two applications concerning tactile sensor data
communication in prosthetic systems and neural implantable devices are
reported and discussed.

Chapter 9 proposes a novel concept of a high-bandwidth feedback inter-
face that relies on advanced sensing and stimulation to convey a large
amount of information to the prosthesis user. The interface comprises the
e-skin covering the prosthesis with a dense network of tactile sensors and
a compact stimulation device delivering electrical current pulses through
a matrix electrode with multiple conductive pads. The state-of-the art for
the implementation of the proposed concept are reviewed. This includes



Preface Xiil

biomimetic e-skins suitable for the application in a wearable scenario, stim-
ulation systems integrating a demultiplexing circuit to distribute electrical
pulses, and flexible electrodes with arbitrary shape, size, and distribution of
conductive pads. Finally, the challenges in selecting feedback variables and
mapping of these variables into stimulation parameters are addressed.
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The skin is one of the main organs of the human body and it is responsible
for many important functions such as sensing the cutaneous stimuli and
protecting the inner body organs. The development of electronic skin (e-skin)
systems involves many different research areas; the application domains are
numerous and relevant, e.g., robotics, teleoperated systems, biomedical sys-
tems, virtual and augmented reality, autonomous systems, etc. This chapter
briefly introduces e-skin systems, highlighting three relevant use cases. First,
the chapter starts with a definition of the e-skin system highlighting its
importance in different domains. Then, it describes how the e-skin system is
integrated into humanoid robotics namely in the iCub robot [1]. After that, we
present how the use of e-skin systems may enable new technologies reporting
the case of its use in telemanipulation [2]. Finally, an example for the use of
the e-skin system to restore the sense of touch in prosthetic devices [3] is
provided. Through these three concrete examples, the chapter aims to present
the motivations, goals, and advantages of e-skin systems.

1.1 Introduction

Inspired by the structure of human skin, the electronic skin (e-skin) and
its application in many and diverse application domains has attracted many
researchers. The implementation of an e-skin system has been targeted
either to mimic the sensing functions of human skin or to address specific
applications such as robotics [4], health monitoring [5], human machine



2 Electronic Skin Systems

Protective layer Signal Conditioning,
Analog to Digital
Tactile Sensor Array Conversion, and Data
Acquisition
Analog and Digital Electronics
\
x,"‘ Flexible and Conformable
Substrate

Digital Data Processing
and information

Protective layer \\ Decoding
= mm mm == == == == == lactile Sensor Array \
Analog and Digital Electronics \
\

Flexible and Y Data Transmission
Conformable Substrate \

Figure 1.1 Electronic skin system structure (left) and functions (right). Adapted from [9].

interfaces [6], prosthetics [7], etc. E-skin is used to extract contact informa-
tion related, e.g., to grasping, slipping, or sticking and also to tune the contact
force based on texture and hardness/softness of objects. E-skin feedback can
provide the sensory feeling to prosthetic users and amputees with the goal
of restoring essential functions such as grip and slip and touch and pain. It
can detect the pressure from the surrounding object exerted on a robot. If
integrated with multifunctional sensors, e-skin can also be used to monitor
essential biometric parameters, e.g., temperature, blood pressure, sugar level,
etc. [8].

The e-skin system can be defined as a hybrid arrangement composed of
different layers. A general illustration of the structure (left) and of the func-
tions (right) of the e-skin system is shown in Figure 1.1 (adopted from [9]).
The protective layer, usually made of polymers (e.g., PDMS), protects the
sensing layer from damages when contacting the environment. The electronic
layer hosts analog and digital circuits: it should conform to the usually curved
surface of the substrate layer which could be rigid or soft.

The main functional components of the e-skin system are shown in
Figure 1.1, right: (1) sensing materials and tactile sensor array, (2) front
end electronics for signal conditioning, analog to digital conversion, and
data acquisition, (3) embedded computing and data decoding unit imple-
menting tactile data processing, and (4) communication interface in charge
for communicating the touch information to the further level of the overall
system.

E-skin systems operate in a seamless way, are autonomous from com-
putational and energetic point of view, and take decisions implementing
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sophisticated and complex data processing algorithms (e.g., machine
Learning).

This chapter aims to exemplify e-skin systems with three relevant use
cases, namely humanoid robotics, telemanipulation, and prosthetics. Through
three concrete examples, the chapter will present the motivations, aims, and
advantages of e-skin systems. Section 1.2 will show how a humanoid robot
(i.e., iCub) can benefit from whole body e-skin. E-skin system in telema-
nipulation as proposed in the EU2020 TACTILITY project is described in
Section 1.3. In Section 1.4, e-skins for upper limb prosthetics are reported
and some examples about the restoration of tactile information corresponding
to some essential functions are described. Finally, conclusions are drawn
in Section 1.5.

1.2 Integration of E-skin in iCub Robot

E-skin in robotics is essential for performing three principle tasks: (1) manip-
ulation (perception for action), (2) exploration (action for perception), and (3)
reaction/haptics (action—reaction). Robots are expected to have such abilities
and adapt to the environment [10].

The e-skin system of iCub [1] employs capacitive distributed pressure
sensors consisting of two electrodes with a soft dielectric in between. The
capacitance at the output of the sensor changes as function of the distance
between the electrodes. The e-skin system is constituted of interconnected
triangular modules (i.e., flexible printed circuit boards (PCBs) with the elec-
tronics below) forming a mesh of sensors that are able to cover non-flat
surfaces. It consists of the PCBs having triangular shape, hosting 12 sensors
and a capacitance to digital converter AD7147 from analog devices. It obtains
12 capacitance measurements and sends them through a serial bus. Four wires
for the serial bus are connected to the PCB. Curved surfaces can be covered
due to the flexibility of triangles as well as to the connections among them.
The next subsections provide some practical examples on the integration of
the e-skin into the iCub robot, especially on its fingertips, palm, and forearm.

1.2.1 E-skin on iCub Fingertips

A dedicated e-skin system that resembles a human fingertip has been pro-
posed in [1]. Each fingertip has a round shape with the size of 14.5 mm long
and 13 mm wide. Figure 1.2 shows the flexible PCB having the ability to be
wrapped, making the fingertips. They are connected to small boards on the
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(d) (e)
Figure 1.3 E-skin on iCub Palm. From [1]. Reprinted with permission from IEEE.

back of the hand. These boards relay the data from all the fingertips to one
microcontroller board located in the iCub forearm.

1.2.2 E-skin on iCub Palm

The implementation steps of the e-skin on the iCub palm are reported in
Figure 1.3. The iCub palm is made from carbon fiber with a support cover
for the sensor. The PCB includes a capacitance to digital converter chip.

1.2.3 E-skin on the iCub Forearm

The same process as for the palm has been followed, and it is illustrated in
Figure 1.4. Figure 1.5 presents the iCub arm covered with the e-skin system.
Each arm is composed of 384 sensing points distributed as follows: PCBs x
sensing elements = 23 x 12 in the forearm, 4 x 12 in the palm, and 5 x 12
in the fingertips.

iCub has been taught in [11] to perform the grasp by providing an intuitive
notion of force in addition to the implicit knowledge of the kinematics
necessary for adaptation. iCub has successfully achieved a successful grasp
adaptation when the contact changes for multiple objects [11].
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Figure 1.5 iCub hand and forearm. From [1]. Reprinted with permission from IEEE.

In [12], a human teacher has taught iCub the shape of an object by guiding
its hand along the object especially on the part to be grasped (e.g., the handle
of a jar). The e-skin has allowed iCub to explore an object using its two hands
with above 90% success rate of identification [12]. iCub is able to interact
with the environment and perceive the objects [13, 14]. For instance, he is able
to follow the contour of touched linear and circular objects [13]. The e-skin
system has permitted iCub to interact with objects with different shapes, to
afford packs and lift them, to achieve an impedance control while holding an
object, to apply actions, lifting, and swinging [15]. To provide an example,
the authors in [1] presented an experiment demonstrating the effectiveness
of the tactile feedback in improving the grasp of a fragile plastic cup for
iCub. A plastic cup is placed in the iCub hand and the grasp has been started
following two scenarios: with and without tactile feedback. Figure 1.6(left)
shows how iCub has crushed the cup when no tactile feedback is provided,
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Figure 1.6 iCub is grasping a fragile plastic cup. (Left) Without tactile feedback, iCub
crushes the cup. (Right) With tactile feedback, it grasps the cup without deforming it. From [1].
Reprinted with permission from IEEE.

whereas, with the help of tactile feedback in Figure 1.6(right), he was able to
grasp the cup gently without deforming it.

1.3 E-skin in Telemanipulation: of the EU2020 TACTILITY
Project

The bilateral teleoperation systems illustrated in Figure 1.7 usually rely
on console like controller or joystick with force or haptic feedback. The
feeling of embodiment is not achieved by the feedback mechanism and only
provide intuitive navigation scheme for planar movements. This issue could
be addressed by implementing the telemanipulation control using the TAC-
TILITY gloves. The gloves may provide accurate tracking for the kinematic
movement allowing to control precisely the industrial robots by performing
hand gestures and by employing the tactile feedback feature. This feature
is based on gathering the tactile information through the e-skin system and
delivering them in real time to the teleoperator after being processed onto
electrotactile feedback.

Integrating the e-skin system and providing the tactile feedback in tele-
manipulation systems may enable the teleoperator to be immersed into
the remote environment controlling the industrial robot as an extension of
their body. This will have its impact on increasing the productivity and the

! 1
: Bilateral !
1

Human Master Controller Slave

«— -~ > i

Operator 1 Hardware/Robot (Communication Hardware/Robot EQvioament
1
1

1
and Software) 1
1

Teleoperator

Figure 1.7 Block diagram for the bilateral teleoperation system.
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Figure 1.8 Telemanipulation application scenario: TACTILITY project concept [2].

effectiveness of the teleoperator while providing safety and satisfaction to
him in their workplace.

The second application scenario, namely telemanipulation, is taken from
the EU 2020 TACTILITY project [2]. The concept of the system is depicted in
Figure 1.8: (1) a high-density e-skin system to gather tactile information; (2)
the local processing unit for data acquisition and touch information extraction
from raw sensed data; (3) the extracted information is compressed to a form
suitable for communication to the remote user. Finally, the electrotactile
stimulation parameters are rendered (4) and delivered to the remote user (5).
The user interacts with an environment which is not fully controlled and
known as in the case of artificially generated virtual reality. Instead, the user
sees and touches the records from cameras and e-skin which increases the
complexity of this approach.

1.4 E-skin in Upper Limb Prostheses

Recent technological advances can aid the prosthetic user ability to regain
the lost functions by restoring the perception and the meaningful tactile
information [16]. As a third application scenario, we consider here the case
of integrating the e-skin system into the upper limb prostheses to enable the
restoration of sense of touch. This could provide improvements in assisting
the prosthetic user in its daily life and improves the prosthesis embodiment.
The system substitutes the lost tactile sensation with the artificial e-skin and
provides to the patient the essential information such as grip and slip, touch
and pain, or object recognition and texture discrimination.
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The regulation of grip and the slip prevention are considered as subliminal
reflexes that can be restored in prosthesis. To this aim, the authors in [3] have
developed a feedback system for upper limb prosthetic using piezoresistive
tactile sensors. The system is able to attenuate the strength of grip and detect
the slip events by measuring the contact force resulting in minimizing the
number of fallen and broken objects.

Various applications could be implemented by the e-skin system to extract
meaningful information such as object size and shape discrimination [17],
roughness classification [18], curvature detection [19], or texture discrimi-
nation [20, 21]. For instance, the Izhikevich neuron model has been used in
[22] to stimulate the median nerve with a spike train through transcutaneous
electrical nerve stimulation. This approach has successfully enabled texture
discrimination from various coarsenesses. In the following subsections, two
approaches for the integration of e-skin into prosthetics [3, 23] are reported
(see Figure 1.9).

1.4.1 Piezoelectric-based E-Skin

Figure 1.9(a) introduces the development of e-skin system in the sensory
feedback loop for electro-stimulation case. An array of 4 x 4 tactile sensors
has been used for fingertips based on screen printed piezoelectric polymer
(PVDF) with sensor diameter of 1 mm and pitch of 1.6 mm. Whereas, a
Thru mode commercial FSR sensor array (MS9723) consisting of 16 x 10
piezoresistive sensors has been employed for the palm (8 x 5 cm?). The
system includes an interface electronics for data acquisition and signal pre-
processing. A fully programmable wireless multichannel electro-stimulator
with flexible electrodes is used to convey the decoded information to the
prosthetic user.

The main goal was to perceive the stimulation corresponding to the
applied touch on the e-skin system. Right lines and some complex shapes
were applied; e.g., geometries and letters. Users should identify the touch on
the e-skin surface by only receiving information through electro-stimulation.
This helps in understanding the capability of the human brain to interpret the
sensory feedback through the e-skin stimulation system.

1.4.2 Piezoresistive-based E-Skin

Figure 1.9(b) illustrates the work presented in [3]. The system transforms
the tactile sensor readings into neuromorphic spikes to enable the perception
of touch and pain through nerve stimulation. Stimulation parameters have
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Figure 1.9 E-skin integration in prosthetic feedback systems. (a) non-invasive approach for
restoring the sense of touch in prosthetics by employing an e-skin on palm and fingertips. The
e-skin system is composed of the sensor matrix (on the left), the interface electronics (in the
middle) sending the commands to the stimulator, and the stimulator in charge of generating
electrical pulses to be delivered to the user. From [23]. Reprinted with permission from IEEE.
(b) A sensory neuroprosthesis transforming into neuromorphic spikes the e-skin readings.
When interacting with a sharp object, the amputee feels pain and the object is released
accordingly. From [24]. Reprinted with permission from AAAS.

been discovered and quantified eliciting noxious (painful) and innocuous
(non-painful) tactile perceptions through transcutaneous electrical nerve
stimulation. Piezoresistive and conductive fabrics were used to design the
sensor to measure the pressure applied on the e-skin surface. A rubber layer of
1 mm size is located between the top (epidermal) and bottom (dermal) layers
to distribute the loads at the moment of grasp. Each fingertip includes three
tactile taxels with 1.5 cm? of combined sensing area. Layering the sensor
implies a variation in the e-dermis output when loads are applied. This can
be exploited to extract more useful information such as object curvature and
pressure distribution.
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1.5 Conclusion

This chapter has presented three important application scenarios where the
e-skin system has been integrated namely humanoid robotics, telemanipula-
tion, and prosthetics. The e-skin integration has enabled interesting tasks that
were not possible using other sensing modalities, i.e., vision and auditory.
Employing the e-skin system, these applications were able to apply gentle
grasping (robotics), to restore fundamental activities, i.e., touch and pain
(prosthetics), and to make precise control of industrial robots (telemanipu-
lation). Not limited to these domains, e-skin can be applied in many other
interesting applications, e.g., human machine interface [25], minimally inva-
sive surgery [26], and cyber—physical systems. To achieve that, this chapter
has presented a general definition of the e-skin structure and function that
covers the main essential aspect to mimic the human skin and also to respond
to the applications demands.
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Mimicking some of the remarkable characteristics of the human skin, includ-
ing high sensitivity, mechanical flexibility, stretchability, and biodegradability
has been one of the highly innovative research topics in both academia and
industry for at least the last 30 years. Recent advances have fostered the
development of artificial tactile sensing systems and opened up new oppor-
tunities for building electronic skin (e-skin) in applications such as robotics,
prosthetics, and human—machine interfaces. Current tactile sensing systems
have demonstrated high performance, low-cost, and ease of fabrication. How-
ever, profound issues remain unresolved and require strong interdisciplinary
efforts to tackle them. This chapter primarily focuses on the strategies and
technologies for the exploitation of e-skins in reconstructing tactile infor-
mation. The chapter introduces the human sense of touch along with the
physiology of the human skin and provides a comprehensive overview of the
state-of-the-art tactile sensors. Additionally, the chapter highlights the latest
breakthroughs and recent advances in the e-skins and artificial tactile sensing
systems for robotic and prosthetics applications. Major technical details of
transduction mechanisms in the e-skins such as piezoresistivity, capacitance,
and piezoelectricity are described with their merits and demerits. Finally,
requirements, challenges, improvements, and future perspectives that tactile
sensing technologies need to address are reported.
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2.1 Introduction

By means of the sense of touch, we learn how to interact, perceive, grasp,
and manipulate objects. Over the last two decades, the increasing demand for
replicating the human tactile sensing system has inspired the exploration of
various tactile sensing transduction mechanisms [1, 2] and their prospective
application in diverse domains, such as human—machine interfaces, prosthet-
ics [3, 4], robotics [5, 6], virtual reality systems [7, 8], remote operation
[9, 10], and touch screens [8].

Tactile sensors range from simple sensors that measure contact location
to more complex ones that measure surface properties such as temperature,
vibration, roughness, texture, stiffness and shape, etc. [2, 8, 9].

The human skin relies on a dense network of receptors such as
mechanoreceptors, thermoreceptors, and nociceptors, to acquire and deliver
spatially distributed contact information [3]. Imitating the distributed nature
of the human skin poses challenges for technology; yet, it offers interesting
opportunities to develop adequate artificial sensing systems. For that matter,
electronic skin (e-skin) is an artificial skin, which hosts a hybrid stack of
smartly arranged tactile sensing elements, interface electronics and embedded
electronic systems, and a communication interface [11].

In this respect, this chapter presents the basics for tactile sensors and
e-skin system concept and its ability to reconstruct tactile sensations. The
human sense of touch is introduced along with the physiology of the human
skin in Sections 2.2 and 2.3. Subsequently in Section 2.4, a brief review about
the evolution of the tactile sensing and artificial skins is pinpointed. Finally, in
Section 2.5, the e-skin system is introduced along with various transduction
mechanisms regarding two application scenarios. Furthermore, a conclusion
briefly states the requirements, challenges, and future developments of the
e-skin.

2.2 SENSE of Touch

A huge network of nerve endings and touch receptors within the skin known
as somatosensory system controls the sense of touch. This system is respon-
sible for tactile sensations, for example feeling cold/hot, smooth/rough,
pressure, tickle, itch, pain, vibration, etc. The sense of touch comprises three
main subsystems, i.e. cutaneous, kinesthetic, and haptic [12, 13].

* The cutaneous system receives sensory inputs from the receptors embed-
ded in the skin. As a matter of fact, the cutaneous system involves
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physical contact with the stimuli and provides awareness of the stim-
ulation of the outer surface of body by means of receptors in the skin
and associated somatosensory area of the central nervous system (CNS)
[12, 13].

The kinesthetic system receives sensory inputs from the receptors within
muscles, tendons, and joints [14]. It provides information about the
static and dynamic body postures (e.g. position of head, limbs, and end
effectors) based on afferent information originating from the muscles,
joints, and skin; and efferent copy, which correlates the muscle efferent
available to the higher brain centers.

The haptic system uses information about objects and events from the
above-mentioned systems. It perceives heat, cold, and various stimuli
that produce pain [12, 14].

Touch is undisputedly important for the development of several cog-
nitive functions. It is bestowed with the spatio-temporal perception of
external stimuli through a large number of receptors such as mechanore-
ceptors for pressure/vibration, thermoreceptors for temperature, and
nociceptors for pain/damage that are distributed all over the body with
variable density. The response to mechanical stimulus is liaised by
mechanoreceptors that are embedded in the skin at different depths
[12, 15].

2.3 Artificial Skin: Concept and Evolution
2.3.1 Understanding the Human Skin Physiology

The human skin acts as the protective and flexible waterproof barrier, which
separates the human being from the outside environment. It relies on sensory
receptors that provide information about the contact and the surrounding envi-
ronment. Moreover, it is capable of sensing touch that includes mechanical
stimulation, heat, and pain [13]. The skin is formed of three major layers
organized from outside to inside, the epidermis, dermis, and subcutaneous
fat. There are two major types of skin in humans: hairy skin and glabrous
skin. The receptors found in the glabrous skin will be elaborated in this
section since this skin type covers the parts of the body mainly used for
tactile exploration (fingertips, palms of the hands, soles of the feet, and the
lips). Compared to hairy skin, it has a thicker epidermis and a more rigid
appearance. As the name suggests, it also lacks hair follicles [12, 13] .

The glabrous skin of the human hand contains 17,000 tactile units, i.e.
primary afferent neurons with sensory endings in the dermis specialized
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Figure 2.1 Illustration of the distribution and classification of the mechanoreceptors in the
human skin (adapted from Ref. [3]).

for sensing deformations of the skin that occur when the hand interacts
with objects [16]. Mechanoreceptors are sensory units distributed in the
human skin to detect mechanical stimulation and to provide information
about physical properties of the object and the contact between hand and
object, i.e. sensations related to pressure, vibration, shape, texture, stiffness,
etc. [3, 17]. Mechanoreceptors in the glabrous skin of human hands include
four types: Merkel cells, Meissner corpuscles, Ruffini endings, and Pacinian
corpuscles. The physical position and classification of these receptors varies
across the body as shown in Figure 2.1 (adapted from Ref. [3]). Their spatial
resolution is the highest at the fingertips with 1 mm [8, 18] and the lowest
at the belly with 30 mm [8], as the time resolution reaches up to 700 Hz [8].
The number of receptors per square centimeter area is estimated to be 241
in the fingertips and 58 in the palm of adult humans. They are responsible
for the detection of different stimulations. According to their adaptation rate,
four types of mechanoreceptors are categorized into two classes: fast adapting
(FA) units and slow adapting (SA) units. Further, based on their receptive
fields, each class is divided into two groups: II and I. SA-I and FA-I receptors
have small receptive fields, respectively 2-3 mm and 3-5 mm in diameter
with a sharp border, while SA-II and FA-II receptors have large receptive
fields with diffused border [16]. These four types of mechanoreceptors have
different functional properties: the receptive speed, the receptive field, and
the perceptive function, which are summarized in Table 2.1.

In terms of the time response, Meissner and Pacinian corpuscles are
mainly responsible for rapid or dynamic stimulation, while Merkel cells
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and Ruffini endings respond to sustained stimulation. Meissner corpuscles
are sensitive to light touch, while Pacinian corpuscles tend to detect deep
pressure touch and high frequency vibration. Merkel cells are sensitive to
low-frequency vibration, while Ruffini endings usually respond to stretching
of the skin. In terms of the location and the receptive field, Meissner corpus-
cles and Merkel cells concentrate in the outer layer of the skin on fingertips
and have small receptive fields. On the contrary, Pacinian corpuscles and
Ruffini endings are distributed more uniformly in the deeper layer of the skin
(e.g. dermis) on fingers and the palm. In terms of the function of perception,
Merkel cells and Pacinian corpuscles might be related to the sensation of
stifftness. Merkel cells and Ruffini endings could detect slip and shape due
to their response to steady pressure and skin stretch. Besides, Meissner
corpuscles and Pacinian corpuscles contribute to the perception of texture,
such as surface roughness, because they are sensitive to rapid vibration, which
is too small to activate the other two types of mechanoreceptors [13, 15]. The
spatial resolution is the smallest distance for one to distinguish two-point
touch and varies across the body. It is as close as 0.5 mm on the fingertips
while 7 mm on the palm [16] .

The distinct functions of various tactile units (i.e. FA-I, SA-I, FA-II, and
SA-II) result in what we identify as tactile perception [19]. On the other
hand, proprioception is defined as information about the configuration of
the body and its position in space. Besides, from SA-II receptors, proprio-
ception emerges from specialized receptors in the muscles (muscle spindles)
and joints (Golgi tendon organs). Muscle spindles are small sensory organs
distributed throughout the striated muscles of the human body, encapsulated
in between the muscle fibers (called extrafusal fibers). Specialized intrafusal
fibers are located in the capsule of the muscle spindles. When they are
stretched, e.g. when the muscle lengthens, the muscle spindle afferent is
activated. Therefore, their function is to report changes in the muscle length
as well as the velocity of these changes. Golgi tendon organs are mechanore-
ceptors that are attached to collagen fibers in the tendons. When the muscle
contracts, the collagen fibers are pulled and this activates the Golgi organ.
The stronger the muscle contracts, the stronger the tension in the muscle and
the tendon and the stronger the activation of the proprioceptive afferent fiber.
Therefore, Golgi tendon organs report the degree of muscle tension and its
change [16].

Every type of the mechanoreceptors has its own tactile-sensing mecha-
nism in response to specific stimuli. When a tactile stimulus (i.e. mechanical
stimulation) is applied to the human skin, relevant mechanoreceptors encode
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Figure 2.2 Schematic illustrates the required steps for transduction of sensory stimuli to the
brain: (a) Biological skin transduction: The mechanoreceptors in the human skin encode the
applied tactile stimuli into action potential, which in turn will be collected from the different
presynaptic neurons and processed in the biological synapses to achieve multilevel features of
tactile perception. (b) Artificial skin transduction: The various sensors detect the stimuli and
translate them into signals. The collected signals are encoded and sent to the brain (adapted
from Ref. [3]).

them as action potential at specific frequency. Through the nerve fibers, the
generated sequence of action potentials from neurons are transmitted to the
brain, which processes them into multilevel features of tactile perception [3]
as shown in Figure 2.2(a). In general, artificial tactile sensors are expected
to demonstrate small resolution, high sensitivity, low hysteresis, fast and
linear response, wide dynamic range, and high reliability. For instance, tactile
sensors should measure three-dimensional (3D) forces between 0.01 and 10
N along with a time response less than 1073 s [8, 18]. A spatial resolution
of 5-40 mm could be satisfactory. For high sensitivity body sites such
as fingertips the spatial resolution should be around 1 mm, while for less
sensitive sites it could be 5 mm especially for hand palm and shoulder.
Typically, 20-60 Hz would be fine for sampling rate in daily tasks, while
for a special task, such as texture recognition, a higher sampling rate of 1-
2.5 kHz is necessary [15]. Robust, flexible, stretchable, and soft materials are
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demanded to be embedded on various 3D structures for acquiring a human-
like skin. Additionally, low cost, low-power consumption, and scalability are
also important for manufacture and implementation [2, 8, 18].

2.3.2 Artificial Skins

Being inspired by the unique structure of the human skin, several efforts have
been made to develop artificial skins that combine a wide variety of tactile
sensors to mimic the human sensory system. Artificial skins in turn would
have several potential applications in human—machine interfaces robotics,
artificial intelligence, prosthetics, and health monitoring technologies [8, 11].
Several types of tactile sensors are needed to match the range of signals
detected by the various mechanoreceptors present in the human skin and the
tactile sensing functions of these structures. The signals from the sensors
require signal processing to encode them into a form that users can under-
stand. The encoded information is sent to the brain either by direct stimulation
of the CNS or PNS, using electrode arrays [3] as shown in Figure 2.2(b).

An artificial skin with sensory capabilities is commonly referred in litera-
ture as sensitive skin, smart skin, or e-skin. Such systems require integration
of various sensors on a thin, flexible substrate. Usually, the e-skin is struc-
tured as a networked system of “patches” implemented as hybrid stackwise
arrangements incorporating tactile sensing (i.e. mechanical into electrical
transduction, signal conditioning and acquisition) and data interpretation.
E-skin’s structure and function varies with materials, transduction techniques,
and application; e.g. e-skins scale ranges from small patches for health
monitoring applications to large area patches for robotics [1, 20].

Conceivably, the earliest example of e-skin realization is from the 1970s
when an artificial hand covered with skin was explored to detect grip strength,
slip, and certain properties of a held object such as texture and hardness
[21]. A decade later, around the 1980s, Hewlett-Packard (HP) marketed a
personal computer (HP-150) that was equipped with a touchscreen, enabling
users activate different functions by simply touching the display. It was the
first mass-marketed electronic device exploiting the intuitive nature of human
touch [22]. In 1985, General Electric (GE) built the first sensitive skin for a
robotic arm using discrete infrared sensors placed on a flexible sheet at a
resolution of 5 cm. The fabricated sensitive skin was proximally conscious
of its surroundings, permitting the robot’s arm to avoid potential obstacles
and effectively move within its physical environment. Despite the robotic
arm’s lack of fingers and low resolution, it was capable of demonstrating
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the fact that electronics integrated into a membrane could allow for natural
human-machine interaction [23]. In the 1990s, scientists began using flexible
electronic materials to create large area, low-cost, and printable sensor sheets.
The first flexible sensor sheet(s) for tactile shear force sensing was proposed
by Jiang et al. by creating silicon (Si) microelectromechanical (MEM) islands
by engraving thin Si wafers and integrating them on flexible polyimide
foils. Around the same time, flexible arrays fabricated from organic semi-
conductors began to emerge that rivaled the performance of amorphous Si
[24]. Earlier, before the millennium turn, the first Sensitive Skin Workshop
was held in Washington, DC under the sponsorship of the National Science
Foundation and the Defense Advanced Research Projects Agency, bringing
together approximately 60 researchers from different sectors of academia,
industry, and government. It was revealed that there was significant industrial
interest in e-skins for numerous applications, ranging from robotics to health
care.

Substantial progress in the development and advancement of the e-skin
has been made in recent years, and specific emphasis has been on mimicking
the mechanically compliant yet highly sensitive properties of the human skin.
Lacour et al. [25] developed stretchable electrodes. Kim et al. [26] altered
a typically brittle material, Si, into flexible, high-performance electronics
by using ultrathin (100 nm) films connected by stretchable interconnects.
Someya et al. [27] fabricated flexible pentacene-based organic field-effect
transistors (OFETs) for large-area integrated pressure-sensitive sheets with
active matrix readout, whereas Metzger et al. [28] investigated novel pressure
sensing methods using foam dielectrics and ferro-electrets [29] integrated
with FETs. Bao’s group studied the use of microstructured elastomeric
dielectrics for highly sensitive capacitive pressure sensors [30] and devel-
oped a composite conductive elastomer revealing repeatable self-healing and
mechanical force sensing capabilities [31]. Other groups developed stretch-
able optoelectronics, including light-emitting diodes (LEDs) [32, 34] and
organic photovoltaics (OPVs) [33, 35] for integration within the e-skin.

Kim et al. [34] demonstrated a stretchable artificial skin based on ultra-
thin single crystalline silicon nanoribbons that integrate strain, pressure, and
temperature sensor arrays as well as associated humidity sensors, electrore-
sistive heaters, and stretchable multielectrode arrays for nerve stimulation.
This collection of stretchable sensors and actuators facilitate highly localized
mechanical and thermal native-skin-like perception in response to exter-
nal stimuli, thus providing unique opportunities for emerging classes of
prostheses and PNS interface technologies [34]. A fully printed, flexible
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fingerprint-like three-axis tactile force and temperature sensor array was
developed by Harada et al. [35] to measure simultaneously the tactile and
slip force and temperature. He et al. [36] developed a flexible, self-powered,
and self-clean T-ZNO/polyvinylidene fluoride (PVDF)/fabric multifunctional
electronic skin. Li et al. designed a carbon nanotube (CNT)-based flexible
skin-inspired sensory array for fingertips using silk-screen printing technique.
The skin relies on three sensing materials and it can measure pressure,
temperature, and humidity. Yogeswaran et al. fabricated a resistance e-skin
flexible elastic tactile sensor for measurement of minimum pressure of 500
Pa, widely used in artificial robots and medical prosthesis, among others.
Recently, Nuifiez et al. [37] developed a transparent tactile e-skin along with a
single-layer graphene and coplanar interdigitated capacitive electrodes [37].
They also demonstrated the feasibility of large-scale and low-cost fabrication
of a flexible and transparent e-skin for pressure sensing on a prosthetic hand
[37]. Further, Osborn et al. [38] created a multilayered electronic dermis
(e-dermis) that mimics the behavior of mechanoreceptors and nociceptors to
deliver neuromorphic tactile and pain information to an amputee. A group in
the Ecole polytechnique fédérale de Lausanne (EPFL) developed an artificial
skin that could help in rehabilitation and enhance virtual reality. The skin
system contains soft sensors and pneumatic actuators which enable the artifi-
cial skin to conform to the exact shape of the wearer’s wrist, e.g. and provide
haptic feedback in the form of pressure and vibration. The sensor layer on
top of the membrane layer contains soft electrodes made of a liquid—solid
gallium mixture. These electrodes measure the skin deformation continuously
and send the data to a microcontroller, which uses this feedback to fine-tune
the sensation transmitted to the wearer in response to the wearer’s movements
and changes in external factors [39].

Table 2.2 presents a timeline summary of the evolution of tactile e-skin
with special focus on robotic and prosthetic applications. It highlights in
chronological order the development of tactile sensing from 1970 until
2010, and from 2010 until now, respectively. Along the aforementioned,
our research group has been addressing this topic roughly for the past 10
years in a holistic way, managing the seamless design and implementation of
the mechanical and electronic systems of the e-skin. Figure 2.3 depicts our
proposed approach and application scenario: embedded, artificial distributed
sensing and stimulation in prosthetic systems that provide high-fidelity,
high-bandwidth tactile feedback to the prosthetic user.
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Table 2.2 Timeline evolution of the tactile e-skin from 1970 until 2020

Years Highlights and Achievements Refs.

1974  Prosthetic hand with sensors [21]

1980  Fictional Inspiration from [22]

1984  Star Wars film/Terminator film [79]

1982 1%* Touchscreen computer from HP-150 [22, 80]

1984  General Electric (GE), first sensitive skin for a robotic arm based on [22]
infrared sensors

1999  Lumelsky et al. built a sensitive skin prototype module [23]

2000  ASIMO Robot from Honda with tactile sensors [20]

2001  Organic thin-film transistor as humidity sensor [24]

2003  SNAVE intelligent anthropomorphic hand prosthesis contains force [81]
and slip sensors in the fingers

2004  Flexible active-matrix e-skin [82]

2005  Conformable, stretchable, flexible large-area transparent e-skin based [27]
on an organic semiconductor

2006  Anthropomorphic cybernetic hand [84]

2007  Wireless electronics, POSFET electronics, and transducers [22]

2008  BioTAC human-like tactile sensors by SynTouch, LLC (USA) [70]

2008  Dexterous shadow robotic arm endowed with BioTac SP sensors on [70]
fingertips

2009  Stretchable active-matrix OLEDs (organic light-emitting diode [22]
display) using printable elastic conductors

2010  Biodegradable OFETs, rechargeable and stretchable batteries [84, 22]

2010  Macroscale nanowire e-skin capable of monitoring applied pressure [85]
profiles with high spatial resolution

2010  Icub Robot IIT, sensing arrays: ROBOSKIN project developed a [86]
robotic skin to cover large areas of the robot body

2011  Epidermal skin [87]

2011  Stretchable, transparent skin-like pressure and strain sensors based on [33]
transparent elastic films of carbon nanotubes

2012 Self-healing e-skin [31]

2012  Interlocked e-skin for monitoring signals from human heartbeats [88]

2012  Multimodal artificial skin tactile for NAO Humanoid Robot, [20]
Hex-O-Skin at the Institute for Cognitive Systems, TUM-Germany

2012  Conformable e-skin with 3D shape for fingertips, which match the [89]
mechanics of the epidermis

2013  Rechargeable, stretchable batteries with self-similar serpentine [90]

interconnects and integrated wireless recharging systems

2013  Flexible and comfortable tactile sensors using screen printed [91]
P(VDFTrFE) and multiwalled carbon nanotubes
(MWCNT)/polydimethylsiloxane (PDMS) composites

2014  Cosmic Lab e-skin based on polyvinylidene fluoride (PVDF) made of [58]
64 sensors on table

(Continued)
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Table 2.2 Continued

Years Highlights and Achievements Refs.
2014  Multimodal smart e-skin for prosthetics based on stretchable silicon [34]
nanoribbon electronics
2015  Interactive color changing chameleon-inspired stretchable e-skin [92]
2016  Textile pressure sensors [101]
2016  Temporary tattoo to control smartphone Duo Skin [93]
2017  Flexible, multifunctional e-skin based on zinc oxide nanorod [94]
2017  Robotic hand with sense of heat with intrinsically stretchable rubbery [95]
sensors
2018  Nanowire FET based neural element for robotic tactile sensing skin [96]
2018  Screen printed tactile sensing arrays for prosthetics based on PVDF [64]
polymers
2018  Soft, thin, light weighted skin-like electronic system integrated and [97]
wirelessly activated fully soft robots
2018  Neuromorphic e-dermis that enables pain sensation to the prosthetic [38]
hands
2018  3D-printed tactile sensor on 3D-printed prosthetic hand [98]
2019  Self-sensing pneumatic actuator skin used in closed-loop haptic [39]
feedback
2019  Flexible tactile e-skin sensor based on CNTs/ PDMS nanocomposites [99]
2020  Closed loop 4D printed soft robot [100]
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Figure 2.3 Application scenario for restoring the sense of touch in prosthetics.

2.4 E-Skin Systems

E-skin is a hybrid stackwise arrangement (i.e. patches) that integrates both
tactile sensing and touch interpretation units. It changes in dimension accord-
ing to the target application (e.g. small patch for fingertips or large area
for robotics or prosthetics). An e-skin is composed of a protective layer, a
sensor layer, a signal-processing layer, and a substrate [2]. The polymer-based
protective layer (e.g. polydimethylsiloxane [PDMS]) protects the sensor array
and transfers the contact mechanical stimulus to the sensor array when the
skin is touched. In turn, the sensor array converts the pressure information
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pm—————— Tactile sensor Array

— —— e —— — —— — —

Analog/Digital electronics

Flexible and conformable Substrate

Protective layer

Flexible and conformable
Substrate

Figure 2.4 [Illustration of the e-skin’s general structure. (a) Frontal section of the e-skin of
the different layers that would form the e-skin patch. (b) 3D image of the e-skin layers.

into electrical signals, which are further acquired and processed by the signal
processing layer and then transmitted to the bottom structural material layer
(i.e. the substrate). In addition to the flexibility, that allows the conformation
of the skin onto various curved surfaces/shapes and the stretchability to sup-
port joint movement, the overall structure should be able to simultaneously
sense different physical stimuli (including strain, twist, temperature, and
humidity) with high sensitivity and distinguish them with efficient temporal
and spatial resolutions. For instance, to emulate the human skin in terms
of touch/pressure sensitivity, the e-skin should be able to recognize both
medium-(10-100 KPa) and low pressures (<10 KPa) [3, 40].

Figure 2.4 illustrates an example of the general structure of the e-skin
(adapted from Ref. [41]). Briefly, the e-skin system should comprise three
main compartments, which are the sensing arrays that would substitute the
sense of touch, interface electronic to convert analogue to digital tactile
signals, and tactile data processing and decoding system [11]. The following
sections will present the various tactile sensing transduction techniques and
their respective research developments and application in the field of e-skin.
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2.4.1 Transduction Mechanisms

So far, the development of the e-skin technology focused mainly on mimick-
ing aspects of the human skin. The measured characteristics of touch are not
only restricted to force and pressure, but also stiffness, texture, temperature,
and strain. Transduction is considered as the first step to realize an artificial
tactile sensing system that mimics the electrical output of the biological
receptors [1]. This section describes the available tactile sensors used to
transduce stimuli in the e-skins by converting them into electrical signals,
namely, resistive sensors (such as strain gauges and piezoresistors), capacitive
sensors, piezoelectric sensors, and optical sensors. In addition, this section
will present a survey of the state-of-the-art distributed sensing and highlight
limitations and challenges. Finally, the design requirements for tactile sensing
system in prosthetics are depicted.

(a) Resistive

Piezoresistive sensors are resistive sensors. Their resistance changes upon the
deformation formed by the applied mechanical stimulus. Piezoresistive tactile
sensors are fabricated using conducting elastomers sandwiched between two
vertically aligned electrodes or deposited between a pair of parallel inter-
digitated electrodes. Piezoresistive strain gauges are considered the most
common type of the referred sensors, whose resistance (R) depends on their
geometry, which is calculated as

R=pL/A 2.1)

where p is the resistivity, L is the length, and A is the area. Under external
strain, the geometry changes (i.e. either L or A is dominant). The resistance
change could be given by AR/R = (1 + 2v)e + Ap/p, where v and ¢ are
Poisson’s ratio and strain, respectively. Since the measurement of resistance
is straightforward, piezoresistive tactile sensors have friendly electronic inter-
face. They are less susceptible to interference and exhibit good sensitivity [9].
Another advantage is the applicability in microelectromechanical systems
(MEMSs) or integrated to printed circuit boards [42]. Despite the mentioned
advantages, piezoresistors suffer from hysteresis, temperature sensitivity,
fragility, rigidity, and high cost. In 2014, Zhang et al. [43] developed a kind of
resistive pressure sensor by transferring microstructure onto silk with PDMS.
Jorgovanovic et al. [44] presented the static and dynamic characterization
of piezoresistive sensors used for detecting the positions of prosthetic finger
joints.
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The feasibility of wireless communication between sensors and a receiv-
ing device, to reduce wires, was also discussed. Kane et al. [45] proposed a
piezoresistive stress sensor array with high spatial resolution comparable to
human dermis (~300 pm). Because of its unique stability, these sensors have
great potential in the fields of prosthesis and robot artificial intelligence. They
exhibited high potential for dexterous manipulation applications. Various
applications with piezoresistive tactile sensors can also be found in stress
and force measurement [45], stiffness of soft tissues detection [46], fingertip
sensing [47], etc.

A strain gauge is another type of resistive sensors. It is a device adhered
on the surface of an object to measure the strain caused by external pressure.
The resistance of the foil changes with the stress applied on it. Strain gauges
are more suitable to measure dynamic strains rather than static ones. The
smaller a strain gauge is, the higher the accuracy. Strain gauges also exhibit
nonlinear response and the measured strain is the average strain over the
gauge length. Sensors of smaller size are flexible and robust to be applied
over dexterous surfaces, such as prostheses, robots, and medical devices [50].
A finger-mounted tactile sensor based on the strain gauge which presented a
linear response, a wide force sensitivity of 0—100 N with a resolution of 0.3
N, and a low hysteresis of 1.7% was proposed by Da Silva et al. [49, 50].

(b) Capacitive
A capacitive sensor consists of two parallel conductive plates that are
separated by a dielectric material. The capacitance (C) is given by

C= eoeré 2.2)
d

where ¢¢ is the free space permittivity, €, is the relative static permittivity
of the dielectric layer between the plates, A is the area of the overlap of
the two plates, and d is the distance between the two plates. All variables
reported in the equation except £¢ are sensitive to changes in strain. When
force is applied, the capacitance between the layers varies with the reduced
distance between plates and the deformation of the middle dielectric material
as well. Capacitive sensors demonstrate high sensitivity, robustness, and a
large dynamic range. Due to these characteristics, capacitive sensing is widely
used in robotic tactile sensing. Recently, most studies focus on the design
of the dielectric layer and electrode structure. For the dielectric layer, it is
difficult to achieve high sensitivity of sensors because of a high Young’s
modulus of elastomer material, such as some elastomer dielectrics including
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PDMS with a small Young’s modulus of as low as 5 kPa [51]. Schwartz
et al. [52] proposed a flexible pressure-sensitive polymer transistor using
a microstructural PDMS dielectric layer. Capacitive tactile sensor arrays
are integrated into a prosthetic hand, thumb, and finger [53], temperature
sensitivity, and low-power consumption [54]: they can be used for both
dynamic and static force measurements. Additionally, their sensitivity to
noise leads to relatively complex electronics for noise filtration. Capacitive
sensors are considered as effective sensing elements and have been applied to
multiaxis force measurement for gripping and objects manipulation, texture
recognition [54], touch screen application [55], etc. A capacitive sensor for
shear sensing was proposed with a size of 4 N [9]. It showed a high repeata-
bility and approximately linear output within +2 N; however, its dimension
(35 mm x 1.6 mm x 1.6 mm) was a point to be considered in practical
applications. Another capacitive tactile sensor was presented for gripping
force measurement with a sensor range of 0-3000 mN [52].

(c) Piezoelectric

Piezoelectricity designates the ability of certain materials to generate an
electrical charge in response to external mechanical stress. A piezoelectric
tactile sensor is a device that is based on the direct piezoelectric effect: it
measures changes generated due to external pressure. The generated electrical
charge density is described by Equation (2.3):

D; = d;ji X (2.3)

where d; ;. is the piezoresistive coefficient of the material, X ;. is the external
applied effect, and D; is the charge density generated in the i*" direction.
Piezoelectric sensing is one of the few sensing techniques that do not require
power supply; further, it also exhibits high sensitivity, reliability, and fast
dynamic response. A wide response range of 0 to 1 kHz enables it to be
a good choice for measurement of vibrations [56]. However, piezoelectric
sensors are unsuitable for measuring static force and show low spatial res-
olution and poor temperature stability [56]. One of the most widely used
piezoelectric materials to replicate the dynamic tactile mechanoreceptors in
human fingertips is the PVDE. PVDF is a semicrystalline polymer consisting
of long chain molecules with repeated units of CF-CH. Its strong piezo-
electricity is attributed to the high electronegativity of fluoride atoms when
compared with carbon atoms, which leads to a large dipole moment [57].
PVDF has many advantages, such as, mechanical flexibility, dimensional
stability, high piezoelectric coefficients, low weight, formability into very thin
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sheets (5 pum), and relatively low price. Valle and his coworkers developed
arrays of piezoelectric polymer transducers that can be used for large-area
implementation of flexible artificial skin in a frequency range of 1 Hz—1 kHz
[58]. To decrease the cross talk, affecting piezoelectric tactile sensors when
presented in array form, dome-shaped cells of sensors have been proposed by
Kim et al. [59].

Another promising piezoelectric material is zinc oxide (ZnO) nanotrans-
ducer because of its high flexibility and biocompatibility [62]. Its ability to
generate electrical power when subjected to mechanical vibration leads to
various potential applications, including wearable and self-power medical
devices [61]. ZnO is a good candidate material for pressure and tempera-
ture sensors. During the past years, piezoelectric sensors have been used in
prosthetic hands for the detection of slip [60], texture [62], and stiffness [63].

Besides the emergence of new piezoelectric materials, including
poly (vinylidenefluoride-trifluoroethylene) (P(VDF-TrFE)), barium titanate
(BaTiO3), lead zirconate-titanate (PZT), and ZnO, has brought a turnaround
for their development, replacing the conventional brittle ceramics and quartz.
Flexible P(VDF-TrFE) is a suitable piezoelectric material due to its favorable
chemical inertia, simple manufacturing, and large piezoelectric coefficient.
Recently, Hoda et al. proposed screen-printed sensing arrays based on
P(VDF-TrFE) piezoelectric polymers for prosthetic application [64]. They
proved the reliability of the used technology and designed optimized skin
patches to be mounted on the Michelangelo prosthetic hand from Ottobock
and sensorized assistive glove [65].

(d) Other transduction mechanisms

An optical fiber force sensor mainly consists of a light source, a transduction
medium, and an optical detector, which is often a photodiode. The light
generated by the light source, usually light emitting diodes (LEDs), passes
through the transduction medium which includes optical fibers and a modu-
lator, and finally reaches the detector [66]. The detector circuit converts the
light signal into an electrical one which is further processed. The intensity
or the spectrum of the modulated light changes according to the variation
of the applied force, which is the working principle of optical sensors. This
major advantage enables optical sensors to be used in minimally invasive
surgeries (MISs), where magnetic resonance imaging (MRI) procedures are
widely used to provide high-quality images of living organs [66]. Optical
sensors have a simple and compact structure, and high spatial resolution [63].
Most optical fibers are fragile and not as flexible as electric wires due to their
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relatively large size, which is another problem to be considered for dexterous
hand applications.

2.4.2 Tactile Sensing Applications: Robotic and Prosthetic
Hands

Among the numerous applications of tactile sensing systems, prosthetics and
robotics have gained high relevance due to their important role in industrial
applications and in daily life routines. Most studies focus on contact force or
pressure to prevent slip to achieve a reliable grasp. Researchers have started
employing tactile sensing technologies to provide sensory feedback to the
users in prosthetics hands and arms to provide tactile feedback to amputees
to allow them to regain lost functionality and reduce phantom limb pain.
Sensory feedback would help patients to feel the prosthetic limb as a part
of the body and relieve the stress coupled with high visual and auditory
cognitive load arising from the control of prosthetics and robotic limbs. High
performance tactile sensing is still required for ameliorating the operation
speed and effectiveness of the current technologies. This section presents the
commercial tactile sensors used in robotic hands and their limitations, shows
the design requirements for tactile sensing systems for restoration of touch in
prosthetics, and also includes a short survey of the tactile sensors in prosthetic
hands (Table 2.3).

2.4.2.1 Tactile sensors in commercial robotic hands

Tactile sensors have been used by robotic hands, such as force, position,
humidity, temperature, etc. to obtain stable grasp control, prescise object
manipulation, and safer interaction with the surronding enviroment. An
overview of sensors for robotic hands is presented in Ref. [68]. Ueda et al.
[69] developed a four fingered actuated NAIST hand to test grasping with
vison-based tactile sensors by estimating slip margin. Choi et al. present a
PVDF fingertip tactile sensor, which detects normal contact force and slip.
Wettels et al. depict three sensing modalities (i.e. force, vibration, and thermal
sensing) of the developed BioTac® biomimetic tactile sensor sensor [70].
Vibration and thermal sensations are used to discriminate between object
properties. It has been integrated into the ShadowHand by Xu et al. and
used for identification of objects through tactile data [71]. In the “Roboskin”
project, Cannata et al. developed an artifical skin and applied it onto different
robotic platforms (such as iCub and Schunk robot hand) to accomplish
efficient and safe human-robot interaction [72].
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Table 2.3 Characteristics of different tactile sensors used for e-skin fabrication

Trade-Offs
Sensing Principle ~ Operation Basis Pros Cons
Piezoresistivity Resistance varies Simple electronics Hysteresis
with the High sensitivity Temperature
deformation Ease of integrating in Sensitivity
caused by applied MEMS Fragile and rigid
force. Compatible with VLSI ~ Lack of reproducibility
Resistant to High power
interference consumption
Low cost
Capacitive Capacitance Sensitivity of small Limited spatial
varies with the force change resolution
deformation Reliability Noise sensitivity
caused by applied  Large dynamic range Complex electronics
force. suitable for both Cross talk between
dynamic and static elements
force measurements Hysteresis
Low temperature
sensitivity
Low power
consumption
Piezoelectricity Electric chargeis ~ No need for power Low spatial resolution
produced when a supply High temperature
force is applied High reliability sensitivity
on it. Fast dynamic response  Inability to sense static
High sensitivity value
High accuracy
Optical The intensity or Immune to Fragile and rigid
the spectrum of electromagnetic fields Large size
light varies with High spatial resolution  Inability to
the applied force Wide sensing range transparency and
Good reliability highly reflective
surface

Emphasis toward developing robotic hands that provide sensor feedback
to the human operator motivated the development of wide variety of com-
mercial sensor systems, e.g. BioTac® [70], DigiTacts [73], Tekscan™ [74],
Weiss [75], and Peratech [76]. Even though they are advanced technologies,
they still show several limitations that restrict their applicability in systems
that require flexible, compact, robust, and power efficient, e.g. prosthetics. In
this regard, the following are the limitations: high power consumption (Weiss
250 mW), narrow applicability and high cost (e.g. BioTac® only available for
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fingertips, low resolution (DigiTacts, 22 taxels employed on Allegro robotic
hand), low frame rate (Weiss 400 f/s, Tekscan™ 200 f/s, DigiTacts 100 f/s),
difficult system integration (TekscanTM complex wiring), and large sensor
array size and/or thickness (Peratech: large size, e.g. 15 x 36 cm?, Weiss:
large thickness, i.e. 2 cm for fingertips).

2.4.2.2 Tactile sensory systems in prosthetics hands
Emulating the biological sense of touch for hand prostheses mainly depends
on the development of the following: (a) an articulated tactile sensing system
that includes tactile sensors and/or sensors that measure pain, temperature,
and proprioception [3, 77], (b) an adaptive sensory signal encoding algorithm,
and (c) signal transmission and transduction methods to convey the sensory
information to the nervous system. Prosthetic hands, if at all sensorized,
typically possess two kinds of sensors: position sensors to provide the
hand with proprioceptive information and force/tactile sensors for estimating
mechanical interactions with the environment. Still, the measured character-
istics cannot be limited to force or position only; ideally, they should also
include stiffness, texture, shape, etc. Osborn et al. [38] have used them in
the development of a closed loop upper limb prosthetic system that measures
contact force to detect object slippage and reduce grip strength to prevent
breaking of the objects. Other tactile sensors use piezoelectricity, and they are
usually employed to measure dynamic forces/pressures. One of the examples
is the modular prosthetic limb developed by researchers from Johns Hopkins
University, and this anthropomorphic prosthetic hand based on 100 sensors
could provide high resolution tactile- and position-sensing capabilities [77].
Southampton hand used two different types of sensors on the fingertips to
restore tactile information: piezoelectric sensors based on PZT for slippage
detection and FSR sensors for measuring force [32]. For applications that
require high sensitivity and resolution, capacitive sensors are considered
the best candidates, as they can be used for both static and dynamic force
measurements. A capacitive based tactile sensor has been utilized for mea-
suring the gripping force in the range of 0-3000 mN, and it has been
tested on the prosthetic hand. Finally, looking on the commercial prosthetics
hands, only the Sensor Hand from Otto Bock is provided with a slippage
detecting system (i.e. SUVA sensor system), while recent models such as
i-Limb, the Bebionic, are not yet provided with force or tactile feedback
[8, 11, 32].

Today’s tactile sensing systems encounter many challenges that limit their
integration in prosthetic systems, such as designs issues, spatial distribution,
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low signal-to-noise ratio (SNR), cross talk, wireless communication, and
the lack of signal processing and machine learning methods to encode the
acquired data from tactile sensors [40, 41].

2.5 Requirements and Challenges

Although various types of wearable e-skins have achieved flexibility, elas-
ticity, sensitivity, and wide range by adopting novel materials, fabrication
techniques, and sensing mechanisms, there are still challenges to overcome,
to develop the e-skin that is on par with the human skin at performance and
practical application. For instance, such limitations include the integration of
large number of sensing elements in limited space especially at fingertips
and sensor-addressing problems (i.e. how to read data from each discrete
sensor). E-skins for intelligent robots and prostheses should possess the
ability to perceive and differentiate multidirectional forces such as normal,
tensile, shear, and bending forces without cross talk. Furthermore, multiple
important factors are still needed to be addressed such as signal processing,
power supply, integration, and biocompatibility especially for biomedical
applications.

Sensors for prosthetic hands transduce various modalities of tactile stim-
uli aiming at recreating naturalistic perception. It is expected that artificial
tactile sensors demonstrate small spatial resolution (<1 mm for fingertips, 5
mm for hand and palm, 20-30 mm, e.g. limbs, torso, etc.), high sensitivity
varying from 0.01 to 10 N, which extend along the tactile frequency range
(<1 Hz-1 kHz), low hysteresis, fast and linear response (<1 ms), wide
dynamic range, and high reliability. Furthermore, it needs to exhibit high
electromechanical bandwidth to detect fast events (e.g. incipient slip), large
force/pressure (e.g. 1-1000 g) for daily activities, adequate size and pitch
(e.g. 1 cm/1.5-2 mm for fingertips), and customizable shape of the e-skin
patches and sensor number. Additionally, low cost, low power consumption,
and scalability are the major factors for the prosthetic application. The main
design requirements of tactile sensing system in prosthetics are summarized
in Table 2.4.

Herein, this section summarizes the e-skin requirements:

* Linear sensitivity over large pressure range would guarantee an accurate
tactile sensor output information without complex signal processing;
however, it would lower power consumption and pave the way for
miniaturization.
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Table 2.4 Design requirements for tactile sensing system in prosthetics

Design Benchmarks

Specifications

Dynamic force range

Spatial resolution

Taxel for a sening element/pitch for
sensing arrays pitch

Sensor frequency bandwidth
Sensor response time
Sensing detection ability

Mechanical attributes

Electrical attributes

Sensor response

Temporal variation

0.01 N-10N

<1 mm for small-sensing areas (e.g.
fingertips)

>5mm - 20-30 mm for large-sensing
arrays (e.g. limbs, torso, etc.)

<1 Hz-1 kHz
About 1 kHz (1 ms)
Normal and shear forces; vibrations

Flexible, stretchable, conformable and soft,
robust and durable

Low power, minimal wiring and cross talk,
electrically and magnetically minimal
sensitivity

Monotonic, fast and linear, stable and
repeatable, low hysteresis

Both dynamic and static

* A self-powered system could generate or collect electrical power from
various sources such as body motion or environmental sources, to obtain

a standalone device.

* Flexibility, conformability, and stretchability for large-area sensing for

robotics or prostheses.

* Biocompatibility and biodegradability of materials will reduce immune
reaction in biomedical applications.

2.6 Conclusion and Perspectives

Given the importance of tactile sensing in the exploration of the environment
and the daily life interactions, researchers are still striving to understand
the sense of touch and aim to develop smart tactile sensing systems that
could mimic its characteristics and functions. E-skin is an artificial skin
that aims to replicate the human skin. It could be fabricated using several
transduction techniques, materials and structural designs, depending on the
target application. E-skin should be flexible and stretchable; additionally,
it must have multifunctional sensing capabilities and cover large areas at
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low cost. E-skin has been included in numerous applications especially in
robotics; however, its implementation into prosthetics is still in its infancy
due to the technical difficulties and complicated nature of the human tactile
sensation. High potential relies on the fabrication and the development of
flexible, stretchable, and robust large-area multifunctional intelligent e-skins
that respond to external physical stimuli and provide better temporal and
spatial resolutions.

Combining the e-skin with the next generation technologies such as
Internet of things (IOT), artificial intelligence (Al), and virtual reality (VR)
could pave the way for innovative future applications.

The construction of wireless communication devices assists the remote
monitoring/control and data collection from multiple sensors, which would
enable real-time and personalized applications. The perception of various sig-
nals and environments based on deep learning and machine learning through
pattern recognition and modeling will be an essential factor for artificial
intelligent robots and advanced wearables. Displaying tactile information by
visualization techniques may enhance haptic interfaces and VR applications.
Conclusively, combining these elements (i.e. signal transmission, percep-
tion, and tactile sensing information display) with the e-skins will provide
technological innovation.
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In the last years, the progresses in microfabrication and printing technologies,
in artificial intelligence, and also in basic studies on human tactile perception
have opened up new opportunities in the field of tactile sensing, starting
from the improvements in dexterous and smart manipulation in robots and
moving toward human—object interactions. New perspectives emerged in the
monitoring of interactions in several fields including surgery, prosthetics,
robot-assisted operations, and smart interaction for augmented reality. In this
chapter we briefly introduce the opportunities in this field to discuss the major
requirements and challenges for tactile sensors. Then, the major achievements
in the field of tactile sensor devices and technology are discussed, including
the implementation of the most used tactile sensors’ classes and the novel
concepts to provide additional features and a full tactile feedback from a
sensor, with the final goal of mimicking the surprising capabilities of human
skin to sense the surrounding environment.

3.1 Introduction

The research on tactile sensing started from more traditional force and torque
sensors in robotics to provide a feedback to robot operations; then, improved
tactile sensing emerged as a need to overcome the limitations of initial
approaches and moving toward dexterous manipulation in industrial robots.

47
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The goal was to move from fixed coding of robot operation to more flexible,
smart, adaptive, and fault-tolerant manipulation of objects during the process
[1], and safe human-robot interactions [2].

Building on these results, more applications have become possible in
different fields. In smart human—object interactions, an almost obvious appli-
cation was to use robots as an intermediate tool between humans and the
operative environment, for instance for intervention in critical or dangerous
area [3], or in robot-assisted medicine [4]. In such fields, tactile sensing is
the front block of a haptic chain that is able to provide the necessary input
to drive the decision and the actions of the operator. Further, this concept
can be linked to augmented reality fields, where a tactile system is able
to provide additional inputs and capabilities to the operator by multimodal
integration [5]. Simulation and training of surgery operations is also a field of
application where sensors can be used in a haptic system [6].

In the medical field, miniaturized tactile sensors are often required in
force and compliance measurement tasks of the tissue for minimally inva-
sive surgery operations including laparoscopy, thoracoscopy, arthroscopy,
ophthalmic microsurgery endoscopy [7, 8]. Moreover, the use of prosthetic
limbs equipped with large area of tactile sensors at the socket can be used to
select the best configuration, to personalize the prothesis or to evaluate the
performance and improve the comfort of the patient [9].

A more challenging progress is to develop a robotic prothesis that is able
to provide a feedback to manipulation to improve dexterous interactions. This
field needs to cope up with challenges beyond tactile sensing itself, especially
in the haptic feedback or in the efficiency and stability of the interface to the
neural system to be really effective; after the first proof of concepts the work
is progressing with encouraging results toward this frontier of tactile sensing
applications [10, 11].

By changing the paradigm, it is also possible to consider the tactile
interaction from the object side, i.e. providing tactile sensing to the object.
For instance, smart human—machine approaches can be used to monitor
and correct gait and posture in advanced sport training and rehabilitation.
This is typically achieved not only by the use of accelerometers but also
smart devices that are able to map the pressure distribution in the time
domain and provide a useful and measurable feedback on the rehabilita-
tion results or a diagnostic tool for technical training for advanced athletes
[12, 13].

In the Internet-of-Things (IOT) field, smart objects that are able to sense
the interaction between objects and persons can be used to provide additional
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services or features and adapt their function to the context [14]. Recently,
the IoT concept is evolving toward the “tactile internet” concept, where the
improvement of communication systems is concerned with low roundtrip
latency in conjunction with ultrahigh reliability so as to provide a haptic
feedback to the operator of robotic systems equipped with tactile sensing.
The goal is to enable remote presence around the globe by the use of smart
haptic systems and robots, for instance in the field of assistance for the elderly
or telemedicine and for the operation and maintenance of equipment in the
industry, especially in critical and dangerous settings [15].

Despite vision systems being more widely exploited in many applications
and artificial intelligence applied to image processing could solve many
challenges, tactile sensing has many clear benefits and good complementarity
to smart cameras, because it can provide more information on the three-
dimensional (3D) shape of objects without visual occlusion or lighting issues,
and the physical properties of objects are often difficult to be visually evalu-
ated in unknown environments or in untrained settings. On the negative side,
tactile acquisition is typically slower than visual because of limited number
of sensors and the need to explore sequentially different positions on the
object [16].

Therefore, tactile sensing can play a role in many fields of application in
stand-alone systems or in combination with visual systems to enable smart
interactions. In human—object interactions, tactile sensors can provide much
more information than traditional force or torque sensors placed at structure
joints, and they can be used with different objectives and with different
modalities according to the type of desired interaction, for example, exploring
the geometry of an object or an environment, or probing the properties of an
object such as temperature, stiffness, roughness, surface properties in general,
weight, etc. [1, 16]. Dynamic interaction with objects requires controlling
the grasping methodology of the object to avoid slipping or crushing the
object and the dynamic forces during the manipulation to drive the action.
A different field of application is related to low resolution, large-area sensing
to provide collision detection for instance of a robotic arm in an uncontrolled
environment. In this case, proximity sensors also can be used without the
need for a precise analysis of the contact. On the opposite end of resolution
scale, it is possible to consider fingerprint sensors [17] as a niche application
of contact mapping, where the resolution needs to be between 50 and 100 pm
and pressure is very light (typically 5-100 kPa).

All of these applications may benefit from tactile sensing, if the sensor
is designed with the requirements in mind. For this purpose, the selection of
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the sensing principle, of the technology and design is crucial for successful
implementation.

The sensor features need to be adapted to the task requirements. In some
cases, single-point sensing or a relatively simple pressure or force mapping
approach may be enough to evaluate the contact position and force distribu-
tion of the interaction, for instance in the geometrical exploration of objects.
Monitoring the dynamic evolution of the contact provides additional insight
on object vibration, stability of the grasp, penetration of the gripper into the
object, to give a few examples. High resolution mapping may be used to
evaluate the roughness and texture of the surface, although the computational
effort and hardware required for such large data acquisition and processing
are not very cost effective in a broad sense.

Extending the sensing capability beyond perpendicular forces, i.e. from
pressure sensing to triaxial force detection at the interaction surface gives
more information about the in-plane components of forces for the evaluation
of grip, exploration of surface friction coefficient, or the detection of slip of
the object.

Since the contact depends on the properties of both the bodies involved,
sensing can also include the mapping of stress or deformation in the sensor
structure itself. This concept can be used in a bioinspired concept to mimic the
skin-sensing capabilities, where the state of stress at each point is monitored
by different receptors and used to infer object properties locally; for instance,
mapping the local skin stretch can provide an evaluation of the presence of a
texture below the spatial resolution of the sensor or a more precise detection
of edges [18]; it can also provide information on nonuniformity of stiffness,
which for instance is a very important topic in exploration of tissues for
medical applications. In this approach, it is possible to evaluate the presence
of surface features using lower computational power than required using a
high-resolution pressure mapping approach.

The frequency domain response is also very important to detect important
information of objects or of the interaction, in addition to the detection of
the vibration of the object itself. For instance, the time domain or frequency
response can provide information about an impact of the object with the
environment. This is a quite peculiar trait of the human species in general,
which enables complex interactions with the environment mediated by tools,
for instance using tapping exploration to infer the hardness and position
of a surface [19] and dexterous use of tools in general. Frequency domain
signatures can be also used to detect slipping or texture properties of the
surface during surface exploration [20].
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Multimodal sensing can also include other parameters such as tempera-
ture, electrical and thermal conductivity, and other parameters specific of the
application, which can be used in combination with smart data processing to
interpret the environment and manage the interactions.

Of course, the collection, management, and processing of data has huge
importance in sensitive and efficient tactile multimodal sensing to provide
interpretation of data and extraction of the information. This topic is beyond
the scope of this chapter, whose focus is to define the selection of sensing
principles and technologies more adapted for the required task.

For this purpose, Section 3.2 introduces tactile sensing technolo-
gies and devices, comparing different sensing mechanisms, materials, and
technologies.

3.2 Technologies and Devices

3.2.1 Fabrication Technologies

In the selection of the best technology for a specific application, the first
choice is to define the sensing approach among the options available, i.e.
pressure mapping, triaxial contact force sensing or mapping, advanced sensor
deformation mapping, and frequency/multimodal feature extraction in the
time or frequency domain.

As usual in technology selection, figures of merit and characteristics are
defined to select and drive the development of the technology, beyond the
obvious general sensor specifications such as spatial resolution, sensitivity,
resolution, range, linearity, hysteresis, and stability. The frequency domain
feature extraction and dynamic features or high-speed scanning of large
arrays may require a sufficient bandwidth of the sensor and acquisition
system, and may dictate the choice of sensor concept and materials, since for
instance soft substrates or covers act as mechanical filters and may exclude
important information in the high-frequency range.

The technology needs to be selected also with manufacturability and
integration in mind. In this regard, the selection of materials for the substrate,
the functional components of the sensors, and the auxiliary components such
as wires, protective coating needs to be evaluated carefully.

The substrate selection is of course related to the choice if the sensor
will be rigid or needs to be flexible or stretchable. In the first case, more
traditional substrates from microelectronics can be used, for instance silicon
or other ceramic piezoelectric substrates like quartz and like lithium niobate
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(LiNbO3), to provide devices with high-quality standards of micro- and
nanofabrication. Semiconductor properties such as high stress sensitivity,
embedded electronic circuits for transduction and amplification, optical con-
version in direct SC as III-V, low parasitic effects, low power and high speed
can be achieved in standard microfabrication. Stability, reproducibility, and
the integration of well-known coatings and materials with stable properties
are also advantages of these techniques. The usual drawbacks of these materi-
als are the high stiffness, the brittleness, and the cost, especially for large-area
devices.

The complete overview of microfabrication technologies is of course
beyond the scope of this chapter and the reader is referred to the many
excellent specific books available on the topic, e.g. [21]. In general, the
microfabrication technologies are based on layered structures of semicon-
ductor, dielectrics, and metals deposited on wafers with diameter ranging
from 25 to 450 mm, where the structures are defined by photolithography
and etching processes and in some special case by direct writing, especially
for nanometric features in the active area of the sensor. Microelectronics are
implemented by the addition of tight control of semiconductor doping by
ion implantation, while mechanical structures typical of MEMS devices are
based on etching either of the substrate or of structural layers on the wafer.
With this approach it is possible to integrate mechanical structures at micron
and nanometer scales with sensing units, integrated readout, multiplexing and
processing electronics, and functional materials exploiting the technology
and equipment originally developed for microelectronics. As an example, in
Ref. [22] the integration of piezoelectric layers on top of a silicon transistor
(i.e. polymer-oxide-semiconductor FET or “POSFET” structure) can be used
to transduce the charge generated by a piezoelectric layer to a more robust
signal, and signal conditioning and addressing circuitry can be integrated on
chip to provide a more efficient reading.

MEMS technologies are the baseline for what concerns the high reso-
lution, high performance integrated sensors and still have an edge in some
applications, but tactile sensing is often related to surfaces of several square
centimeters, which is a challenge for the traditional microelectronics and
MEMS technologies because of the limited size of the processing area and
of the typical high cost per unit area. The cost is a result of the complex
equipment and related running cost, and by the high-quality substrate itself.
Recently, the production of large area, relatively low resolution (with respect
to electronics standards), eventually flexible tactile sensor has progressively
moved from lithography-based processes to printing for both active materials
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and mechanical structures, following the trend of printed electronics, which
drove the technological development also in the field of tactile sensors.
Integrating a sensor in a “smart hand” or curved object geometry may benefit
from a conformable, bendable, or stretchable device that is able to adapt to
the surface or from direct sensor printing on the mechanical part, with clear
advantage with respect to a more traditional mechanical assembly procedure
to embed it in the system. In this perspective, printing and 3D printing
may come in handful to provide an advanced integration of sensor into the
system, which may be impossible with other methods. Wiring itself can be an
issue, especially when low or no computational capability is available on the
sensing site. Large area, possibly high-resolution sensors also require to have
a strict control on power consumption of the tactile pixel (or “taxel”).

The availability of large-format printing techniques including inkjet,
screen printing, and in general roll-to-roll facilities moved the focus from the
high spatial resolution typical of electronics to material-based approaches,
where the functionality rely more on advanced material properties and rela-
tively simple structures. Materials moved from traditional chemical and phys-
ical vapor deposition on wafer substrates, which, however, can still be used in
large formats, toward solution-based processes on flexible substrates to pro-
vide functionality to devices with low cost and highly scalable processes. The
advantages of printing are also in the flexibility of design and customization
provided by on-demand digital processes such as printing. Of course, flexible
sensors are inherently more robust, besides the possibility to adapt to a curved
object, due to the absence of brittle materials in the structure. The novel, flex-
ible electronic technologies enable the implementation of sensor and devices
by the use of polymeric substrates and functional materials [23], including
organic semiconductors [24], semiconducting oxides such as indium—gallium
oxide (IGO) and indium-gallium-zinc oxide (IGZO) [25, 26], graphene and
piezoelectric polymers such as poly-vinylidene difluoride, and its copoly-
mers (e.g. the mostly used copolymer with tri-fluoroethylene, PVDF-TrFE).
Flexible electronics are typically slower because of lower carrier mobility
in flexible semiconductors, especially organic ones, although there was a
good progress in performances in the last years. Low stiffness can result
in mechanical filtering of high-frequency components. Another limit is
the need for low-temperature processing compatible with the substrates,
which is a limit to the material processing options and the stability in
operative conditions. Among the mostly used substrates, polyimides can
reach 400°C while other polymers (e.g. PET, PVC) have lower thermal
resistance.
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In any implementation of a tactile sensor, the sensor robustness to
mechanical contact, temperature, and environment in general is a strict
requirement since the sensor by definition needs to come in contact with
bodies and potentially harsh conditions, and the options for increasing the
protection may be limited. For instance, coating thickness and stiffness is
strictly related to the stress mapping resolution and sensitivity that can be
achieved by the sensor; therefore, the chemical and mechanical resistance
of the sensor is one term of the trade-off of performance vs. robustness and
needs to be carefully evaluated in the specific case.

3.2.2 Tactile Sensor Devices

3.2.2.1 Piezoresistive and resistive MEMS

Pressure or strain sensitivity is intrinsic to several structures, including metal-
lic wires, silicon, and nanostructured materials, and can be used to fabricate
tactile sensors. To compare the performance of different materials, it is
convenient to use the gauge factor (GF), which is defined as

GF = (AR/R) /e G.1)

The change in resistance is the result of the geometrical deformation of
the resistor and the variation of the resistivity of the material. The relative
variation of resistance induced by a strain € could be calculated as

AR/R = (14 2v)e+ Ap/p (3.2)

where v is the Poisson’s ratio and Ap/p is the relative variation in the
resistivity. The geometric effects depend only on the Poisson’s ratio and
provide a typical GF between 1.6 and 1.9. The variation of the resistivity
instead is material dependent and the overall GF usually is in the order of 2-5
for most metallic strain gauges. Typical temperature coefficient, TCR, is in
the order of 10004000 ppm/K for metals, with the exceptions of low TCR
alloys such as constantan. Different gauge grades are provided to match the
thermal expansion of the substrate with the thermal change of resistance of
the resistor, by selecting changes in alloy composition and treatment.

The GF in a single crystal silicon strain gauges reaches values up to 100,
due to the predominant piezoresistive change of material resistivity, which
depends on the crystal structure of the material, the direction of the strain,
and on the doping concentration [27, 28]. In particular, p-type silicon has
good response to strain in [110] direction and n-type in [100] direction, while
for both the sensitivity in direction rotated by 45 degrees is negligible; further,
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Table 3.1 Silicon properties for low doping
Materials n-Si (10" T Pa~ 1) p-Si (10 T Pa~ 1)

i1 —102.2 6.6
12 53.4 —1.1
a4 —13.6 138.1

shear stress can provide high response, depending on the doping and the
orientation. The response of a piezoresistor to an arbitrary stress state and
orientation of the sensing element needs to be calculated from the piezoresis-
tive coefficients represented in a tensor notation. The change of resistivity for
a current along direction (w) and stress along direction () [27] is:

Apy, 6
D LR (3.3)
A=1

The properties also depend on doping level, where the higher sensitivity
to stress and temperature is achieved at low doping (e.g. 10'® at/cm?®).

It is possible to find an optimal doping to increase the stress to tem-
perature sensitivity, which is typically around 10! at/cm?. The response is
completely linear up to 0.3% and it has been successfully measured for strain
up to 1%, although the brittle nature of silicon and the eventual presence
of defects can result in failures if the device is not properly designed and
handled.

By reducing the thickness of the silicon substrate, it is possible to reduce
the overall stiffness of the substrate to be compatible with an arbitrary radius
of curvature [29]. While the bending stiffness scales with the third power
of the thickness, the stress at chip surface scales with the thickness at a
given curvature. Nevertheless, it is worth mentioning that the thin silicon
is still brittle by nature, i.e. subject to catastrophic failure if the material
strength or the fracture toughness is reached, especially for point- loads or
contacts with sharp and hard objects. Another limitation is that the thin silicon
is bendable but not stretchable or conformable. Therefore, the thin silicon
concept is particularly useful to integrate in flexible structures the advantages
of single crystal silicon, especially the carrier mobility to provide high speed
and miniaturized electronics, with reduced impact to system flexibility and
thickness. This is therefore especially useful for addressing taxels in large
sensor arrays and data processing on site. It can be also used for signal
transduction, but the trend is to use flexible materials directly, even if they
cannot provide the carrier mobility of silicon.
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In polysilicon, the random orientation of the crystals and the presence
of grain boundaries reduce the GF to values in the order of 20—40 in all
directions. However, the performances are better than metallic strain gauges
and the cost of production lower with respect to standard crystalline silicon.
In addition, in the case of amorphous and microcrystalline silicon the layer
can be also deposited at low temperature on flexible substrates with gauge
factors in the order of 20-30 [30-32].

A GF higher than the geometrical GF can be also achieved by conductive
nanoparticles or nanotube dispersed in a polymeric matrix. The properties
of these materials are described by a percolation law, where the percolation
threshold is used to describe the critical concentration above which the
material becomes conductive. The particles form conductive paths in the
material, whose resistivity is the statistical average of particle conductivity
and tunneling resistance across the gap between particles. When the material
is deformed, the gaps experiment an exponential change of resistance as
a function of the width variation, as it is expected from tunneling. This
behavior is confirmed by the fact that piezoresistivity is usually higher for
lower particle concentrations, where resistivity is dominated by the contact
between particles or wires. Gauge factors of 20 can be achieved in best cases,
while the high concentration sensitivity is similar to gauges made of metals
or conductive materials in general. In these materials the production process
parameters including stirring, priming and polymerization are critical to the
achievement of target resistivity and properties in general [33, 34]. The use
of these materials is especially useful for printed, flexible devices, where
the polymeric matrix (e.g. PDMS) is fully compatible with the substrate
properties.

Other nanostructured materials can provide gauge factors beyond the
plain geometrical response by exploiting tunneling conduction at grain
boundary similar to the case of filled polymers. One class of such materials
with piezoresistive properties is the cermets, which are composite materials
formed by a metallic phase and a ceramic phase, for example Au or Pt in
SiOs. If the metallic phase is formed by particles dispersed in the ceramic
matrix, the GF can reach values around 20. In the opposite case the material
is a conductor with resistivity modulated by the phase proportion [35, 36].

There are different strategies to build a tactile sensor with stress-sensitive
resistors. The direct sensing of pressure on the resistor surface, i.e. perpen-
dicular to the current flow is typically lower than longitudinal sensing, but it
is still possible with silicon due to the higher coefficient and 3D distribution
of the response with respect to crystal planes, while for metallic strain gauges
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the response is too low. In general, the performances of direct pressure
sensing are not very good and usually a 3D structure is used to increase
the sensitivity, by converting the forces at the surface into high longitudinal
strain of the sensing element, for instance by the use of cantilevers, beams,
or membranes with the sensing elements placed in the high-stress region,
typically at the anchoring points. The structures can be macroscopic for
low-resolution sensors or MEMS for high resolution, integrated sensors [37].

More complex arrangements can provide other features such as triaxial
sensing capability by the use of an off-plane structure converting a tangential
force into a moment and a differential response on the elements reacting to
the structure tilt. This configuration can use suspended beams or membranes
to support the central unit receiving the contact force [38].

A similar approach can be implemented using an array of polymeric
domes or bumps; however, the reaction of the structure to a tangential force
results in a pressure distribution between the domes and the actual sensor
surface. In this case, four corner elements and eventually an additional
central sensitive element (e.g. membrane-based pressure sensors) can be
used to process the triaxial force information. In such cases the resolution
is lower because of the multielement taxel configuration but microfabricated
sensors are still compatible with standard requirements (typically 1 mm in
high-resolution applications) [39].

3.2.2.2 Capacitive

Capacitive sensors are one of the simplest configurations of pressure sensor,
and are typically implemented by the use of two electrodes and a compress-
ible dielectric layer or a membrane and an air gap. The sensitivity of these
sensors is defined as S = 1/C dC/dt and is proportional to —1/t where C is the
capacitance and t is the electrode spacing. Since the change of thickness is
dt = et, the response is defined by the strain € of the capacitor under the
load. It is possible to demonstrate that if t << L with L the size of the
taxel, the lateral deformation is limited by the structure and the Poisson ratio
can change substantially the apparent stiffness of the material, especially for
Poisson approaching 0.5 as in the case of elastomers. In this case, the overall
sensitivity is (P is pressure, E is Young’s modulus, and v is Poisson’s ratio)

AC P 202
c—E<1‘1_U) S

For this reason, a low E material is needed to achieve a good sensitivity,
e.g. an elastomer such as silicone rubber like PDMS, in which E can range
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Figure 3.1 MEMS triaxial force sensor, adapted from Refs. [9, 39]. (a) A sensor concept
and (b) Packaging of the silicon sensor prototype.

from 0.6 to 3.6 MPa. However, elastomeric foam or an array of grooves or
bumps can be used to further reduce the apparent E and to avoid the negative
effect of lateral confinement [37].

The proof of fabrication principle of these sensors is typically confirmed
by casting or molding of polydimethylsiloxane (PDMS), but for large area
and mass production printing and roll-to-roll techniques may be used. Typ-
ically, it involves the deposition of metal contact by PVD (e.g. evaporation
or sputtering) or printing (e.g. screen or inkjet printing) and lamination of
the different layers, which may be eventually patterned [41]. The cost of this
technology can be extremely low, but the drawbacks are the resistance of the
structure, especially the integrity of metallic wires on top of a soft layer, the
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Figure 3.2 Patterned PDMS dielectric for high sensitivity capacitive sensors. Reproduced
from Ref. [40]. (a) Exploded view of the capacitive tactile sensing array. (b) Cross-sectional
view of one sensing unit, and (c) Schematic view of different geometries of the microstructures
on the polydimethylsiloxane (PDMS) layer, including pyramids with spaces of 50 pum (type
I) and 150 pm (type II), and V-shape grooves with spaces of 50 pum (type III) and 150 pm

(type 1V).

nonlinear mechanical properties of rubbers or patterned layers, the hysteresis
and speed of mechanical response of polymers, foams, and patterned rubbers.
Contacts can be also provided by stretchable interconnections such as con-
ductive polymers and nanowire composites to increase the sensor reliability
[41, 42]. In addition to flexibility, the advantage of these techniques is the
possibility to work on large area sensor arrays and the easier customization
of the device for specific shapes of the area to be equipped with sensors.

Another approach is the use of a membrane carrying one electrode and a
second electrode across an air gap. In this case the sensitivity can be adjusted
with the membrane size and thickness, as well as the electrode spacing, but
the structure becomes more complex to fabricate. The design needs to use
the plate theory for analytical calculation or an FEM model. For instance, the
deflection w for a circular plate with clamped edges [43] is

_ P e a2
w(r) = 64D(a %) (3.5)
Et3
PTnaon G0

where ¢ is the membrane thickness, P is the pressure, a is the membrane
radius, r is the radial position, and D is the flexural stiffness of the mem-
brane. The sensor can be designed to optimize response, pressure range, and
maximum load to failure.

The implementation of membranes by bulk or surface micromachining
can be easily achieved by anisotropic wet etching or deep- Reactive Ion



60 Tactile Sensors for Smart Human—Object Interactions

Etching (RIE) in the silicon wafer thickness. Alternatively, the membrane
can be implemented with a deposited thin film stack and the sensor gap
can be provided by the etching of a sacrificial layer beneath the membrane
structure. The electrodes can be provided by doping the silicon itself or
by deposition of a metal layer; wafer to wafer bonding techniques can be
useful to provide metallic electrodes on both sides of the gap. The fabrication
of suspended plates with silicon-on-insulator wafers provides the advantages
of single crystal silicon with the most accurate thickness control, but the cost
of substrate is typically one order of magnitude higher [44].

Capacitive membranes can be also implemented by lamination, pat-
terning, and etching of polymers to provide the mechanical structure, and
using deposited metal layers as an etch stop and for the sensing units [45].
This process can also integrate a multimodal sensor including piezoresistive
elements.

3.2.2.3 Piezoelectric

Piezoelectric devices are widely used for tactile sensing. Piezoelectric mate-
rials are materials where the deformation and the polarization of the material
and Hooke’s law are linked by the following Equations [46]:

D; = dijTji + €, E; (3.7)
Sij = stTh + drij i (3.8)

where D is the electric displacement, d;; are the piezoelectric coefficients
in the strain-charge form, T is the stress, S is the strain, s¥ is the mechanical
compliance, € is the permittivity, and E is the electric field. It is possible to use
alternative combinations of the physical quantities involved; for example, the
e coefficients are used to relate stress to the applied electric field. Depending
on the crystal symmetry planes, only few coefficients are relevant; typically,
for the commonly used materials with the exception of quartz, the coefficients
d31, d33, and d15 are the most important. When it is used as an actuator,
a vertical polarization is used to generate a strain in the vertical direction
in the 33 mode or in the horizontal direction in the 31 mode. For sensing
applications, the vertical or planar deformation of the material can result in
a vertical polarization of the piezoelectric element coupled to a mechanical
structure as described for piezoresistive sensors.

The most common materials for these sensors are ceramic high perfor-
mances materials like PZT or lithium niobate, or polymeric, where PZT-TrFE
copolymer blends represent the vast majority of literature cases due to its
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Table 3.2 Examples of piezoelectric properties for comparison

Materials d31,pC/N  d33,pC/N €., E,GPa T curie, °C
PZT-5H —274 593 2000 64 350
Lithium niobate -3 9.3 85 200 1000
PMN-PT —600 1600 1500 120 150
AIN -3 5 9 350 2000
AlScN (40% Sc) —13 30 16 230 2000
PVDF-TRFE 15 —20 10 2 100

easier polarizability with respect to unblended PVDF and its relatively high
piezoelectric coefficients. AIN and its composites with scandium (AIScN) are
gaining much interest due to their relatively good performances for integrated
sensing applications, especially with the addition of scandium up to 40%,
and their compatibility with complementary metal-oxide—semiconductor
(CMOS) processes [46, 47]. At Curie’s temperature the piezoelectric effect
disappears, but the maximum operative temperature is usually lower. The
material properties heavily depend on composition and processing especially
for polycrystalline thin films, therefore it is possible to find very different
values in the literature. Here, for comparison only, we report a table with
typical properties of most used materials (Table 3.2).

Ceramic materials are usually processed at very high temperatures, typ-
ically above 600°C for sputtering, or even higher if the layer needs to be
sintered after deposition as in the case of printed layers, where the sintering
temperature can be commonly above 900°C [46]. Polarization process by
high electric field or corona poling are needed to orient the piezoelectric
domains and provide polycrystalline materials with the required properties.

The advantage of piezoelectric tactile sensor is the possibility to have
a direct self-powered charge generation in response to an applied stress,
with a relatively simple capacitor structure, which can be easily read with
an electronic circuit. The response of piezoelectric tactile sensors is partic-
ularly sensible to force variations, since the charge is generated during the
force application; however, in static conditions the charge on the capacitor
can be dissipated by parasitic losses, especially with PVDF-TrFE. For this
reason, the piezoelectric devices are typically used in frequency bandwidth
above 1 Hz [48] and are not suitable for static force detection. Frequency-
based approaches such as vibration, slip and impact detection, and texture
recognition are very much suited for piezoelectric sensors. Ceramics may
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allow a wider bandwidth at both ends of the range because of lower parasitic
conduction and higher mechanical stiffness.

A different approach is to use the piezoelectric actuator to probe the
surface by dynamic methods. The approach was originally developed for
macroscopic probes, typically cantilevers, in medical applications such as
tissue stiffness probing, which is related to the identification of tumors from
normal tissue [49] or to evaluate the myocardial functionality [50]. The
concept is based on the change of mechanical behavior of an actuator when it
is in contact with surfaces with different mechanical properties, which can be
modeled by an equivalent damping, elasticity, and mass of the contact surface
[51-54]. In brief, the resonance frequency of the actuator changes with the
external load and surface stiffness, while the damping of the surface results
in an attenuation of the signal.

3.2.2.4 Other sensing techniques

Magnetic fields can be used to implement a tactile sensor. In principle, the
measurement is based on a magnetic field source, which can be a coil [55],
a permanent magnet [56], or a nanocomposite layer of structures e.g. a pillar
forest [57], and a magnetic field sensor implemented in the substrate. The
sensing elements can be implemented for instance by using coils [58], Hall
sensors [56], or giant magnetoresistive sensors [55, 59]; however, from the
change in magnetic field distribution it is possible to infer the displacement
of the magnetic element in the top deformable layer due to the contact with an
object. While Hall and giant magnetoresistive sensors measure the magnetic
field intensity, pickup coils detect only the field variations, thus providing a
derivative type of a tactile sensor.

Optical tactile sensors can be implemented with different approaches: one
of the most common concepts is to use a camera to evaluate the deflection
of an array of features at the contact, where the mechanical part is passive
and the sensing is implemented with vision-based pattern recognition and
classification algorithms [60]. A second option is to use fiber-based strain
gauges, typically by using a Bragg grating implemented on the fiber cladding:
the deformation of the grating due to fiber stretching induces a shift of the
reflected wavelength [61]. By selecting different wavelengths, it is possible
to read a number of elements on a single fiber, then providing a large array of
taxels. Transmission properties of fiber, for instance the losses of a fiber as a
function of the bending radius, can be also used to evaluate the deformation
of a pixel unit [62]. The immunity to electromagnetic interferences is one of
major advantages of optical techniques.
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A few fluidic concepts can be also found. For instance the compression of
channels into an elastomeric layer can be detected by the change of resistance
of the fluid network filled with an appropriate fluid [63]. The advantage is the
high intrinsic reliability of the sensing element due to its virtually infinite
deformability.

3.2.2.5 Recent trends

As discussed earlier, there are more opportunities for tactile sensing beyond
the pressure mapping at the contact. Probing the properties of an object may
also include the evaluation of the mechanical properties of the surface. In
addition to vibrational piezoelectric probing cited earlier, it is also possible
to evaluate the hardness of an object by the use of differential reading on
pixel with different response when put in contact to a surface with different
properties. Conceptually, if the response of the pixel depends on its defor-
mation, and its stiffness is similar to the surface under analysis, then both
the deformation of the external body and sensor unit are proportional to
their relative compliance. If the sensor is composed by taxels with different
stiffness, the differential readout can provide information about the touched
surface. For instance, a soft body tends to distribute a load more uniformly
on structures with alternated stiff and compliant areas, thus providing an extra
response on the membrane [64] or the compliant areas of coating [65] with
respect to the rigid reference elements. Differential MEMS spring [66, 67]
or membranes with different size or stiffness [68] connected to pillars may
be used to detect the degree of indentation into the external body. Active
indentation can be also provided by magnetic or pneumatic actuation that in
turn is able to provide curves similar to classical load-displacement testing
of materials [69, 70]. The force reading can be provided with piezoresistive,
piezoelectric, or capacitive sensing units as described earlier.

Slip detection is an intrinsically dynamic measure suited for piezoelectric,
triaxial resistive tactile sensors or in general if the bandwidth of the sensor and
of the readout electronics is sufficient. The contact force is a triaxial load,
where the slip happens when the tangential force exits from the “friction
cone” i.e. exceeding the maximum static friction force. Since the dynamic
friction coefficient is typically lower than the static one, the detection of
incipient slip is based on the microvibrations due to local and intermittent
movements of the object on the sensor followed by sticking steps, which
result in a specific spectrum of noise in the force measurement, especially
in the tangential direction, but axial components can be also used. The
evaluation of the signal spectrum is specific of the contact surfaces and



64  Tactile Sensors for Smart Human—Object Interactions

t

Membrane Deflection

Figure 3.3 Differential stiffness structures for tissue stiffness measurements similar to the
concept in Ref. [45]. Hardness sensor schematic (a) cross section, with membrane and bulk
hardness sensors and (b) in contact with an object, the sensors deform, with apparent pressures
proportional to the contact object hardness.
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Figure 3.4 Frequency-domain sensor for slip and surface pattern recognition: (a) Scheme
of forces at sensor interface, where friction force is defined by roughness, deformability of
sensor and surface, materials, and speed of slip; (b) conceptual FFT of sensor output, showing
a fingerprint specific of the slipping interaction between the sensor and the surface.

an appropriate pattern recognition algorithm can be used to infer both the
incipient slip and surface properties such as roughness, presence of patterns,
and friction coefficient [71, 72]; the patterning of the sensor surface modifies
the contact properties and can be used to optimize the detection process or
extract more information from pattern recognition algorithms [73].

In addition to tactile mechanical sensing, it is also possible to add other
features to the sensor, for instance the evaluation of temperature and of
thermal conductivity and specific heat by the use of appropriate combination
of resistive heaters and thermometers [45]. This concept can be useful to
provide a perception of temperature more consistent with human sense of
touch, since thermal conductivity is important in the human perception of
heat. The integration of multimodal sensing including pressure, 3D forces,
surface hardness and curvature as discussed earlier can therefore provide full
tactile information.
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3.3 Conclusions

Tactile sensing showed an impressive progress since the appearance of the
first concepts for robotic applications using mechanical assemblies to mea-
sure the forces involved in object manipulation. With the help of miniaturiza-
tion and integration provided by the MEMS technology, the field has moved
to high resolution and high precision pressure mapping by the implementation
of several sensing elements concepts and tactile sensors functionalities. The
next step was moving toward a more bioinspired concept of tactile feedback
including for instance the analysis of grasp stability by the use of slip
detection, of surface properties such as stiffness, texture and friction. Then,
technologies related to large-area electronics and digital manufacturing such
as roll-to-roll and 3D printing have further stimulated the field enabling
more opportunities for large area, low cost electronic skin applications and
industrial case studies. Now, the field is ready to take on challenges related
to real applications and the interface to biological system, with the grand
objective to provide effective, natural, and full tactile feedback experience in
a number of human—object interaction, medicine and prosthetics applications.
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The field of robotics is in continuous expansion, with application scenarios
shifting from structured environments, such as factories, to the more complex
ones of the real world, such as houses, hospitals, disaster areas, etc. Artificial
tactile sensing is fundamental in this process to enable the full immersion
of the robotic systems in the environment making them aware of their sur-
roundings, and capable of reacting to unexpected situations. Optical-based
soft artificial skins seem to be a promising solution both to enable advanced
sensing capabilities and to overcome some critical integration issues. Indeed,
in this case, the sensitive area can be built with skin-like materials free of
any active component, allowing a natural mechanical interaction between
the system and the environment. This solution introduces the need for more
sophisticated signal processing to retrieve useful information. Nevertheless,
machine learning algorithms can open the way to real-time reconstruction
methods that can also be embedded in systems with low computational capa-
bilities. In this chapter, the recent developments of optical-based soft tactile
sensing are described. As a case study, a comparison between machine learn-
ing and analytical approaches, to decode tactile information in a continuum
soft optical waveguide, is presented.
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4.1 Introduction

Artificial tactile sensing is fundamental in many fields, such as robotics, pros-
thetics, wearable systems, or haptics [1-4]. From a transduction point of view,
mainly resistive-and capacitive-based systems were investigated successfully
[5]. In the first case, the main advantages are the easy fabrication, the simple
read-out circuitry, the very high sensitivity, and the relatively high acquisition
rate. In the second case, mainly due to their high linearity, insensitivity
to temperature variations, capacitive sensors have become the most used
technology for several touch-based human—machine interfaces. This mainly
resulted from the impressive advancement of miniaturised electronics for very
low capacitance measurement (down to the sub-femtofarad range) [6, 7].

In robotics, several very large area electronic skins have been developed
in recent years. Some examples can be found in humanoid robotics, such as
those integrating capacitive sensors, in the iCub platform [8], or multimodal
patches for temperature, acceleration, and proximity in the H-1 robot [9].
In both cases, a modular architecture is implemented to cover the whole robot
surface. Although this implies that a large number of wires and connections
is routed through the robots, the final systems can still be reliable, since the
robotic structures are built from rigid materials. However, the recent rise of
soft robotics [10] introduced new challenges in tactile sensing [11]. Here,
previous sensing architectures are not suitable mainly because, both, the rigid
(or semi-rigid) modular patches, and the high number of distributed tactile
elements (i.e. requiring a high number of wires/connections), would introduce
undesired mechanical constraints in the soft robot and embedded sensing
systems. Therefore, new sensing strategies for soft perceptive robots should
be developed.

Among other principles, optical-based tactile sensing has shown a rel-
evant boost in recent years. From a transduction point of view, using light
minimises the influence of electromagnetic noise, thus allowing its use in
a large number of scenarios, including the harshest ones, e.g., surgery or
harsh environments. Particularly in the case of the challenging large-area
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