Chapter 5
Tactile Sensing Technologies

Abstract This chapter presents the state-of the-art of robotic tactile sensing tech-
nologies and analyzes the present state of research in the area tactile sensing. Various
tactile sensing technologies have been discussed under three categories: (1) trans-
duction methods; (2) structures that generate a signal on touch; and (3) new materi-
als that intrinsically convert mechanical stimulus on touch into usable signals. The
tactile sensing technologies are explained along with their merits and demerits. The
working principle of various methods have been explained and selected implemen-
tations are presented.
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5.1 Historical Perspective

Tactile sensing has been a component of robotics for roughly as long as artificial vi-
sion and auditory sense modalities. Tactile sensing began to develop in the 1970s—
albeit at a slower pace, when compared with the development of other sense modali-
ties. Early surveys on the state of tactile sensing show a wide diversity in the types of
sensing device that were developed in the 1980s [1, 2]. Early works on tactile sens-
ing focused on the creation of sensor devices using new transduction techniques and
a large number of experimental devices and prototypes were built and reported in
the literature. Particular attention was given to the development of tactile sensing
arrays for the object recognition [3]. The creation of multifingered robotic hands, in
late 1980s, increased the interest in tactile sensing for robotic manipulation and thus
started appearing works utilizing tactile sensing in real-time control of manipula-
tion [4-7]. The new applications demanded features such as mechanical flexibility
and conformability and accordingly new designs and materials for tactile sensing
received attention. While the development of tactile sensors for robotic fingertips
and hands continued, the application areas such as motion planning in unstructured
environment brought whole body sensing to the fore. As a result, many sensitive
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Table 5.1 The classification of various Tactile Sensing technologies

Transduction Material Sensor Structure

Medium/Method

Resistive Composites Microelectromechanical systems (MEMS)
Capacitive Carbon Nano Tubes (CNT) Plastic MEMS

Optical Conductive Polymers POSFET

Magnetic Force Sensing Resistors Extended Gate Transistors

Ultrasonic Pressure Sensitive Ink Organic Field Effect Transistors (OFET)
Piezoelectric Conductive Gels Flexible Printed Circuit Boards (PCB)
Electrorheological Conductive Fibers and Yarns ~ Mechanical Switches

Magnetorheological — Piezo-/pyroelectric Materials

Electrochemical Photoelastic Materials

skin design projects were undertaken in the late 1980s and 1990s [8—10]. The appli-
cation domain of robotics has been continuously increasing and the new generation
of robots nowadays include social robots, rehabilitation and assistive robots, bio-
robots, medical robots and humanoids. Compared to the human controlled indus-
trial robots, operating in “No-Humans” working zones, these new generation robots
are characterized by close interaction with environment (including humans) and au-
tonomous learning. In addition to the standard manipulation and exploration tasks,
the new generation robots are also expected to interact safely. Tactile sensors distri-
bution over the entire body is indispensable to build service robots that can co-exist
with humans for support and enhancement of human life. The full-body tactile sen-
sor could generate more tactile information than in the case where only joint force
and moment are measured. As a result, nowadays there is an increased interest in
developing large area or whole body tactile sensing structures that allow a robot to
safely carry out a task while maintaining physical contact [11-13].

Analyzing the present state of research in the area tactile sensing, three strategies
emerge for the development of tactile sensing units in robots [14]: (1) developing
sensors based on various methods of transduction; (2) development of structures that
generate a signal on touch; and (3) the use of new materials that intrinsically con-
vert mechanical stimulus on touch into usable signals. This classification of tactile
sensing technologies is given in Table 5.1 and explained in this chapter along with
their merits and demerits. The working principle of various methods have been ex-
plained and selected implementations are presented. Quite often the tactile sensing
schemes belong to one or more aforementioned strategies, which is also reflected by
some of the implementation presented in this chapter. The overview presented here
also takes into consideration the reviews on the state of research in tactile sensing
reported in literature from time to time [2, 4, 7, 13, 15-22].
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5.2 Tactile Sensing Based on Various Transduction Methods

The transduction methods described in this section are listed in Table 5.1. These
methods can be divided in to two categories: Firstly, the methods with coupled
mechanical and electrical transduction—for instance, the capacitive, resistive, and
ferroelectric methods, where deformation of the sensor surface due to object con-
tact causes a change in an electrical parameters of the sensor material. Second, the
methods with non-coupled electrical and mechanical transduction. Principle among
these are the optical, ultrasonic, and magnetic transduction methods. This section
describes all these methods in detail.

5.2.1 Resistive Sensors

Resistive tactile sensors utilize the change in resistance of the sensing material for
detection and measurement of contact forces. The degree to which resistance of any
sensing material changes depends on: (a) the contact location (e.g. potentiometer
type); (b) the contact force or contact pressure (e.g. piezoresistance, and elastoresis-
tance). Accordingly, the resistive tactile sensors can be grouped in two categories.

Resistive sensors based on the first type, are either made of two-dimensional
grid of sensing elements or composed of two flexible sheets coated with a resistive
material (with finite resistivity, typically on the order of 100 €2/sq.) placed on top
of each other and separated by air, microspheres, insulating fabric etc., as shown in
Fig. 5.1(a). Accordingly, former arrangement is termed as discrete resistive touch
sensing and latter as analog resistive touch sensing. The scheme of analog resistive
touch sensing, in typical 4-wire configuration, is shown in Fig. 5.1(a)—(f). During
operation, a uniform, unidirectional voltage gradient is applied to the first sheet, as
shown in Fig. 5.1(b). When the two sheets are pressed together the second sheet
serves like the slider in a linear potentiometer and measures the voltage as distance
along the first sheet, thus providing the X coordinate. When this contact coordinate
has been acquired, the uniform voltage gradient is applied to the second sheet to
ascertain the Y coordinate. The complete method of ascertaining contact location is
given in Fig. 5.1(b)—(f). As voltage Vy or V, is applied over the X or Y plane and
the voltage Vyour OF Vyour measured at any of the analog high impedance (Hi-Z)
terminals is approximately given by:!

IThe actual expressions of Vygy; or Vyey, are:

R Ry Ry2RL
anut = a 1% Vyout = Y
RleL + RyzRL + Rleyz

V, 5.1
ReiRL+ RoRL +RiR vy GD
where, Ry is the resistance seen from contact point toward the measurement terminal i.e. Ryoyc +
Ry (or Ry2) + Hi-Z. When impedance at the measuring terminal is high, these expressions in
(5.1) reduce to (5.2)—(5.3).
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Fig. 5.1 (a) The scheme of analog resistive touch sensing; (b) X coordinate measurement: Voltage
gradient applied across the front sheet and voltage measured at any of the Hi-Z terminals of back
sheet; (¢) Y coordinate measurement: Voltage gradient applied across the back sheet and voltage
measured at any of the Hi-Z terminals of front sheet; (d) Circuit configuration under untouched
condition; (e) Circuit configuration for measuring X coordinate; (f) Circuit configuration for mea-
suring Y coordinate
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proportional to the X or Y coordinate of contact point. Both the sampling of the two
voltages and the subsequent calculations are very simple and the operation occurs
instantaneously, registering the exact touch location as contact is made. In addition
to the contact location, the touch pressure (or Z axis measurement) can also be
measured by relating pressure to the resistance [23].

Analog resistive touch sensing technology typically results in high resolution
(4096 x 4096 DPI or higher) and high response speed (10 msec or higher), thus
providing fast and accurate touch control. However, the approach results in detec-
tion of only one contact location. While suitable for the touch screens of appliances
such as personal digital assistants (PDAs), and as generic pointing devices for in-
struments, the analog resistive sensing technology has limited utility for robotic
applications where simultaneous multiple contacts are often observed. With some
design modifications the multiple contacts can be measured and hence analog resis-
tive sensing technology can be adapted for robotic applications. Among others, the
hybrid resistive tactile sensing [24] is one such technique that allows measurement
of multiple contact points. Hybrid resistive sensing is a combination of the analog
resistive and the array touch sensing technologies. It also involves two sheets of
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Fig. 5.2 The scheme and ' S
equivalent circuit diagram of e —
hybrid analog resistive touch
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conductive materials, one on top of the other. However, one or both sheets are di-
vided into multiple strips aligned along their lengths. One such scheme, with both
sheets divided into multiple strips, is shown in Fig. 5.2. In this way, the configura-
tion looks like one-dimensional arrays of stripped analog resistive sensors described
earlier and the contacts can be sensed along different strips separately. The sensor
measurement, along a strip, depends on both the location and the length of con-
tact along each strip. Following a simple circuit analysis, the output of the sensor
equivalent shown in Fig. 5.2 can be obtained as:

I +w/2
L—wpa2 "™

where, V,.r is the reference voltage applied across the sheet, w is the contact width,
I is the contact distance from one of the ends as shown in Fig. 5.2, and L is the
length of the strip. Because the sensor is discretized in one direction, each scan-
ning of the sensor produces a set of at least n measurements from which the contact
shape is to be reconstructed. In comparison with the n? operations needed with a
conventional matrix sensor configuration, the number of measurements, and hence
the scanning time, is much lower in case of hybrid resistive tactile sensing. The
number of measurements in each scanning will, however, become 2n if two mea-
surements are made for each contact point—as in analog resistive touch sensing de-
scribed earlier. Similarly, the scheme discussed above requires a minimum of n + 2
connectors/wires (one for the V,.r, one for common ground, and n for the sensing
the individual strips) against 2n (without MUX) needed with a conventional matrix
sensor configuration.

Piezoresistive touch sensors are made of materials whose resistance changes with
force/pressure. Touch sensing system using this mode of transduction have been
used in anthropomorphic hands [25]. Piezoresistive tactile sensing is also popular
among the MEMS based and silicon based tactile sensors [26-28]. Some exam-
ples of piezoresistive sensors are given in Fig. 5.3. These examples also include the
sensors that are based on MEMS approach. The MEMS based tactile sensors are
described later in the section on tactile sensing structures.

Recently, the piezoresistive tactile sensors have been realized using materials
such as conductive rubber, conductive polymers, conductive gels, conductive fibers
and yarns, force sensing resistors (FSR), and pressure sensitive ink etc. Sometimes,
the changes in resistance of a conductive elastomer or foam is also termed as elas-
toresistance or elastoresistivity. However, for simplicity, the term piezoresistance is
used in this book. Some of these materials are described later in this chapter.

Vour = (5~4)
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Fig. 5.3 (a) An example of piezoresistive based MEMS traction stress sensor consisting of a plate
suspended with four bridge structures. (Characteristic dimensions: bridge = 22 x 12 x 2.35 pm,
plate = 100 x 100 x 2.85 um, pit depth ~ 100 um.) A polysilicon resistor is embedded in each
bridge (with permission from [28], ©(2000) IEEE); (b) An example of piezoresistive based flexible
MEMS sensors array (with permission from [30], ©(2006) IEEE); (c¢) Pressure conductive rubber
based touch sensor with wires stitched on it (with permission from [31], ©(2004) IEEE)

The tactile sensors based on a conductive polymer film called FSRs are widely
used in pointing and position sensing devices such as joysticks and are commer-
cially manufactured by Interlink [29]. FSRs have rows on one flexible substrate and
columns on another. They also feed the output voltage back to the other columns
to eliminate a flow of current between the measured column and the others. It takes
about 25 ps for the feedback loop to settle. Unlike other conductive polymer, pat-
terned FSRs therefore do not have in-plane conduction between the rows, which
reduces sensitivity. The FSR sensors are appealing, because of the low cost, good
sensitivity, low noise and simple electronics and, in fact, can be found in many ex-
perimental tactile systems. One of their drawbacks is the relatively stiff backing.
Although examples of advanced robotic hands equipped with FSRs exist [32, 33],
these sensors generally require serial or manual assembly, provide highly non-linear
response and suffer from hysteresis.

A number of touch sensors using pressure conductive rubber as transducer have
also been reported [31, 34]. They take advantage of change in impedance due to the
applied force/pressure. One such sensor by Shimojo et al. [31] is shown in Fig. 5.3.
The horizontal and vertical wires (i.e. rows and column wires) are stitched into a
layer of conductive rubber and the sensing elements of the array are formed at the
intersections of the rows and columns. A total of 16 x 3 sensor elements are obtained
in an area of 44 mm x 12 mm, with a pitch of 3 mm. The sensor elements show a
repeatable but non-linear and hysteric response to applied pressure in the range of
0-200 kPa. The delay between input and output is reported to be 1 ms, which is
expected to go up if the time taken by rubber to regain the original shape is also
considered. Presence of hysteresis and non-linearity are some of their drawbacks.

In recent years, the stretchable tactile distribution sensors based on conductive
sheets (made of one or more layers of conductive materials) have been developed
[35-37]. The electrical impedance tomography EIT? technique is employed in these

2Electrical impedance tomography (EIT) is an imaging technique used to estimate the internal
conductivity distribution of an electrically conductive body by using measurements made only at
the boundary of the body. The technique is also used in non-invasive medical applications.
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sensors to obtain the contact information. In this method, a conductive material with
electrodes placed on its boundaries is used as the tactile sensor. The current is in-
jected into the sheet via electrodes and impedance distribution is observed. On appli-
cation of pressure, the impedance distribution changes resulting in to the change in
current distribution, which can be quantified using EIT. The tactile sensing scheme
can be used to detect contact events such as stroking, pinching and grabbing. Since
most of the sensing area in an EIT based sensitive skin is made of an homogeneous
thin material without any wiring, a large, flexible and stretchable skin suitable to
cover small and large areas of variable three dimensionally contoured bodies can
be realized. The requirement of continuous current injection (and hence loss of en-
ergy) is a major area of concern that can hinder effective utility of this approach,
especially in the autonomous robots that rely on battery power.

Tactile sensors based on quantum tunneling composites QTC have also come
up recently and commercially available from Peratech [38]. QTC’s have the unique
capability of transformation from a virtually perfect insulator to a metal like con-
ductor when deformed by compressing, twisting or stretching of the material. These
materials are described later in this chapter.

The resistive tactile sensing technology is economical and simple to construct
and use. Further, the complexity does not increase with the size of the sensor sur-
face and the sensor can be produced with inexpensive materials. Another issue with
resistive touch sensing technology is the higher power consumption.

5.2.2 Capacitive Sensors

The capacitive measurement methods have been used for a long time in many appli-
cations to measure physical values like distance, pressure, liquid level, acceleration,
humidity, and material composition etc. The newer applications, widely using ca-
pacitive touch technology, include human-machine interfaces applications such as
laptop track pads, computer displays, mobile phones and other portable devices. The
capacitive measurement methods are also widely used in many MEMS based touch
sensing arrays such as those for high resolution tactile imaging of fingerprints. The
techniques has also been employed in robotics to detect contacts over large areas of
arobot’s body.

At the heart of any capacitive sensing system is a set of conductors that inter-
act with electric fields. Typically, the capacitive sensors are the plate capacitors
(Fig. 5.4), consisting of two identical and parallel metal plates or electrodes of area
A separated by a distance d with a flexible spacer (usually, silicone or air) of relative
dielectric constant ¢,. The basic principle behind working of a capacitive sensor is
detection of the change in capacitance when something or someone approaches or
touches the sensor. The capacitance of a parallel-plate type capacitor (Fig. 5.4) is
given as:

A
C=4nereog +Cy (5.5)
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where, & is the (electric) permittivity of a vacuum, and C is the contribution from
edges of the electrode (which tend to store more charge than the rest of the elec-
trode). Typically, A > d? in all designs for tactile sensors, therefore, the C f term
is negligible. The distance between the electrodes is usually lower, as the inverse
relation between capacitance and gap between electrodes is highly non-linear and
the sensitivity drops significantly with larger gaps.

When a force is applied on the capacitive sensors, it changes the distance between
the plates or the effective area—resulting in the changed capacitance. The normal
force changes the distance between the plates while tangential force changes the
effective area between the plates. The capacitive sensor are thus capable of detecting
touch by sensing the applied normal or tangential forces; however, they are not
efficient enough to distinguish these two types of forces. The change in capacitance
is eventually converted into a change in voltage by using an appropriate circuit® and
a measure of the applied force is obtained. The capacitive sensors therefore convert
the physical input signal to the output signal in two steps: firstly, by transducing
a physical quantity into a change of electric capacitance; then, by measuring and
converting the capacitive signal into an electric output signal.

The capacitive touch sensing systems are of two types: the self- or absolute ca-
pacitance type, where the object (such as a finger) loads the sensor or increases the
parasitic capacitance to ground; and the mutual capacitance type, where the object
alters the mutual coupling between two electrodes.

The self capacitance is defined as the capacitive load, relative to circuit ground,
that an electrode presents to the measurement system. A self capacitance type touch
sensor, shown in Fig. 5.5(a), has one electrode that represents one plate of the ca-
pacitor. The corresponding second plate is represented by the environment of the
sensor electrode and another conductive object, like a human finger, to form a par-
asitic capacitor CEjecrrode- The sensor electrode is the only direct connection to
the sensor controller. The capacitance of the sensor pad is measured periodically.
When a conductive object, like a human finger approaches or touches the electrode,
as shown in Fig. 5.5(b), the measured capacitance will increase by a value Crychn

3The measurement circuits used to measure the capacitance change are based on methods like, re-
laxation oscillator, Charge time versus voltage, Voltage divider, Charge transfer, and Sigma—Delta
modulation etc. The capacitance changes are measured using parameters like shift of resonance
frequency, frequency modulation, amplitude modulation, charge time measurement, time delay
measurement, and duty cycle etc.
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Fig. 5.5 (a) The self-capacitance type touch sensor with parasitic capacitance Cgjectrode; (b) The
additional capacitance Cr,ycp is generated when a conductive object touches the sensor
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Fig. 5.6 (a) The mutual-capacitance type touch sensor. CEjecrrode 1S the parasitic capacitance of
electrodes and Czyruq 1s the mutual capacitance between electrodes; (b) The additional capaci-
tance Croycn is generated when any object touches the sensor

and the change is detected by the measurement circuit. The capacitance of touch
is dependent on sensor design, sensor integration, touch controller design and the
touch itself. These sensors tend to emit electric fields in all directions, and as such
are quite non-directional. They are prone to false signals from parasitic capacitive
coupling. Measuring self capacitance does not easily lend itself to supporting simul-
taneous multiple contacts, which requires correlation of multiple X and Y touched
electrodes into multiple (X, Y) touch coordinates.

The mutual capacitance type touch sensors have two electrodes: an X (transmit)
electrode, and a Y (receive) electrode, as shown in Fig. 5.6. The mutual capacitance
is the capacitive coupling between the two electrodes. The arrangement is typically
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Fig. 5.7 (a) The capacitive tactile sensing module; (b) The magnified view of the sensing ele-
ments; (¢) The bottom electrodes and the spacers; (d) The schematic of the readout circuit; (e) The
cross-section view of one of the tactile sensors; (f) Flipped photographs of rubber stamps and their
tactile images captured by the tactile sensing module (with permission from [39], ©(2006) IEEE)

used in array type tactile schemes, with the intersection of each row and each col-
umn making a capacitor. A 16 x 16 array, for example, would have 256 independent
capacitors. A voltage is applied to the rows or columns. Bringing an object near
the surface of the sensor changes the local electric field which reduces the mutual
capacitance. The mutual capacitance from X and Y is measured by the sensor con-
troller. The arrangement of electrodes may differ from the one shown Fig. 5.6. For
instance, the two electrodes can also be in same plane as in interdigitated structures.
Further, different electrode patterns can be used to create a capacitive sensor. The
electrode pattern geometries are an important factor in the overall resolution and
touch sensitivity of the sensor. The advantages of mutual capacitance based touch
sensors include their ability to detect accurately the multiple contacts at the same
time.

The mutual capacitive type touch sensors are more suitable (than the self ca-
pacitive type sensors) for robotics applications as the arrangement allows contact
detection for human fingers (or conductive objects) and other objects. They can be
made by using micromachined silicon technology as well as by the conventional
non silicon technology. They can therefore be miniaturized, allowing construction
of dense sensor arrays as in many MEMS capacitive sensors, or can be to made
larger and suitable to cover various body parts of a robot. Examples of dense tac-
tile sensing arrays include the tactile sensing array by Lee et al. [39], consisting
of 16 x 16 capacitive cells or sensing elements. The key features of this capacitive
tactile sensor array, shown in Fig. 5.7(a)—(c), include its mechanical flexibility (ow-
ing to its construction using multiple PDMS layers) and scalability. The capacitive
tactile elements are formed at the intersection of the orthogonal row and column
(or upper and lower) copper electrodes. For maximum sensitivity, air gap (as dielec-
tric) is encapsulated between the electrodes at each intersection. The sensor size and
electrode size are 600 x 600 um? and 400 x 400 um?, respectively. The capacitance
change at every individual point on the grid is measured to accurately determine
the touch location by measuring the voltage in the other axis. The read out scheme
employed for this purpose is given in Fig. 5.7(d). The capacitance Cpsy;yq1 Of an
element is read in 100 psec (20 frames per second) by first selecting it with the help
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of row and column decoders. The voltage Ve is applied to row electrode of this
sensor to charge the capacitor. When V., is switched to ground, the stored charge
in the capacitor is transferred to the feedback capacitor C s and changes the output
voltage Vj as:
AVp = —AVMPM (5.6)
Cy

The resolution of tactile sensor response is 1 mN and the full scale range is 40 mN
(250 kPa). This capacitive tactile sensing systems is scalable, as multiple modules
can be stitched with each other. Realized using MEMS approach, the sensor is com-
posed of five PDMS layers (Fig. 5.7(e)), with the two copper electrodes embedded
in the PDMS membrane. Using PDMS elastomer is as a structural material is useful
in obtaining a mechanical flexible and compliant tactile sensing array. However, it is
challenging to precisely control the thickness of various PDMS layers. For the same
applied force, the variation of thickness of various layers results in variation among
the responses of various sensing elements in the array.

The examples of capacitive touch sensors obtained using non-silicon technology
include, the array of 16 capacitive sensors by Schmidt et al. [40]. The sensor cou-
ple to the objects being grasped via small brushes of fibers for dynamic sensing;
thus providing two types of dynamical tactile information—speed and vibration—
as analogous to the two types detected by human skin. This arrays furthermore is
paired with two foil-based piezoresistive force sensors for static sensing. The sen-
sor elements on the array are sensitive (with a threshold of about 5 mN) and robust
enough not to be damaged during grasping. Commercially available touch sensors
such as ‘RoboTouch’ and ‘DigiTacts’ from Pressure Profile Systems [41] are other
examples of capacitive touch sensors obtained using non-silicon technology.

Recently, the capacitive (and also resistive) touch sensing technology has made
its way to the human—machine interface applications such as mobile phones and
other portable devices. The development of ‘capacitance to digital converter’ Inte-
grated Circuit (IC) chips like ‘AD7147 and the AD7143 from Analog Devices [42]
has also contributed to wide usage of capacitive technology. These chips provide
excitation to the capacitance sensor, sense the changes in capacitance caused by the
user’s proximity, and provide a digital output. The availability of these chips have
made it easier to design paper-thin and reliable contemporary touch controls for
the capacitive technology based sensitive touch sensors. Availability of these capac-
itance to digital converter chips has also been helpful to robotics. The capacitive
robotic tactile sensing solutions, utilizing these chips have recently been reported
by Maggialli et al. [43]. The tactile skin developed in European Commission funded
project ‘Roboskin’, described later in this chapter, extensively employs these inte-
grated circuits with capacitive tactile sensors to cover various lesser sensitive body
parts of robots. Touch sensors based on capacitive mode of transduction are sensi-
tive, easy to fabricate, and immune to temperature variations, but stray capacity and
hysteresis are major drawbacks.
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Fig. 5.8 (a) The optical transducer before applying the force or before contact; (b) The opaque
pin moves downward after contact and blocks the block path of light between emitter and detector,
thereby reducing the intensity of light received by detector

5.2.3 Optical Sensors

The optical mode of transduction is another alternative for the tactile sensing
in robotics. In simple terms, the optical sensing involves “injecting” light into a
medium (generally, soft and deformable) and measuring the change in the amount
or the pattern of light when force is applied. Depending on how the amount or pat-
tern of light is detected, the tactile sensors based on optical mode of transduction
can be grouped into two categories [44]:

1. The extrinsic optical sensors, where the physical stimulus interacts with the light
external to the primary light path.

2. The intrinsic optical sensors, where the optical phase, intensity, or polarization
of transmitted light are modulated without interrupting the optical path.

Sometimes, optical fibers are directly used as the transducers in the design of tactile
sensors. Therefore, this could also be considered as the third category of optical
sensors. The working of optical tactile sensors, along with selected examples are
described below.

In case of extrinsic optical sensors, the transducer’s surface, generally made
of compliant material, has on its underside a grid of elongated pins, as shown in
Fig. 5.8. When force is applied to the compliant surface, the pins on the under-
side move downward and block the light path or modulate the light transmission
between emitter and detector. As evident from the names, the function of emitter
(a light-emitting diode (LED)) is to emit the light and that of detector (a photo-
detector) is to detect the same. The amount of downward movement and the degree
to which the light is blocked or allowed to pass, gives a measure of the applied force.
Correspondingly, the more the applied force, less is the amount of light received by
the detector. The major problems with this type of arrangement, especially when
the compliant surface is made of rubber, include: creep, hysteresis, and temperature
variations. Furthermore, calibration is needed for each emitter—detector pair. Unlike
resistive or capacitive sensors, the construction of this type of sensor is quite labor
intensive.



5.2 Tactile Sensing Based on Various Transduction Methods 91

Elastic Membrane

Light Source

- ~\

/
Light Wave Guide

*\: Emerging Light
Camera or any other
Light detecting device
Fig. 5.9 The optical tactile transducer based on the principle of frustrated total internal reflection

The intrinsic optical tactile sensors normally utilize the change in intensity of
transmitted light for measuring the tactile parameters such as contact force. Among
various possible configurations, the one based on frustrated total internal reflection
has been widely reported for the optical based tactile sensing. These tactile sensors
use the properties of optical reflection between media of different refractive index,
as shown in Fig. 5.9. The transducer structure is composed of a clear plate acting
as light guide, a light source, a light detector and a compliant membrane stretched
above, but, not in close contact with the plate. The lower surface of the plate acts
as the imaging area. Light is directed along an edge of the plate and it goes through
total internal reflection (when no force is applied) or diffuse reflection (when force is
applied). The total internal reflection occurs when light is propagating in the denser
of two media (i.e. refractive index, n, > n1) and strikes the interface at an angle
larger than a particular critical angle with respect to the normal to the interface (i.e.
nysin@ < ny, where 0 is the angle of incidence at the interface of two media). The
light coming out of plate due to diffuse reflection can be recorded either by an array
of photodiodes, solid state optical sensors, CCD or CMOS cameras placed in the
imaging area or transported away from the sensor by optical fibers. The intensity of
the light (bright or dark patches on image) is proportional to the magnitude of the
pressure between object and plate. A weak point of these tactile sensors is the large
consumption of current by various components.

With suitable design, this kind of sensor can also be made sensitive to shear
forces. The optical waveguide based three axial tactile sensor by Okha et al. [45]
is one such example. The sensing arrangement, shown in Fig. 5.10, designed in a
hemispherical dome shape, mimicking the structure of human fingertips, consists of
an array of 41 pieces of sensing elements made from silicon rubber, a light source,
an optical fiber-scope, and a CCD camera. The silicone rubber element comprises
of one columnar feeler and eight conical feelers. When sensor comes in contact with
an object, the feelers collapse at the point of contact. At the points where the conical
feelers collapse, light is diffusely reflected out of the reverse surface of the optical
waveguide. The collapsed feelers are observed as bright spots in the image data
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Fig. 5.10 Three-axis optical tactile sensor (with permission from [48]) capable of detecting forces
in both normal and shear direction

acquired by the optical fiber-scope, connected to the CCD camera, and transmitted
to the computer. In measurement process, the normal force of the Fy, F and F;
values are calculated using integrated gray-scale value, while shearing force is based
on horizontal center point displacement. The sensor is capable of measuring normal
and shear forces in the range 0-2 N, with a resolution of 0.001 N.

The intrinsic optical tactile sensing has also been used to develop the tactile sens-
ing structures that can cover large body parts of a robot. Examples of such structures
include the 32 element lightweight, conformable and scalable large area skin by
Ohmura et al. [46]. The sensing element consists of photo-reflectors (3.2 x 1.1 x
1.7 mm) under the urethane foam (thickness 5 mm) and the light scattered by ure-
thane foam upon deformation gives the measure of mechano-electrical transduc-
tion. The foam thickness controls the dynamic range and sensitivity of the sen-
sors. This work is also explained later in the section on tactile sensing structures.
The KINOTEX tactile sensors that use similar method, are also commercially avail-
able [47].

The fiber Bragg grating FBG based sensors also belong to the extrinsic optical
sensors category. The basic principle of an FBG based sensor system lies in the
monitoring of the wavelength shift of the returned Bragg-signal. The wavelength
shift is a function of the parameter to be measured (e.g. strain, temperature and
force). The 3 x 3 tactile sensor by Heo et al. [49] is an example of the FBG based
optical tactile sensors. The sensor capable of measuring normal forces as low as
0.001 N with the spatial resolution of 5 mm.

Highly sensitive electrooptical tactile sensors based on CdS nanoparticles (capa-
ble of emitting visible light or the electroluminescence light on application of load)
have been reported recently by Maheshwari and Saraf [50]. This tactile sensing is
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described the next section, where many other new materials for tactile sensing are
also described.

Many times fibers have also been used as transducers in the design of tactile
sensor. As an example, the light coupling between adjacent fibers can be used to
detect the contact events. Usually, the light propagates along an optical fiber with
very little loss. However, the light can leave and enter the fiber from a point if its
surface at that point is roughened. Therefore, light coupling can take place between
two optical fibers passing close to each other, and both having a roughened surfaces.
Measuring the increase in light attenuating due to microbending (which otherwise
is considered as a disadvantage of the optical sensors) is another way of using the
optical fiber as transducers. This effect has been put to use in microbend touch
sensors by Winger and Lee [51]. The experimental 2 x 2 robot sensor is capable
of detecting a 5 gm variation in the applied load within its linear region, which
ranges between 125 gm and 225 gm per sensor element. The plastic optical fibers
have also been used for the tactile sensor working on the principle of microbend-
ing [52]. With plastic optical fibers the limitations like rigidity and fragility can be
overcome.

Some potential benefits of optical tactile sensors include, immunity to external
electromagnetic interference, flexible, intrinsic safety, high resolution, low cost, and
design simplicity. Some of the optical sensors suffer from the loss of light, for exam-
ple by micro bending and chirping, causing the distortion in the signal. Owing to the
paraphernalia needed to emit (source) and receive (detector) the light, at times they
are bulky and it is difficult to reduce their dimensions. With the advent of smaller
surface mounted silicon components it is possible to mount the small light emit-
ter and detector pair inside the sensing element itself—raising hopes for small size
optical tactile sensing systems.

5.2.4 Magnetism Based Sensors

The touch or tactile sensors based on magnetic transduction are developed using
two approaches. Firstly, the sensors measuring the applied force led change in the
magnetic flux using either the Hall effect or magnetoresistance.* Second, the sensors
measuring the change in the magnetic coupling or change in the inductance of a coil
as a result of applied force or pressure. A few tactile sensors using these approaches
have been reported in literature [53-55].

4The charge carriers flowing through a conductive material, in presence of a magnetic field, expe-
rience a force orthogonal to their flow directions and the magnetic field direction. As a result the
charge carriers are deflected, leading to the appearance of Hall potential in direction of the deflec-
tion. This is termed as Hall Effect. Due to this deflection, the charge carriers take a longer path
to travel the length of the conductive material, meaning that the deflected particles have a lower
mobility and hence an increased electrical resistance. This effect is known as magnetoresistance.
Both the Hall effect and magnetoresistance can be used to measure magnetic field intensity.
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Fig. 5.11 Compliant
magnetic tactile sensor (with Dome Hall Effect Sensor
permission, from [55]).
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If a very small permanent magnet is held above the Hall effect type detection de-
vice by a compliant medium, the change in flux caused by the magnet’s movement
due to an applied force can be detected and measured. The field intensity follows
an inverse relationship, leading to a nonlinear response, which can be easily lin-
earized by processing. In case of the Hall effect type detection devices, the change
in magnetic flux is reflected into the change in Hall voltage, which can be easily
measured. In a similar way, the magnetoresistance type detection devices are also
used. It may be noted that a Hall effect sensor is only sensitive to magnetic fields
in one direction while the magnetoresistive effect can be used to detect magnetic
field having any orientation within a plane normal to the current flow. An example
of Hall effect type tactile sensing arrangement is given in Fig. 5.11 [55]. This tactile
sensing arrangement by Eduardo et al. has a small magnet embedded in the top of
the dome. The base of the dome is glued to a printed circuit board (PCB), which
also contains four Hall effect sensors. The difference in the signals from these four
sensors is used to detect roughly the lateral displacement and the average of signals
is used to obtain the vertical displacement. Four domes, similar to the one shown in
Fig. 5.11(a), have been used at each phalange of robot’s finger. The sensitivity of the
sensor can be controlled by changing the shape of the domes. The optical version of
this sensing arrangement has also been presented by Eduardo et al. [56]. All these
sensing arrangements can detect normal, lateral and shear forces. Further, they can
deal with the saturation when applied forces are out of range. The arrays of sensors
by Eduardo et al. [55, 56] have also been tested in robots like Obrero and GoBot
while doing actual tasks.

In the case of sensors measuring the change in the magnetic coupling or change
in the inductance of a coil as a result of the applied force or pressure, the core of the
inductor is generally made of magnetoelastic materials. The magnetoelastic mate-
rials deform under pressure and cause the magnetic coupling between transformer
windings, or a coil’s inductance to change. These materials change their magnetic
permeability when they are deformed. A sensor array of 16 x 16 magnetoelastic
sensor elements with 2.5 mm spacing has been reported by Luo et al. [57].

The tactile sensors based on magnetic principle have a number of advantages that
include high sensitivity and dynamic range, no measurable mechanical hysteresis,
a linear response, and physical robustness. They are capable of measuring three
dimensional force vectors. Major drawback of magnetic based tactile sensor is that
they cannot be used in magnetic medium.
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Fig. 5.12 Working of an
ultrasonic tactile sensor
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5.2.5 Ultrasonics Based Sensors

The ultrasonic transduction for tactile sensing is one of the methods where me-
chanical transduction is decoupled from electrical transduction. A typical ultrasonic
sensing arrangement, shown in Fig. 5.12, involves a thin rubber covering that is
deformed when an object presses into it. The amount of this deformation depends
upon the magnitude of the force applied to the object and the stiffness of the rub-
ber. Underneath this rubber covering are ultrasonic transmitters and receivers. The
ultrasonic transmitters launch a small ultrasonic pulse of a few megahertz into the
rubber pad. This pulse then propagates through the pad and is reflected from the ex-
posed surface of the rubber. The reflected or echo pulse is received by the receiver,
which is usually the same element that launched it. The round-trip travel or transit
time is proportional to the thickness of the rubber pad overlying a particular tactile
element. Therefore, by measuring the change in the round-trip travel or transit time
(i.e. 1 — tp) of the pulse, it is possible to measure parameters like change in the
thickness of the rubber pad (i.e. d; — d>) and hence the applied force. The operation
of the sensor can be expressed as:

1
dy—dr= E(Il —1n) (5.7

1
F=kid —dy) =5kt —12) (5.8)

where, F is the compressing force, ¢ is the speed of propagation of the ultrasonic
wave in the rubber covering, and k is the rubber stiffness. Typically, the ultrasonic
pulse transit times through the pad and back are on the order of few microsec-
onds and changes in pad thickness of a few microns can therefore be detected. The
strength of the echo pulse depends upon the acoustic properties of the rubber pad
and the material contacting the pad.

The microphones based on ultrasonics have been used to detect surface noise
occurring at the onset of motion and during slip. A 2 x 2 tactile array of polyvinyli-
dene fluoride (PVDF), by Ando and Shinoda [58], senses contact events from their
ultrasonic emission at the contact point. Here, PVDF polymer is used as receiver
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to localize the contact point on a silicone rubber-sensing dome. The sensor is re-
portedly very effective in detecting slip and surface roughness during movement.
The piezoelectric materials such as PVDF polymer and PZT are typically used as
transmitters and receivers in the ultrasonic sensing applications.

The six-axis deformation sensing scheme by Ando et al. [59] is another exam-
ple. The deformation sensing scheme is based on precise encoding and decoding of
deformation components into ultrasound wavefronts. The arrangement consists of
a 2 x 2 ultrasonic transmitter matrix and a 2 x 2 ultrasonic receiver matrix, placed
face to face at a distance of a few tens of wavelengths. The prototype tactile sensor
is embedded in a flexible hemispherical fingertip-like body. All of the transmitter
elements are driven sinusoidally and simultaneously, but they are switched into the
same, reversed, or quadrature phases to generate a particular shape of wavefront on
the receiver matrix. The sensing scheme is able to detect three translational compo-
nents and three rotational components of displacement around a transmitter position
nearly simultaneously.

The resonant frequency of the piezoelectric materials changes when they come in
contact with the objects having different acoustic impedances [60, 61]. The change
in resonance frequency of the sensor, in accordance with the contact object’s acous-
tic impedance, is also sometimes used to detect contact parameters. The change in
resonance frequency has been used for detecting hardness and/or softness of objects
[62] and to detect force/pressure [63]. Simple and elastic tactile sensors utilizing
acoustic resonance frequency to detect contact parameters like principal stress, fric-
tion, and slip are also described in [64, 65]. The ultrasonic-based tactile sensors
have fast dynamic response and good force resolution. However, many such sen-
sors use materials like lead zirconate titanate (PZT), which are difficult to process
in miniaturized circuits.

5.2.6 Piezoelectric Sensors

The piezoelectric transducers generating charge/voltage proportional to the applied
force/pressure. They are also able to generate force due to applied electrical in-
put. They can therefore be used both as sensors and actuators—the property that
makes them ‘Smart Materials’. The mechanical and electrical transduction are cou-
pled in case of piezoelectric sensors. A simplified explanation of the piezoelectric
phenomenon and the main concepts and working of piezoelectric sensors and trans-
ducers are given in Appendix A of this book.

A typical piezoelectric tactile sensor element has the same construction as the
capacitance-based sensors (Fig. 5.4), where the dielectric material is piezoelectric
with thickness # and area A. The piezoelectric material deforms by A¢ on touching
with contact force F to generate charges +Q and —Q at the two electrodes. As
the element is also a capacitor, the induced charge leads to a potential V across the
tactile element, as given by:

QO dF dt
V==~—=——F 5.9
C C dree, A
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Fig. 5.13 An endoscopic grasper prototype integrated with the piezoelectric tactile sensor. The
photograph (left) of the endoscopic grasper prototype and (right) the expanded view of the piezo-
electric polymer PVDF based tactile sensor unit (with permission, from [66], ©(2000) IEEE)

where d is the piezoelectric constant of the material and C is the static capacitance.
As given in Appendix A, d is a tensor with values depending on the orientation
of the crystal in the film. For a simple uniaxial case (most often used) the tensor
notation of d would be d33. Similar to the capacitance-based device, the sensitivity
of response to the applied contact force F is proportional to the signal V. However,
in contrast to the capacitance device, the value of ¢ should be large and that of
& should be low. In other words, to achieve high sensitivity, the d/e, ratio of the
piezoelectric material must be as large as possible.

The piezoelectric sensors are highly sensitive with high voltage outputs even to
small dynamic contact deformations. If a load is maintained, then the sensor output
decays to zero. Therefore, these sensors are most suited for sensing dynamic forces.
The sensing elements do not require power supply for its operation, and hence the
sensor using piezoelectric transduction are reliable and efficient in terms of power
consumption. Depending on the design of the sensor, different modes (longitudinal,
transversal and shear) can be used to load the piezoelectric element. The tactile
sensors based on piezoelectric transduction exhibit high sensitivity, a large dynamic
range, a wide bandwidth with good linearity, and a high signal-to-noise ratio (SNR).
The piezoelectric materials often used in tactile sensing schemes are described later
in the section on tactile sensing materials.

A large number of tactile sensors, using either silicon micromachining technique
or simply the polymer foils, have been reported in literature. A tactile sensor de-
veloped using PVDF piezoelectric polymer film and micromachining techniques is
given in Fig. 5.13. This tactile sensor unit, by Dargahi et al. [66], is integrated with
an endoscopic grasper suitable for minimally invasive surgery. The micromachined
silicon part is patterned like a rigid tooth-like structure to transfer force to the PVDF
film. As may be noted from Fig. 5.13, the sensor structure consist of three layers:
the top layer, made of micromachined silicon to have a rigid tooth-like structure; the
bottom layer, a flat plexiglass substrate; and, a 25 pm thick PVDF film sandwiched
between the plexiglass and silicon. The top side of PVDF film consists of four strips
of aluminum electrodes and the bottom side has a single common electrode. Four
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output signals are therefore derived from the sensing device. When force is applied
to any point on the surface of the silicon part, the stress in the PVDF results in a
polarization charge at each surface. The difference between the response signals at
four electrodes is used to indicate the localized position of the applied force.

A stress-component-selective tactile sensing array, based on piezoelectric poly-
mers is presented in [67]. This multi-component touch sensing array consists of an
assembly of seven elemental sub-arrays—each consisting of six miniaturized sen-
sors, supported by a polyimide sheet and sandwiched between two elastic layers.
Dario and Buttazzo [68] have developed a anthropomorphic robotic finger that uses
piezoelectric polymer (PVDF) film as tactile sensor. This sensor contains two force-
sensing layers and has the additional capability of sensing thermal properties. PVDF
film sensors are also used in another implementation of robotic fingertip by Hosoda
et al. [69]. In this arrangement, the PVDF films and strain gauges sensors are ran-
domly embedded into a silicone layer.

Some other piezoelectric transduction based tactile sensors, including novel
POSEFET tactile sensing devices and the high resolution tactile sensing arrays, are
discussed in Part II of this book.

In general, the piezoelectric transducers also exhibit pyroelectric properties, i.e.
they generate charge/voltage when contact or ambient temperature changes. This is
useful property as same sensor can be used to measure multiple contact parameters
such as force and temperature. However, it is difficult to decouple or separate the
responses when both piezoelectric and pyroelectric effects occur simultaneously.
In such cases, the contribution from one of the effects could become significant
source of noise in the overall response. For instance, if contact force is the parame-
ter of interest, then ambient temperature variation may introduce noise in the over-
all response. Thus, protection from thermal variations may be necessary if force or
pressure variations are important. Such errors can also be mathematically compen-
sated, as explained later in Chap. 8, by recording the temperature variations with a
temperature sensors and finding out corresponding pyroelectric response from pre-
recorded database. The latter can then be subtracted from overall response to obtain
the response due to force or pressure only.

5.2.7 Electrorheological Sensors

Some gels or electrorheological (ER) fluids have the ability to transform from a lig-
uid to a plastic state, in milliseconds, on application of a strong electric field across
them. This is known as the electrorheologic effect. The fluid viscosity of the ER
fluid is proportional to the applied field strength. The ER fluids are a suspension
of a dielectric solid or polymeric particles (the dispersed phase) in an insulating
base oil (the continuous phase), which under normal conditions behaves as a New-
tonian fluid. Examples of ER fluids include, silicone oil with Naj2Al12Si1204g, and
a nematic liquid crystalline (LC) E7 mixed with lithium polymethacrylate (LiPMA)
[70]. A widely accepted description of the electrorheologic effect states that the
dielectric solid particles in the fluid become polarized and form microstructures
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(chains or clusters) under the presence of an electric field. Whereas a majority of
applications use the ER fluids in shear mode, they are subjected to both shear and
squeeze in case of tactile arrays.

A tactile actuator and a matching sensor, based on the aforementioned principle,
is reported by Voyles et al. [71]. The actuator—sensor pair has male—female sym-
metry for the purpose of remote monitoring of touch sensing. The fingertip-shaped
sensor detects contact events on its external surface using a gel layer as a dielec-
tric in capacitive sensing, while the similarly shaped actuator recreates the remotely
sensed tactile events on its internal surface by changing the solidity of areas of the
gel in contact with the human operator. The ER fluid based robotic fingers have also
been reported in literature [72].

The ER fluids are attractive because they are controlled electrically, which is
convenient as there are no moving parts. They require little power (although volt-
ages can be very high) and they can be made very compact. In fact, the smaller
the dimensions, the higher the field strengths and the stronger the ER effect. These
characteristics make ER fluids attractive for the haptic interfaces.

5.2.8 Magnetorheological Sensors

Similar to the ER effect, discussed above, there exists magnetorheological (MR) ef-
fect whereby the MR fluids exhibit rapid, reversible and significant changes in their
rheological (mechanical) properties while subjected to an external magnetic field
[70]. The MR fluids are suspensions of micron sized ferromagnetic particles dis-
persed in different proportions of a variety of nonferromagnetic fluids. As with ER
fluids, the MR fluids are also in liquid state without external stimuli. While MR flu-
ids are subject to a magnetic field, they behave as solid gels, typically becoming sim-
ilar in consistency with dried-up toothpaste. In recent years, MR fluid based haptic
displays and haptic interfaces have been investigated by some researchers. Carlson
and Koester have developed a prototype of portable hand and wrist rehabilitation
device based on MR fluid [73]. MR fluid have also been used to construct tactile
and haptic displays to replicate perceived biological tissue compliance [74, 75]. The
challenges of producing strong magnetic fields over large surface areas, however,
limits the application of MR fluid sensors.

From above discussion it may be noticed that tactile sensors based on nearly all
possible modes of transduction exist. Some of the least explored transduction meth-
ods not explained above include, electrochemical and acoustics methods. The ad-
vantages and disadvantages of some of the frequently used tactile sensing methods
are summarized in Table 5.2. Some of these methods combine mechanical and elec-
trical transduction (e.g. capacitive, resistive, and ferroelectric) and some other do not
have such coupling (e.g. optical, ultrasonic, and magnetic). The main problem with
coupled mechanical—electrical transduction schemes is the difficulty in optimizing
one form of transduction without compromising the other. This is simply because
there is no material with just the right combination of mechanical and electrical at-
tributes. By separating the mechanical and electrical transduction in the sensor, both
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Table 5.2 Merits and demerits of various tactile sensors types and implementations

Sensor Type Merits Demerits
Resistive 1. High Sensitivity 1. High Power Consumption
2. Low Cost 2. Generally detect single contact point
3. Lack of contact force measurement
Piezoresistive 1. High sensitivity 1. Stiff and Frail
2. Low Cost 2. Non-linear response
3. Low noise 3. Hysteresis
4. Simple electronics 4. Temperature sensitive™
5. Signal drift
Capacitive 1. Sensitive 1. Cross-talk
2. Low Cost 2. Hysteresis
3. Availability of commercial 3. Complex electronic
A/D chips
Optical 1. Sensitive 1. Bulky
2. Immune to electromagnetic 2. Loss of light by micro bending
interference
3. Physically flexible 3. Chirping
4. Fast response 4. Power consumption
5. No interconnections 5. Complex computations
Ultrasonic 1. Fast dynamic response 1. Limited utility at low frequency
2. Good force resolution 2. Complex electronics
3. Temperature sensitive
Magnetic 1. High sensitivity 1. Restricted to non-magnetic medium
2. Good dynamic range 2. Complex computations
3. No mechanical hysteresis 3. Somewhat bulky
4. Robust 4. High Power consumption
Piezoelectric 1. High Sensitivity 1. Temperature sensitive
2. Dynamic Response 2. Lacks robust electrical connections
3. High bandwidth 3. Unsuitable for static contact events
Conductive 1. Mechanically flexible 1. Hysteresis
rubbers/composites 5 Eagy fabrication 2. Non-linear response
3. Low cost 3. Slow time response

forms of transduction can be optimized without compromising the other. Consider
for instance, the elastic material typically used in the sensor covering can be chosen
for the most appropriate combination of stiffness, resistance to abrasion, tearing,
oxidation, chemicals and other environmental factors. Since the rubber covering
simply overlies the sensor, it can be replaced when it is worn or damaged or when
different rubber characteristics are required; such as less stiffness to provide higher
force sensitivity.
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5.3 Materials for Tactile Sensing

In the past, most devices have relied on fairly rigid, solid materials for their con-
struction. Perhaps this was the natural choice to start as rigid systems are simpler
and there are fewer variables to control or design. Nowadays, however, there is a
demand for flexible large-area sensors that can be embedded, for example, into the
flexible skin material of robotic fingers and used for sensing multiple locations. Tak-
ing cues from human tactile studies and the physical nature of the tissues and skin, it
seems that softer materials may have much to offer. Elastic overlays and compliant
contact surfaces are often advocated for their frictional and other properties, even
if their low pass filtering behavior can be a disadvantage. Softer materials such as
rubber, fluids and powders are therefore being examined. Some commercial touch
sensors like those from Tekscan [76] using pressure sensitive ink or rubber are al-
ready available. Conductive gels have been considered for their remarkable softness
showing a 20% change in impedance for pressure 0-400 kgf/cm? [77]. A range
of materials with different consistencies have been examined in [78] for impact
and strain energy dissipation conformability to surfaces and hysteresis effects. It is
found that soft surfaces have more desirable characteristics for contact surfaces than
hard materials. Among soft materials, gels are better than plastic, rubber, sponge, or
paste, with powders being the second best. A range of materials used in various
tactile sensing schemes are discussed in this section.

5.3.1 Piezoelectric Materials

Piezoelectric materials are insulators that generate charge when they are mechan-
ically deformed or strained. As explained in Appendix A, the charge generation
can occur in two ways: Firstly, due to specific crystal structure of the material—
the deformation causes the cations and anions to move asymmetrically, thus leading
to a high polarization; and, second by aligning the permanent dipole moment of
the molecules forming the crystal. The piezoelectric effect arising from the crystal
structure usually occurs in inorganic materials, such as BaTiOs3, the lead zirconate
titanate class of ceramics (Pb(Zr, Ti{—, )O3, PZT), ZnO, and CdS. The molecular ef-
fect is observed for macromolecules that have intrinsic permanent dipole moments,
such as PVDF, and nylon [79].

A wide variety of materials, including PZT, ZnO, and PV DF have been used
to make tactile devices. As the material is not perfectly oriented, they are normally
“poled>” in the direction orthogonal to the film plane to achieve maximum polariza-
tion. In this way the value of piezoelectric constant (d) is increased to the maximum
that is practically feasible. The PZT and PV DF are the materials of choice for

SPoling is the method of aligning or orienting the dipoles in a particular direction. Generally, poling
is done by applying a strong electric field (sometimes in combination with mechanical processes
such as stretching), whose direction also sets the direction of polarization.
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tactile sensing because of the requirements for high sensitivity, ease of fabrication,
and mechanical properties. In particular, PZT has a higher piezoelectric constant
(d33 = 117 pC/N) than single-crystalline materials such as quartz (d1; = 2.3 pC/N)
and zinc oxide (d33 = 12 pC/N), and additives can be used to alter its electrical and
mechanical properties. PVDF has a lower piezoelectric constant (d33 = 30 pC/N),
but its much lower ¢, value (100-fold lower than PZT) makes it an ideal material
to make tactile devices [80]. Furthermore, the polymers such as PVDF have some
excellent features, such as, mechanical flexibility, workability and chemical stabil-
ity [81]. The low cost and ease of processing the polymer (compared to ceramics)
has also led to its wide use as a piezoelectric material. A marked phenomenological
analogy exists among epidermis sample of human skin and PVDF [82]. The PVDF
or its copolymers have been used in a large number of tactile sensing schemes, in-
cluding one based on piezoelectric effect and also the ultrasonics [66, 83-86].

5.3.2 Conductive Polymer Composites

The conductive polymer composites (CPC) are becoming popular and offering at-
tractive alternatives for developing new generation of mechanically flexible tactile
sensing devices that can be wrapped around curved surfaces and spanned over large
areas (tens of cm?). The CPCs are obtained by adding micro/nano sized conduc-
tive filler particles or structures to an insulating polymer matrix. Incorporation of
conductive fillers into a host polymer/elastomer matrix constitutes an excellent ap-
proach for the development of special materials, which combine electronic con-
ductivity with elasticity and other important mechanical properties imparted by the
insulating rubber (polymer/elastomer) matrix. Investigators have used conductive
filler materials such as carbon based fillers (e.g. carbon black, graphite powder, car-
bon fibers) and metal particles or metal flakes (e.g. Ni, Cu, Ag, Al and Fe). On
compression the polymer matrix deforms and the filler particles are brought closer,
thereby causing an increase in conductivity. Therefore, the sensor based on these
materials are essentially piezoresistive in nature. The transition of the composite
from insulator to conduction, commonly explained using statistical models and per-
colation theory [87-89], takes place when the volume fraction (V,) of the conductive
filler particles is above a certain value, which is called percolation threshold.® The
conductivity rises at the percolation threshold as the conductive particles begin to
aggregate to produce chains of particles in intimate contact, providing conductive
paths spanning the sample. The conductivity increases rapidly as more percolation
paths form until saturation is approached, when the conductivity rises slowly to its

5The percolation theory model fails below the percolation threshold, where it predicts that the
composite is an insulator. Effective medium theories have been developed that provide a good
description of the evolution of the conductivity across the full range of filler concentrations. Dis-
cussion on such theories is beyond the scope of this book and reader may refer to relevant literature
[87].
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maximum value or resistance (or piezoresistance) falls to minimum value. Theoret-
ically, the percolation threshold for uniformly dispersed (random distributed) parti-
cles is about 16% by volume [90]. In practice, however, the value may vary between
1-30% as it depends on the shape and size of the filler particles, which affect their
spatial distribution [19]. If relationship between compressive strain, conductivity,
and the mechanical properties of the composite film are known, the local strain (and
stress) can be obtained by measuring the local conductivity through the film.

Several conductive polymer composites have been explored for tactile sensing.
Depending on the type of filler particles, they can be categorized as composites with:
(a) metal nanoparticle fillers; (b) conductive polymer nanoparticle fillers; (c) carbon
microcoil fillers; (d) graphite nanosheet fillers; (e) carbon black nanoparticle fillers;
and (f) carbon nanotube (CNT) fillers. These conductive polymer composites are
explained below, with suitable examples.

5.3.2.1 Conductive Polymer Composites with Metal Nanoparticle Fillers

The conductive polymer composites with metal nanoparticle fillers include QTC
(Quantum Tunneling Composites) by Peratech [38], which consists of nickel parti-
cle (with sharp projections) in silicone matrix. Typically silicone rubber matrix is
used in various composites because it has excellent elastic, thermal, and mechanical
properties and a very good environmental stability. The QTC sheets are mechani-
cally flexible and the flexibility depends on the grade of elastomer used as matrix,
the filler loading and the sheet thickness. Thin sheets with low filler loading are
the most flexible. The principal conduction mechanism depends on the tunneling
between filler particles, which is evident from the exponential dependence of sam-
ple response on deformation. In QTCs the metal particles never come into contact.
Rather they get so close that quantum tunneling (of electrons) takes place between
the metal particles. The transition from insulator to conductor follows a smooth and
repeatable curve, with the resistance dropping exponentially. Under modest com-
pression the resistance of QTC can fall from about 10'2-10'3 © to less than 1 €,
an exceptionally large dynamic range for a property of a solid material at room
temperature [91]. When compressed into the low resistance state these composites
can carry large currents without observable damage. Robot hands with QTC based
tactile sensors have also been reported in literature [92, 93].

5.3.2.2 Conductive Polymer Composites with Conductive Polymer Fillers

There has been a growing interest in the intrinsic conductive polymers (ICP) due
to their good electrical properties. Examples of these polymers include polypyrrole
(PPy), polythiophene (PTh) and polyaniline (PANI) [94]. These polymers are either
used as fillers in composites or coated on textiles. The modification of fibers and
yarn using conductive polymers is an interesting approach for obtaining “intelligent
textiles”. Conductive fibers and yarn are discussed is a separate section later in this
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Fig.5.14 (a) The schematic of porous nylon—polypyrrole composites based flexible tactile sensing
array; (b) The 32 x 32 array realized on polyimide substrate (with permission from [95], ©(2008)
IEEE)

chapter. The examples of tactile sensors based on composites with ICP fillers in-
clude the 32 x 32 flexible tactile sensing arrays developed by Yu et al. [95]. The
array consists of 32 x 32 sensing elements, each of which consists of interdigitated
copper electrodes on a flexible polyimide (PI) film. The overall size of the array is
89.9 x 89.9 mm?, the sensing element size is 1 mm x 1 mm size and the center—
center distance between two sensing elements is 1.9 mm. The PI film is covered
with porous nylon, to which polypyrrole fillers are electrochemically added. The
fillers are added only on the pre-defined positions of interdigitated electrodes. The
scheme and the fabricated tactile sensing arrays are shown in Fig. 5.14. The polypyr-
role polymers (electrical conductivity in the range 500-7500 S/cm) form electrically
conductive paths in the porous nylon. These conductive paths are shortened when
external pressure is applied and as a result the resistance decreases. An interesting
aspect of this sensor is that more conductive paths are formed in the absence of
conductive materials such as water. This property allows using the same sensor to
measure contact pressure/force and also the moisture sensation. The flexible tactile
sensor has stable sensitivity (AR/Ry) of 0.1%/kPa for pressure up to 30 kPa. An-
other example of composites with conductive polymer fillers is the strain sensor by
Flandlin et al. [94]. The strain sensing material is obtained by mixing an insulating
latex of styrene-butyl acrylate copolymer with a colloidal suspension of polypyr-
role. Since elastomer molecules as a matrix can be more thoroughly mixed with the
conductive polymer, the composites made from them offer an attractive alternative
for sensing applications.

5.3.2.3 Conductive Polymer Composites with Carbon Microcoils Fillers

Tactile sensors using composites with uniformly distributed carbon microcoils
(CMCs) fillers in the silicone matrix have been proposed by Chen et al. [96]. The
carbon microcoils have a three dimensional spiral structure with 10-15 um diam-
eter. Obtained by the Ni catalyzed pyrolysis of acetylene, these microcoils can be
stretched up to 5-10 times their original lengths. The changing LCR (inductance,
capacitance and resistance) parameters of the CMCs (increase with extension and
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Fig. 5.15 The tactile sensor system based on graphite—elastomer composites; (a) The base of flex-
ible sensor array on PCB; (b) The electrodes on the sensor array covered with graphite—elastomer
composite. The tactile sensing arrangement is integrated on the forearm of a robotic hand (with
permission from [98], ©(2003) IEEE)

decrease with contraction) is used to detect the applied force. The micro tactile ele-
ments, 80 x 80 x 80 um? in size, have high sensitivity of 0.3 mgf (1 Pa) and response
time of the order of milliseconds.

5.3.2.4 Conductive Polymer Composites with Graphite Nanosheet Fillers

Conductive graphite filler based composites present another alternative for tactile
sensors. Composites with graphite nanosheet fillers (diameters ranging from 5—
20 ym and thickness from 30-80 nm) incorporated in to poly(methyl methacry-
late) (PMMA), polystyrene (PS), nylon 6, and silicone rubber have been reported
in literature [97]. In each case only a slight amount of graphite nanosheet (about
1.0 vol %) is sufficient to satisfy the critical percolation transition. The advantage
of lesser amount of graphite fillers is that the satisfactory electrical properties are
achieved without compromising the mechanical properties of the composite. The
graphite nanosheet—silicone rubber composite with 1.36 vol % of graphite nanosheet
exhibits a much stronger and reversible positive piezoresistive effect. The change of
electrical resistance is many orders of magnitude of pressing and a high sensitivity
of the finger-pressure range. An implementation of graphite—elastomer composites
for robotic tactile sensing system is reported by Kerpa et al. [98]. The sensor, shown
in Fig. 5.15 consists of a 10 x 23 array of electrodes on a printed circuit board
(PCB) which is covered with a few millimeters thick foam made of cellular rubber—
graphite fillers composite. The overall size of tactile array is 175 mm x 376 mm
and the spatial resolution of the sensors is 15 mm. The wiring is done on the PCB.
Under pressure the resistance between the foam and the electrodes changes and this
change is measured via the electrodes. The electrodes are selected via multiplex-
ers and the corresponding signal is forwarded to a microcontroller, where signal is
digitized, locally pre-processed, and converted in to a serial data stream. The serial
data stream is transferred via CAN bus to the main control PC. The tactile sensor by
Kerpa et al. [98] requires loading for at least 20 seconds before precise pressure can
be measured. A common issue with conductive composites is that the creep of poly-
mer matrix results in the time dependence of the composite resistance. The graphite
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filler based composites are thus not completely free from such issues, even if their
performance in this regard is better than other composites [97].

5.3.2.5 Conductive Polymer Composites with Carbon Black Fillers

Carbon black, an amorphous form of carbon, is another material which is widely
used as a conductive filler. Carbon black with only small diameter and large sur-
face area are suitable as the filler to improve electric conductivity. An example of
carbon black based sensors includes the low cost solution for thin (0.125 mm) and
flexible pressure sensor array by Wang et al. [99]. The sensing element uses conduc-
tive carbon black powder and vulcanized liquid silicone rubber as conductive filler
and insulating matrix, respectively in the mass ratio of 0.08:1. The sensing array
consists of nine sensing elements, formed at the intersections of rows and columns
electrodes. The rows and column electrodes have been realized on opposite surfaces
of the composite. On application of force, the gap between carbon black particles is
reduced and they touch or come close to each other—leading to the formation of lo-
cal conductive path due to contact effect or tunneling effect. The change is resistance
is thus gives a measure of applied pressure. Another similar tactile sensing scheme,
based on carbon black filler based composites, is used in the prototype of DLR touch
sensor by Strohmayr et al. [100]. However, in this case the conductive composites
have been obtained by blending the ultra-soft Poly[styrene-b-(ethylene-cobutylene)-
b-styrene] (SEBS) polymers with carbon black filler material. Using carbon black
as an additive to achieve electrical conductivity usually requires a concentration so
high that it will increase the melt viscosity and decrease the mechanical proper-
ties of the polymers. One of the recent trends to overcome this drawback is to use
multiphase polymer blends and hence reduce the overall carbon black concentration
[101].

5.3.2.6 Conductive Polymer Composites with Carbon Nanotube Fillers

Carbon nanotubes (CNT) are interesting materials for designing highly sensitive
tactile devices, owing to their electrical and electromechanical properties. They are
highly conductive as well as super compressive, both of which make them highly
pressure sensitive material [102]. Like graphite fillers, the nanocomposites with
aligned CNTs have significantly small percolation threshold (three order of mag-
nitude lower than conventional particulate carbon-black fillers [103]), implying that
the conductivity of composite will rise monotonically over a long range of strain.
This also means that satisfactory electrical properties can be achieved without com-
promising the mechanical properties of the composite. The performance (sensitiv-
ity, resolution, dynamic range etc.) of tactile sensors using pressure sensitive elas-
tomers can therefore be significantly improved by replacing conventional carbon-
black filler with CNTs.

A comparison of composites with carbon black filling and multi-walled carbon
nanotube (MWNT) by Engel et al. [104] shows an 8-fold improvement in sensitivity
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Fig. 5.16 A carbon nanotube-liquid crystals composite based tactile sensor array. (a) The
schematic of the sensing array; (b) The ITO (Indium tin oxide) electrodes of the array on PET;
(c) The fabricated 4 x 4 tactile sensing array (with permission from [107], ©(2011) IEEE)

through the use of MWNT. Furthermore, a comparison between MWNT blended
polydimethylsiloxane (PDMS) and polyurethane (PU) elastomers shows that the
former exhibits a lower percolation threshold (approximately 2% versus 10% in
PU). Using PDMS-MWNT composite in a capacitive tactile sensor in place of the
non-conductive PDMS capacitors can result in an improved performance. For ex-
ample, the PDMS-MWNT composite based capacitive tactile sensor by Engel et al.
[104] has linear output i.e. change in capacitance above 19 kPa load (below this load
the response is not linear) and the sensitivity 1.67%/kPa. The sensitivity is more than
twice the sensitivity of a non-conductive PDMS (0.7%/kPa [105]) capacitor. Simple
CNT based flexible tactile sensing structures for measuring normal and shear forces
have been developed by Hua et al. [106]. Depending on the sensor structure, the
reported range of sensitivities (i.e. change in resistance per unit force) for normal
(from 0 to 6 N) and shear forces (from 0 to 0.10 N) are 0.49%/N to 22.76%/N and
18%/N to 95%/N respectively.

A 4 x 4 tactile sensing array based on liquid crystal (LC)-CNT composites by
Lai et al. [107] is shown in Fig. 5.16. The sensing material of each tactile sensor con-
sists of the LC—CNT composite (MWCNT:LC concentration 0.01:1), a deformable
PDMS elastomeric structure, an ITO glass substrate and an ITO PET film. An in-
teresting aspect of this tactile sensing arrangement is that the sensing ranges can be
tuned by varying the magnitude of the applied external field (supplied by the array
scanning circuitry).

Various CPC materials, and tactile sensing solutions based on them, discussed
above present a low cost alternative for robotic tactile sensing with interesting prop-
erties like mechanical flexibility. As such the field of CPC based sensors is still
nascent and therefore, faces a set of challenges. Some of the major concerns include
temperature and chemical stability, long term stability, performance shift over time,
creep, relaxation, hysteresis, and tolerance to high electric field [108]. For exam-
ple, the resistance of nanocomposite elastomers may incur changes in the presence
of changes in stress/strain, temperature, humidity, and chemical environment. The
cross talk is a primary issue for sensor applications. Due to the degradation and
the non-linearities, elastomers/composites are not suited for accurate absolute force
measurements, but they are good enough for force distribution measurements, which
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is not affected by the non-linearities. The advancements in the processing technolo-
gies and improvements in material properties of CPCs will help solve many of above
challenges—eventually allowing integration of CPCs semiconductors, and the un-
derlying electronics collectively to be used as hybrid sensors and almost complete
tactile system.

5.3.3 Conductive Fibers, Yarns and Intelligent Textiles

For years the textile industry has been weaving metallic yarns into fabrics for dec-
orative purposes. However, recently it is the new generation of fibers, fabrics and
the intelligent textiles produced from them, that has been attracting considerable
attention. Conductive materials such as conductive fibers, yarns, coatings and ink,
etc. have been used in intelligent textiles for a range of applications including sens-
ing, electrostatic discharge, welding of plastics, electromagnetic interference shield-
ing, data transfer in clothing, as well as military applications like camouflage and
stealth technology. Smart or intelligent textiles using fabric-based sensors to mon-
itor gesture, posture or respiration have been exploited in many applications. The
idea for the most intelligent or smart textile is to used conductive fibers as trans-
mission lines to connect the sensors and other technological components attached
to the textile like embroidery. The textile transmission line consists of conductive
yarns integrated into a flexible textile base. Conductive yarns are either pure metal
yarns or composites of metals and non-conductive textile materials that help im-
prove mechanical properties. Conductive fibers coated with sensitive material (e.g.
piezoresistive material) are also used as sensors. Depending upon different applica-
tions, several sensing segments can be embedded into textiles such that distributed
strains can be measured with the sensors. The conductive and semiconductive yarns
can also be used to further improve the intelligent textile based sensors systems by
building reliable transistors with well-defined electrical properties using them. Ex-
amples of conductive and semiconductive yarns topology, proposed by Bonfiglio
et al., to build transistors are given in Fig. 5.17 [109]. When inserted in a fabric,
this can be seen as an elementary network where purely metallic “drain” (D) and
“source” (S) wires cross the yarn-like transistor indicated with “gate” (G). Current
advances in new materials, textile technologies, and miniaturized electronics make
wearable systems more feasible.

5.3.4 Polymer Gels and Fluids

A gel consist of an elastic cross linked network and a fluid filling the interstitial
spaces of the network. The network of long polymer molecules holds the liquid in
place and so gives the gel what solidity it has. Gels are wet and soft and look like
a solid material but are capable of undergoing large deformation. The polymer gels



5.3 Materials for Tactile Sensing 109

G1

upper A
hansistm—w I
- g 02
G e —— — — T.JEIE
—
(a)

G — — —

S2
lower

transistor G2

(b)

G — Metal
1 Insulation. e.g. Polyester
E Semiconducting polymer

Fig. 5.17 The electronic devices in yarn textile topology. (a) The transistor array structure. GS
represents textile ribbons with the gate contact and the organic semiconductor; (b) The ring oscil-
lator structure to implement different conductivity properties (insulating, metal, semiconductor) on
the same yarn (with permission from [109], ©(2005) IEEE)

induce a spontaneous ionization on mechanical compression. The potential in gels
is produced by the chemical free energy of the polymer network’ [110]. Soft touch
sensors can be obtained using polyelectrolyte gels. The polyelectrolyte gels induce
a spontaneous ionization on mechanical compression and thus electrical potential
as large as a few millivolts is produced. They also exhibit reverse piezoelectric ef-
fect, i.e. an applied potential causes the gel to swell visibly. Using this phenomenon,
Sawahata et al. [111] constructed a simple touch sensor capable of lighting a photo
diode array according to the amplitude of mechanical deformation. The fact that hu-
man tissue is also composed of electrolytic materials with very similar mechanical
properties suggests intriguing possibilities for new designs of sensing fingers.

A weakly conductive fluid based tactile sensing arrangement that mimics the
mechanical properties and distributed touch receptors of the human fingertip is pre-
sented by Wettels et al. [112]. The sensing structure consists of a rigid core sur-
rounded by a weakly conductive fluid contained within an outer elastomeric skin.
Multiple electrodes are mounted on the surface of the rigid core and connected
to impedance-measuring circuitry, embedded within the core itself. On contact,
the outer elastomeric layer is deformed, leading to deformation of the fluid path
around the electrodes, which eventually results in a distributed pattern of impedance
changes. The resulting impedance pattern given an indication about the forces (e.g.
magnitude and direction) and the objects (e.g. shape, hardness/softness) that ap-

7When a piece of weak polyelectrolyte gel is pressed, the pH of the gel changes reversibly. The pH
change is associated with an enhanced ionization of the carboxyl groups under deformation. The
compression in one direction expands the gel laterally and induces a one-dimensional dilatation
of the polymer network in this direction. This brings about an increased chemical free energy
(a decrease in entropy) of the polymer chain, which should be compensated for by a simultaneous
increase in its degree of ionization.
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plied them. The sensor system is able to detect forces ranging from 0.1-30 N that
produce impedances ranging from 5-1000 k€2. The factors affecting the sensitivity
of this tactile sensor include, conductivity of the fluid, the viscoelastic properties of
the combined system of skin and pressurized fluid, volume and pressure of fluid,
and the material and geometry of the electrode contacts. It is generally desirable
for the fluid to have a low viscosity to minimize damping and hysteresis, and a
high resistivity so that the measured impedance of the series circuit (electrodes plus
fluid) is dominated by the fluid resistance rather than the capacitive reactance of the
metal—electrolyte interfaces. For these reasons, water with a low concentration of
NaCl (1/12th the concentration of physiological saline) has been used by Wettels et
al. [112].

The tactile sensors made of polymer gels and fluids have similarities with tactile
perception in living organisms in a sense that the macroscopic deformation in both
of them induces the ionic rearrangement that gives rise to a certain amount of trans-
membrane potential. Many of the features of gels, such as softness, wetness, and
elasticity etc. are also similar to that of natural tissues. Because of these similarities,
the gel based soft system may open new possibilities in the investigation of artificial
tissue-like tactile perception for prosthetics and robotics.

5.3.5 Electro-Optic Materials and Sensors

In recent years, electro-optic® polymers (e.g. chromophores) and semiconductor
nano-crystals (e.g. CdS, CdSe) have been used to make various optical and sens-
ing devices due to several advantages, such as large and fast electro-optic (EO)
response. The EO response of semiconductor nano-crystals is higher than that of
response electro-optic polymers because of surface and quantum size effects. The
semiconductors with their band gap in visible region of light spectrum are of interest
as they emit visible light; hence their photoluminescence (and electroluminescence)
is visible to human eye and can be imaged using a CCD. Group II-VI semicon-
ductors such as cadmium sulfide (CdS), cadmium selinide (CdSe) and zinc sulfide
(ZnS) are widely used materials in this regard.

A highly sensitive sensor using semiconductor nanoparticles, presented by Ma-
heshwari and Saraf [50], is shown in Fig. 5.18. The sensor comprises of five
nanoparticle monolayer structure separated by dielectric layers and it is constructed
on transparent ITO electrodes by using layer-by-layer self-assembly technique
(Fig. 5.18(a)). The organic dielectric layers, which as approximately 5-6 nm thick,
are made of four alternating monolayers of poly(allylamine hydrochloride) (PAH)
and poly(styrene sulfonate) (PSS). The sensor (2.5 cm? in size) works on the prin-
ciple of electron tunneling. On application of bias voltage V across the film, the
electric current flows through it and the CdS nanoparticles emit visible light at

8The electro-optic effect is the change in refractive index of materials with external field.
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Fig. 5.18 A tactile sensor based on electro-optical device. (a) Schematic representation of the
tactile sensor showing the nanoparticle monolayers spaced by organic dielectric layers; (b) The
working of tactile sensor. Pressing a coin on the surface of the device generates its electrolumi-
nescence image on the CCD. The intensity of image increases with the load (Reproduced with
permission from [19], Copyright Wiley-VCH Verlag GmbH & Co. KGaA)

a wavelength of 580 nm. When a load is applied to the top Au/plastic electrode
(Fig. 5.18(b)), the dielectric layer is compressed and the particles are brought closer,
facilitating the electron tunneling and thus causing an increase in both the local
current density and the electroluminescent light. Thus, the device directly converts
stress into electroluminescent light and modulation in local current density, both
of which are linearly proportional to local stress. The change is electroluminescent
light can be recorded on a digital camera, as in Fig. 5.18(b) and hence a high reso-
lution image of the load can be obtained. The spatial resolution better than that of
the human fingertip (~40 pm) can be obtained with the above approach.

A major concern with measuring the electroluminescent light is related to the
increase in overall size of the sensing arrangement, as the CCD camera adds to
the sensor size. This issue can be overcome by recording the stress distribution
in terms of change in the local current density distribution. The current through
a nanoparticle based tunneling device is exponentially sensitive to the magnitude of
energy barrier between the nanoparticles and the physical distance between them.
This means that the current can be modulated by increasing the electric field (volt-
age bias) across the nanoparticles (which increases the energy of the electrons and
hence lowers the energy barrier) or by decreasing the barrier width by reducing the
separation between the nanoparticles. Therefore, instead of measuring the electrolu-
minescent light, the stress distribution can be obtained by measuring the local cur-
rent density distribution (in a configuration similar to liquid-crystal display) [19].
Thus, above sensing device can also achieve high resolution without any optical
components.
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5.4 Tactile Sensor Structures

Various transduction methods and materials discussed in previous sections have
been utilized in various tactile sensing structures. Some of these structures, such
as microelectromechanical systems (MEMS), silicon transistors, printed circuit
boards, and fabric etc. are discussed in this section.

5.4.1 MEMS Based Sensors

The MEMS based tactile sensors are obtained either by micromachining the silicon
or by using the polymers. In general, they employ capacitive [113-118] or piezore-
sistive [28, 30, 119] mode of transduction. The early works on piezoresistive and
capacitive micromachined sensors have produced arrays of force sensing elements
using diaphragms or cantilevers as the sensing principle [120, 121]. The silicon-
diaphragm based tactile sensors are dominated by piezoresistive sensing methods,
even if the capacitive devices are an order of magnitude more sensitive. One of
the reasons for this dominance could be that the capacitive sensing method, though
very effective for measuring normal loads, is difficult to use when measuring shear
loads—meaning that the method cannot be used practically for 3-D load detections.
The piezoresistive devices also offer higher linearity. A few examples of the MEMS
tactile sensing structures obtained using both the micromachined silicon and poly-
mers are given below.

5.4.1.1 Si-MEMS Approach

The MEMS based tactile devices realized by silicon micromachining, are quite sen-
sitive and result in higher spatial resolution. With a piezoresistive bridge arrange-
ment on the sensing element, the MEMS based sensing devices can detect both the
shear and normal components of applied stress. For example, the 64 x 64 element
high resolution (= 300 um) traction sensors array by Kane et al. [28] shown in
Fig. 5.3(a) is composed of a central shuttle plate suspended by four bridges, with
each of the four bridges containing a polysilicon piezoresistor. The strains in each of
the bridges due to pure applied shear (o) and normal (o) stresses are given as [28]:

b2
gy = ————0 5.10
T 2J2(EA) ©-10)
b*L
&p = op (5.11)
2(EA)S

where ¢, and ¢, are the shear and normal strains respectively; b is the shuttle plate
width; (E A) is the overall axial stiffness of the bridge; L is the length of the bridge;
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and § is the normal deflection of the shuttle plate. This overall axial stiffness pa-
rameter (EA) is the sum of the products of the Young’s moduli, E, and the cross-
sectional area A, for each of the materials in the bridge. The equation (5.10) is ob-
tained by assuming that the structural deformation is primarily the axial strain of the
bridges. Further, the deflections are assumed to be small in calculating both normal
and shear strains. Using each of the piezoresistors as the variable leg of a resis-
tive half-bridge and by monitoring the intermediate node voltage of the half-bridge
(by differentially comparing to the output of an off-chip voltage divider circuit that
served as the second leg of a full Wheatstone bridge circuit), a measure of the strain
(and hence applied stress) can be obtained as [28]:
_ kG (eni + &5xi + Ssyi) v

Vi= 2 d (5.12)

where V; is the unamplified measurement node voltage for bridge i; €,; is the strain
induced in bridge due to applied normal stress; &gy; is the strain due to the shear
stress applied in the x-axis direction; &;y; is the strain due to the shear stress ap-
plied in the y-axis direction; G is the piezoresistive gauge factor; V; is the bridge
drive voltage; and k is the amplification factor. Through differential addition of the
four voltage signals (V1, Va, V3, V), the independent voltage measures of the three
components of an applied traction stress can be obtained as [28]:
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= = ——(, .
n 1 2 3 4 2(EA)5 n
KV b*G
T =[-Vi— Vot V3 4+ Vgl = —2" 7 &, (5.14)
SX 2\/§(EA) sX
Ty =[=Vi + Vo + V3 — V4] kVab?G (5.15)
=[— — =——0 .
sy 1 2 3 4 Zx/i(EA) sy

The above equation indicate that the measure of normal stress 7,, and the shear
stress components Ty, and Ty, are linear functions of the applied stresses and in-
dependent of the orthogonal stresses applied to the sensor. Following above equa-
tions the normal and shear stress sensitivities of the sensor by Kane et al. [28] are
1.59 mV/kPa (normal stress range 0-35 kPa) and 0.32 mV/kPa (shear stress range
0-60 kPa) respectively. The method similar as above has been adopted in many
MEMS based tactile sensing schemes to obtain the normal and shear component
of the applied force. One such example of polymer-MEMS based tactile sensor by
Hwang et al. [122] is discussed below in this section.

The utility of MEMS based tactile sensing structures, realized by silicon mi-
cromachining, to practical robotic systems has been limited until now because of
reasons like brittle nature of silicon. The MEMS based tactile sensors are unable
to withstand large forces/pressure due to inherent fragile nature of the structure—
even if the sensor is normally embedded or covered with an elastic covering. The
packaging of MEMS based tactile sensors has also been a challenging issue. A few
examples of silicon based piezoresistive force sensor that address the problems of
robust packaging, small size and overload tolerance include the sensor by Beebe
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icon diaphragm. (b) Pneumatically controlled flexible surface of diaphragm (with permission from
[30], ©(2006) IEEE)

et al. [26]. The sensor measures the force (rather than pressure) applied to a 4 mm
raised dome on the device surface. The device exhibits a linear response, good re-
peatability and low hysteresis, and has a flexible and durable packaging. In general,
devices that incorporate brittle sensing elements such as silicon based diaphragms,
including those embedded in protective polymers, have not proven to be reliable
interfaces between a robotic manipulator and the manipulated object [49].

It is difficult to realize flexible tactile sensors through micromachining of brittle
materials such as silicon. A novel method of obtaining MEMS based flexible tac-
tile sensing structure has been reported by Takao et al. [30]. The sensing structure
consists of a silicon diaphragm, with an array of 6 x 6 piezoresistive sensing ele-
ments on it and a pressure chamber beneath, as shown in Fig. 5.19. The diaphragm
is swollen like a balloon by the pressurized air, provided to the chamber through the
hole and hence the stiffness of the diaphragm is controlled by the air pressure. In
this way, a force in the range of 2.1-17.6 gmf can be controlled by applying pres-
sure in the range of 5-64 KPa. The extra provisions needed to supply and monitor
the air are quite cumbersome and as such the arrangement is bulky. The alternative
solutions explored to obtain flexible MEMS tactile sensors include using polyimide
(PD) layers as a connecting material between silicon-diaphragm sensors, mounting
silicon-diaphragm sensors on flexible printed circuit board substrates with a con-
ductive epoxy etc. [123].

5.4.1.2 Polymer-MEMS Approach

Recently, a considerable effort is focused on the use of polymers in microelectron-
ics systems and MEMS due to their potential for conformability. Polymers have
been extensively used as both structural and functional materials for micro-devices.
A number of examples given in previous section are related to the use of polymers
(mainly, fibers and elastomers) as functional materials for tactile sensing. The dis-
cussion here primarily focuses on using polymers as structures and tactile sensing
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systems developed from them using MEMS approach. The polymer-MEMS® ap-
proach for developing tactile sensing structures has gained interest, partly because of
the difficulty in obtaining a practical mechanically flexible system from silicon. The
development of silicon-diaphragm-based tactile sensors requires both complex and
expensive processes. A polymer-MEMS based process, on other hand, is a simple
and low cost solution. Furthermore, unlike silicon micromachining the dimensions
of the tactile sensing skin are not limited by the finite sizes of silicon wafers.
Multimodal polymer-MEMS based tactile sensor developed by Egnel et al. [124]
is shown in Fig. 5.20. Realized on flexible polyimide (PI) substrate the sensor skin
is capable of sensing the hardness, roughness, temperature and thermal conductivity
of the object in contact. The skin is made on flexible polyimide sheet and consists
of multiple sensor nodes arranged in an array format. Each node consists of four el-
ements: a thermal conductivity measurement unit, a temperature measurement unit,
and two membranes with metal strain gauges for measuring surface roughness and
contact force. The two membranes also work in tandem to provide measurement of
the hardness without knowledge of the contact force. The thermal conductivity mea-
surement unit consists of a micro patterned metallic resistive heater and a thermal
resistor. Electric current supplied to the resistive heater causes ohmic heat genera-
tion, which is transferred to a nearby temperature sensor (made of Ni) by thermal
conduction via the substrate. The heat is sensed by the thermal resistor located 10—
50 pm away. The steady-state read out of the thermal resistor is a function of the
thermal conductivity of the object in contact, as it provides a parallel thermal con-
ductive path. The two membranes with metal strain gauges use metallic strain gauge
elements to detect strain developed in the polyimide substrate when the sensor is in
contact with an object. The above sensing arrangement by Egnel et al. is a good
attempt toward measuring multiple contact parameters other than force/pressure.

9Polymer-MEMS does not mean that the device is entirely made of polymers. In fact, heteroge-
neous integration of organic and inorganic materials is often necessary and desired. For example,
it is often necessary to integrate signal conditioning and signal processing electronics directly with
sensors. For large area sensor skin, the ability to integrate electronics and sensors is indispensable
to reduce lead routing complexity.
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However, utility of the sensor is limited by wiring complexity and the scalability
of the wiring interconnects. Furthermore, the finished sensing arrangement does not
contain signal processing electronics.

Another polymer-MEMS based tactile sensing arrangement, capable of detect-
ing both normal and shear load, is presented by Hwang et al. [122]. The sensor
is realized on PI and PDMS substrates and uses thin-film metal strain gauges for
measuring 3-D forces. Unlike the tactile sensors obtained with micromachining of
silicon, the sensor by Hwang et al. has no diaphragm like structures. When an ex-
ternal force is applied to the device, the thin metal film structure and the polymer
incur a deformation that causes changes in the electric resistance. The sensor is ca-
pable of measuring normal loads up to 4 N. However, the sensitivity to shear loads is
much lower. Furthermore, the sensor fails to discriminate between shear and normal
loads when they are applied at same time. The changes in resistance corresponding
to the magnitude and direction of applied force can be measured by connecting the
strain-gauge in bridge arrangement similar to one described earlier in this section.
The sensitivity of this type of tactile sensor is expected to be lower than that of
the silicon-diaphragm based tactile sensors because: (a) the polymer substrates al-
low relatively small strain, and (b) the gauge factor of thin metal film used to make
strain gauge is lower than that of polysilicon resistors.

5.4.2 Transistor Based Sensors

An interesting development in the field of sensing has been the use of electronic
devices as sensors. For long, the electronic devices such as diodes and transistors
have been used for measuring parameters like temperature and pH of solutions. In
recent years, tactile sensing too has benefited from this development. Initially lim-
ited to the silicon transistor based arrangements (e.g. extended gates [125-127], and
POSFET [128] etc.), the tactile sensing skin using organic transistors [34, 129] are
being developed nowadays. The approach is particularly interesting, as it allows in-
tegrating the sensor and measurement circuit on same substrate and therefore opens
up possibilities of performing the signal processing very close to the sensors. Be-
sides improving the signal to noise ratio, the marriage of transducer and electronics
will improve the force resolution, spatial resolution, signal to noise ratio, and has
potential of reducing the number of wires, which is a key robotics issue. Some of
these silicon and organic transistor based tactile sensing structures are presented be-
low. A detailed discussion on silicon based extended gate tactile sensing arrays and
high resolution POSFET tactile sensing arrays is presented in Part II of the book.

5.4.2.1 Silicon Transistor Based Tactile Sensors

The tactile sensors and sensing arrays have been developed using hybrid organic—
inorganic structures such as coupling the piezoelectric polymers with the transistor.
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Fig. 5.21 (left) The tactile sensing array based on the extended gate approach. An 8 x 8, array of
electrodes in the center, is surrounded by MOSFET devices on the periphery of the chip. (right)
Schematic of a discrete in sitt MOSFET amplifier (with permission from [83], ©(1996) IEEE)

The location, size and shape of the piezoelectric polymers in such cases may vary
and accordingly the size and location of transistors too may differ. The two alter-
natives that have come to notice are: the tactile sensors using transistors having
extended gates, and the conventional transistor with metal over the gate area only.

In the case of extended gate devices, the MOSFET is confined to a small portion
of the cell area and gate metal is extended to occupy most of the cell. The extended
gate electrode, which acts as a charge collector for the relatively small transistor,
may be of arbitrary shape and size. The transducer material such as piezoelectric
polymer (e.g. PVDF) is deposited over the extended gate electrode, which acts the
lower electrode of the transducer. The electric charge resulting from piezoelectric
action in the transducer will thus appear directly on the gate of the MOS transistor.
The working principle is further described in Chaps. 6 and 7. As the MOSFET is
an uncommitted circuit element, it may be used to provide amplification of this
electrical signal or as a multiplexer to select for further processing one signal from
many such transducer elements [130].

The tactile sensing array (overall size—9200 x 7900 um) by Kolesar et al.
[83, 125] is based on aforementioned extended gate approach. The 8 x 8 extended
electrodes, shown in Fig. 5.21, act as the lower electrodes for the PVDF piezoelec-
tric film. The PVDF film (40 um thick) is epoxy adhered to the lower electrodes
(dimension—400 x 400 um). The lower/extended electrodes are thus capacitively
coupled to the PVDF, via the insulating glue bond. An oxide layer on the surface of
the silicon electrically isolates these electrode from the silicon. The extended gates
are connected to the MOSFET devices located on the periphery of the chip. The spa-
tial resolution of the array is less than 1 mm and response of tactile sensor is linear
for loads spanning 0.8—135 gmf (0.008—1.35 N). A response bandwidth of 25 Hz
has been achieved. The tactile sensing array also possesses simple amplifier cir-
cuitry (Fig. 5.21). The problem of response stability and reproducibility, associated
with piezoelectric based tactile sensors, is taken care by a pre-charge bias technique.
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Fig. 5.22 (a) Sketch of the ferroelectret field effect transducer. The ferroelectret film is mechan-
ically and electrically interfaced with the amorphous Si field-effect transistor via a thin dielec-
tric coupling layer; (b) Equivalent circuit diagram; and (c) Photograph of one transducer element
(Reprinted with permission from [126] ©[2006] American Institute of Physics)

The pre-charge bias feature incorporated in the sensor design (and operated by ex-
ternal circuitry), impresses a short-duration (0.1 seconds), low-level, direct current
voltage (Vpiqs = 2.5 V) to the upper and lower electrodes of the PVDF film. The
sensor is thus initialized before each cycle and eventually the voltage fluctuations is
minimized.

Following a similar approach, a 32 element tactile sensing array, epoxy-adhered
with 25, 50 and 100 um piezoelectric polymer film (PVDF-TrFE) [127, 131], is pre-
sented in the next chapter. The touch sensing elements have been tested over a much
wider range of dynamic forces (up to 5 N in the frequency range of 2 Hz-5 kHz)
and a spatial resolution of 1 mm has been reported. With charge and voltage ampli-
fiers, designed specifically for testing and discussed in Appendix C, the response of
discrete sensing elements is found to be linear in above said test range. The use of
the tactile sensing array for detecting objects based on their hardness has also been
demonstrated.

Another example of extended gate approach is the sensor by Graz et al. [126]
where ferroelectret material has been used as transducer. The ferroelectret material
(made from 70 pm thick cellular polypropylene films) is epoxy adhered to the ex-
tended electrode of an amorphous silicon (a-Si:H) thin film transistor (TFT). As de-
picted in Fig. 5.22, the sensor has been realized on the a 50 pm thick polyimide film.
The ferroelectrets can be used in capacitive and piezoelectric modes and accordingly
the ferroelectret TFT sensor can be used to detect static and dynamic contacts. Other
advantages of ferroelectrets are the large longitudinal piezoelectric signals and the
corresponding negligible pyroelectric and transverse piezoelectric responses. This
makes ferroelectrets insensitive to temperature drifts and device bending. However,
due to lower charge carrier mobility the a-Si:H based transistor are much slower
than the standard silicon transistors. Another example of extended gate transistor
based tactile sensor, using zinc oxide (ZnO) as transducer is presented by Polla et
al. in [132].

The extended gate approach brings the sensor and analog sensors frontend closer
and hence overall response is better than that of conventional approach, where the
sensor and analog sensors frontend are separated by some distance. One problem
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Fig. 5.23 (a) The structure and working of a POSFET touch sensing device; (b) SEM image of a
POSFET device. The cross section of piezoelectric polymer film is shown in inset

with the extended gate structures (realized on silicon) is the capacitance between
the extended gate electrode and the conductive silicon wafer, with the insulating
oxide layer acting as a dielectric. Because of the limitations of IC technology, the
oxide layer is usually much thinner (*1.5 um) than the piezoelectric film. With a
dielectric constant comparable to that of the PVDF, the oxide capacitance will be
much larger than that of the PVDF. This means the oxide layer may result in a
significant reduction of overall sensitivity and increases the propagation delay [60].
Thus, benefits of closely located sensor and electronics are not fully exploited with
extended gate approach. Such effects can be reduced by depositing the piezoelectric
polymer film on the gate area of the transistor itself, as explained in following para
and later in Chaps. 7 and 8.

The issues such as negative effect of the large oxide capacitance introduced by
the extended gates, can be overcome by depositing the piezoelectric material on the
gate ares of the transistor. This is precisely what is done in case of POSFET touch
sensing devices that are described in detail in Chaps. 7 and 8. However, for com-
pleting the discussion, POSFET tactile sensing devices are briefly described here.
The structure of a POSFET touch sensing devices is shown in Fig. 5.23 [128]. It can
be noticed that the piezoelectric polymer film is present over the gate area of the
MOS device. Thus, transducer material is an integral part of a POSFET device. The
structure of POSFET device is similar to that of metal-ferroelectric-metal-insulator-
semiconductor type FeERAM (Ferroelectric Random Access Memory) devices [133],
which are used for memory applications. However, working of POSFET devices is
fundamentally different from that of FeRAM—as former responds to changes in
mechanical stimulus and the output in latter results from electric field switching.
The remanent polarization ( P,) of the polarized polymer and the principle of charge
neutrality lead to the appearance of fixed charges +Q, as shown in Fig. 5.23. For
piezoelectric polymers in thickness mode, as in this work, the mechanical stress 73,
electric field E3 and electric displacement D3 are related as [61]:

D3 =d33 x T3 + €33 X E3 (5.16)
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where, d33 and e33 are the piezoelectric and dielectric constants of piezoelectric
polymer respectively. Following (5.16), the electric displacement can be controlled
either by varying the electric field E3 and/or by the mechanical stress 73 (or the con-
tact force). While former is used in FeERAM to switch the polarization state, latter is
used in the POSFETSs (and also in extended gate devices) to modulate the charge in
the induced channel of underlying MOS device. Thus, the (contact) force variation
is directly reflected as variation in the channel current of POSFET devices—which
can be further processed by an electronic circuitry that may also be integrated on
the same chip. It should be noted that silicon based devices are also known to ex-
hibit piezoresistive effect i.e. their resistivity changes due to applied stressed. This
raises an important question about the source of the change in channel current—
piezoelectric action of P(VDF-TrFE) polymer film present on the gate area or the
piezoresistive behavior of silicon? The same argument holds for previous discussed
extended gate devices. In practice, both piezoelectric and piezoresistive effects con-
tribute. As demonstrated by Dahiya et al. in [128], the contribution of piezoresistive
effect is about 1% of the total output and therefore the change in the channel current
of a POSFET (and hence its output) is primarily because of the piezoelectric action
of the P(VDF-TrFE) polymer film. However, the same may not be true in case of
flexible transistors which experience large piezoresistive effect due to large bending.

The POSFET tactile sensing devices are very sensitive with recorded sensitiv-
ity of more than 100 mV/N [134, 135]), have spatial resolution of about 1 mm and
linear response to normal dynamic forces ranging from 0.01 N to 5 N [128, 135]
with frequencies up to 2 kHz. Unlike extended gate approach, the POSFETS occupy
lesser area on the chip. The silicon real estate thus saved can be used to accommo-
date on-chip electronics and signal processing circuitry. The local processing of the
tactile signal will also help reduce the amount of tactile data transferred to higher
perceptual levels of a robot. A detail discussion on POSFET tactile sensing devices
and the tactile sensing chips made from them later is given in Chaps. 7 and 8.

5.4.2.2 Organic Transistor Technology Based Sensors

A few notable tactile sensing structures reported in literature are based on organic
field effect transistors (OFETs) [34, 129]. The OFET based tactile sensing solutions
have the advantage of being mechanically flexible, low cost solution, relative ease
of fabrication and easy implementation over large areas. As presented earlier in this
chapter, the OFETs can also be implemented in yarn textile topology, making wear-
able electronics more real [109]. The examples of OFETSs based tactile skin include
the 32 x 32 pressure sensing array by Someya et al. [34]. Realized on ultra-high
heat-resistant and mechanically flexible poly(ethylene naphthalate) (PEN) substrate
(thickness 100 um), the sensing structure and its equivalent circuit are shown in
Fig. 5.24. The OFET is based on pentacene and pressure conductive rubber is em-
ployed as the transducer. Unlike previously discussed transistor based tactile sensors
(where transducer is connected to gate terminal), in this case the pressure sensitive
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Fig. 5.24 (a) The section and top view of the organic FET sensing element with pressure sensitive
rubber; (b) Equivalent circuit of the sensing element; (¢) The 16 x 16 OFET array; (d) A pres-
sure image of a kiss mark taken with the presented sensors (with permission from [34], ©(2004)
National Academy of Sciences, USA)

rubber is placed in the source—drain path. The applied pressure results in a resis-
tance change of the pressure conductive rubber, which in turn results in a change in
the current Iz, flowing between the source and drain. The applied pressure is thus
modulates 145, which can be easily measured using external circuitry. In a sense the
OFET technology has been used as the readout element for the pressure conductive
rubber. The applied pressure in the range 0 to 30 kPa (= 300 gmf/cm?) results in
the resistance variation from 10 M€2 to 1 k2. The sensing elements have a pitch of
2.54 mm. In this study, the cycle time of each transistor is around 30 milliseconds,
from which the total time to access 16 x 16 transistors is estimated to be 480 mil-
liseconds if one word line is read at the same time. These figures are quite high with
respect to the tactile sensing structures based on silicon technology and as such the
sensors are suitable for slow varying (quasi static) mechanical stimuli.

Another OFET based tactile sensing structure is presented by Mannsfeld et al.
[129]. In this arrangement, a pyramid structured highly pressure sensitive PDMS
thin film is employed as the dielectric over the gate area of a rubrene based OFET
(on PET substrates).'” On application of pressure, the PDMS is compressed and the

19T here is an analogy between this structure and the human skin. The pyramid like microstructure
can be viewed similar to the intermediate ridges present at the dermis—epidermis junction of human
skin (Chap. 3). The ridge microstructures in skin are also known to improve the tactile sensitivity
in humans [136-138].
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dielectric capacitance changes (due to reduction in thickness), eventually resulting
in a change of the source—drain current (/) of the transistor. Since the transducer
is placed on the gate area, the structural arrangement is similar to the previously dis-
cussed POSFET touch sensing devices. However, in this case the channel current is
modulated by change in dielectric capacitance. In case of POSFET, the channel cur-
rent is primarily modulated by the change in polarization level of the piezoelectric
polymer film. The response of this tactile sensing arrangement to the application of
pressure is non-linear, which is expected due to the fact that in OFETS the source-
drain current (/45) linearly depends on the dielectric capacitance but the PDMS film
capacitance has non non-linear dependence on the pressure. By using 6 x 6 um?
pyramid-structured PDMS film, Mannsfeld et al. demonstrated the improvements in
sensitivity of the dielectric material. The maximum slope of the relative capacitance
change of the pyramidal PDMS film in the 0.2 kPa range is 0.55 kPa~!. This is
about 30 times higher than the sensitivity of unstructured film in the same range.
The loads as low as 3 Pa have been detected. The microstructured PDMS also re-
sults in an improved relaxation time of the transducer. The structured films relaxed
on the millisecond timescale, and unstructured films relaxed over times as long as
10 s, which is about 10* times slower. This means the transducer will again be ready
for use in few milliseconds after the load is removed. However, the overall response
time depends on both the transducer and the transistor and in this context the slow
response of OFET remains a concern.

A major drawback of the OFET based tactile sensing arrangements is that their
overall speed of response is slow. For instance, the response time of above described
pentacene based OFET by Someya et al. [34] is 30 milliseconds. With further lower
charge carrier mobility (1.0 cm?/V.s as compared to 1.4 cm?/V.s in [34]) the rubrene
based OFET by Mannsfeld et al. [129] is expected to be more slower. From the
point of view tactile sensing, the overall response depends on both transducer and
the OFET. As far as transducer is concerned, the response speed can be improved
by using a material that responds faster. Consider for instance, the pressure sensi-
tive rubber used by Someya et al. [34] typically has the response time of the order
of hundreds of milliseconds. Replacing pressure sensitive rubber with polymers like
PVDF can significantly improve the response speed. Sometimes, shaping the trans-
ducer suitably can also result in improved response speed. For instance, a structured
PDMS film can respond faster that an unstructured film. The above discussed tactile
sensing arrangement by Mannsfeld et al. [129] is one such example. Comparing the
response of an unstructured PDMS film with a structured PDMS film (having two
dimensional arrays of square pyramid microstructures), Mannsfeld et al. noted that
although the response to an external load (15 kPa) was immediate in both films, the
relaxation times were quite disparate. The structured films relax on the millisecond
timescale, and unstructured films relaxing over times as long as 10 seconds, which
is about 10* times slower. The lengthy response time of unstructured PDMS films
severely limits their usefulness as pressure sensors. Unfortunately, not many alter-
natives are available for improving the response speed of the organic transistors. It
is well known that the mobility of organic semiconductors is about three orders of
magnitude lower than that of silicon, which makes them much slower than the stan-
dard silicon based devices [139] and hence issue of overall slow response remains.
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Fig. 5.25 A lightweight, conformable and scalable large area skin on flexible printed circuit board
(with permission from [46], ©(2006) IEEE)

Other issues with organic devices are that they typically have short life and their op-
erational stability is influenced by various factors, including dependence on stress
voltage and duty cycle, gate dielectric, environmental conditions, light exposure,
and contact resistance [140].

The tactile sensing arrays based on organic semiconductor technology cannot
attain (at least in the present state of the technology) the high-speed performance
exhibited by their silicon counterparts, but, features like physical flexibility and the
low cost of fabrication make them good candidates for large-area skin. As presented
in Chap. 3, the spatio-temporal requirements are not same for all body parts. For
body parts such as belly and back (that make a large portion of the body) the spatio-
temporal requirements are not high. Same argument when applied to robotics (e.g.
humanoids), the organic transistor based solutions can be useful in future for less
sensitive parts.

5.4.3 Sensors on Flexible Substrates

This concluding section presents the flexible tactile sensing structures realized on
flexible substrates (sensor is not necessarily flexible), which is normally the flexible
printed circuit board (PCB). As argued in previous chapter, for better integration
and effective utilization of tactile data, the tactile sensing schemes are required to
be conformable. In this context, many tactile sensing structures have been realized
on flexible PCBs. Generally, these structures employ off-the-shelf sensing and elec-
tronics components. It is difficult to discuss all such solution and therefore only a
selected few (having sensing component based on different transduction methods)
with an aim to cover large area of a robot’s surface are discussed below.

A conformable and scalable large area tactile sensing skin, having pressure sens-
ing elements based on optical mode of transduction, is shown in Fig. 5.25. As dis-
cussed earlier in this chapter, each touch element on this tactile skin by Ohmura et
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Fig. 5.26 The tactile skin structure with piezoresistive pressure sensors distributed on a flexi-
ble printed circuit board. (a) The location of tactile sensor on the humanoid robot RI-MAN;
(b) The comb-shaped sensor patch; (¢) Sensor embedded in elastic sheet (with permission from
[11], ©(2008) IEEE)

al. [46] consists of photo-reflectors (3.2 mm x 1.1 mm x 1.7 mm) under the ure-
thane foam (thickness 5 mm) and the light scattered by urethane foam upon de-
formation gives the measure of mechano-electrical transduction. The foam thick-
ness controls the dynamic range and sensitivity of the sensors. The sensor sheet
(120 mm x 120 mm) is lightweight (1.7 gram) and consists of 32 tactile sensing el-
ements, one micro-controller and four serial bus terminators mounted on a flexible
substrate. This modular skin can be folded and cut and the sensor coverage is ad-
justable via the addition/deletion of the modules. A couple of tactile sensor sheets
are integrated to obtain a larger tactile sensor sheet (of 120 tactile sensor elements)
and the final sheet is mounted on the arm of a humanoid robot is shown in Fig. 5.25.
Time to scan one sensor element is 0.2 milliseconds (the interval between the in-
stant when host computer sends the address packet until receiving the sensor data)
and spatial resolution is approximately 3 cm. The sensing elements communicate
via serial bus. To overcome the difficulties associated with serial bus for real-time
communication at high speed, a ring-type network is proposed. The serial busses
are connected with slave nodes of a custom designed ring-type network, with each
node having a small-sized microcontroller as a serial-bus master. One major dis-
advantage of this scheme is the large current consumption by LEDs (~50 mA per
sensing element). To overcome this problem Ohmura et al. have proposed scanning
control scheme, whereby the number of powered-on LEDs are restricted through
time-sharing control. As the control is time-shared, the analog to digital converters
and the analog signal wires can also be shared. The current in each LED can also be
controlled through pulse width modulation. In fact, the same can also be employed
to tune the sensitivity of the tactile sensing elements. Other concern related to this
approach stems from the fact that urethane foam used in sensing element inevitably
causes strong hysteresis and creep.

Another tactile sensing scheme on flexible printed circuit board, presented by
Mukai et al. [11], is shown in Fig. 5.26. The piezoresistive semiconductor pressure
sensors have been distributed on comb-shaped printed circuit board and embedded
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Fig. 5.27 The conformable triangular modules on flexible PCB. (a) The back side of the sensor
patch based on capacitive technology (sensors on other side); (b) The flexibility of structure, owing
to triangular shape of modules and the flexible PCB; (¢) The scheme for making large networked
structure; (d) Implementation of sensors patch on hand of humanoid robot iCub; (e) Humanoid
robot iCub with equipped with the sensor patches (with permission from [141], ©(2011) IEEE)

in an elastic sheet (5 mm thick). Each sensor sheet (comb-shaped PCB) has an ar-
ray of 8 x 8 pressure-sensing elements with an 18 mm pitch. The piezoresistive
semiconductor pressure sensors can detect the absolute pressure between 0.434—
4.46 kgf/cm?. These sensors have been employed because they have little hystere-
sis or creep and accuracy is better (though soft cover introduces some hysteresis
and creep). The skin specifications target the sensing capabilities of a human when
carrying another human in his/her arms (0-20 mm spatial resolution and 0.434—
4.46 kgf/cm? pressure range, similar respectively to the human palm and 20 x 20
cm? of arm contact while holding a 60 kg human). All the wiring is concentrated
into a comb-shaped region. The complete sampling of one tactile sensor patch with
8 x 8 elements requires about 15 ms, which is not always sufficient for the tactile
feedback control. The sensor sheets cover the arms and chest of the 158 cm tall
humanoid “RI-MAN” with a total of 320 pressure-sensing elements.

The capacitive technology based conformable sensor patches have been pre-
sented by Maggiali et al. [43]. The implementation of these patches is shown in
Fig. 5.27(a), (b). Each triangular shaped modules, realized on flexible printed cir-
cuit board, contains 12 round pads on which capacitive pressure sensors are present
and a capacitance-to-digital converter (AD7147 from Analog Devices [42]). A thick
elastic sheet (silicone foam, 3—5 mm thick) covers the skin patch, allowing limited
degree of compliance. However, it also adds to the challenges related to sensor cal-
ibration and drift in the response. The communication port on all three sides of
triangle facilitates communication with adjacent modules—enabling creation of a
large networked structure, as shown in Fig. 5.27(c). The signals from touch sen-
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Fig. 5.28 Skin modules with proximity sensors. (a) The multimodal HEX-O-SKIN modules
mounted on a KUKA lightweight arm (with permission from [142], ©(2011) IEEE); (b) The sen-
sitive skin module on Kaptan substrate. The module uses 8 x 8 infrared sensors pairs (LEDs and
detectors) as proximity sensors (with permission from [143], ©(2001) IEEE)

sors are sent to a microcontroller using I*C serial bus communication interface. The
sensor patch has low power consumption (~5 watts/m?). This technology has been
employed to cover large body parts of robots like iCub (Fig. 5.27(d), (e)), KASPAR
and NAO [141]. The transducers and signal conditioning electronics wrap the robot
surface, with components like microcontroller units installed in the inner body.

A vast majority of sensing structures are capable of detecting and measuring ei-
ther contact force or pressure. The contact parameters are however not just limited
to the contact force or pressure. There is a need to have sensing modules with mul-
tiple types of sensor to detect multiple contact parameters. The multimodal hexago-
nal shaped tactile sensing modules (HEX-O-SKIN), presented by Mittendorfer and
Cheng [142] and shown in Fig. 5.28(a), are interesting in this context. The modules,
implemented on printed circuit board, are equipped with multiple discrete sensors
for temperature, acceleration, and proximity to emulate the human sense of tem-
perature, vibration and soft or light touch respectively. Each module comprises of
seven temperature sensors, three acceleration sensors and four proximity sensors.
The modules, each weighing less than 2 grams, are embedded into elastomeric ma-
terial to introduce limited degree of conformability.

Proximity or light touch sensing can be important for safe interaction. Covering
of a manipulator with proximity sensing elements distributed all over it and their
effective use in motion planning was first demonstrated in [8] and later followed
in [9, 10, 143]. As shown in Fig. 5.28(b), distributed proximity sensing elements
based on optical transduction were used as touch sensors in these works. Five sensor
modules—each with 16 sensor pairs, consisting of a photo transistor and an IRLED
were used. The distance between neighboring pairs is 25 mm. Scanning time of each
module was 20 ms (serial access within a module), which was also the scanning time
of all five modules (parallel access among modules). Thus a speed higher than that
of PUMA robot velocity commands update rate (36 ms) was obtained and hence
the data from sensing arrays could easily fit into the real-time operations performed
by manipulator. The IRLEDs used in this work, were primarily used as proxim-
ity sensors and real contact with the sensor was avoided. But, a realistic situation
would require safe interaction of robot while touching the objects. Nonetheless, for
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first time it was demonstrated that motion planning can be done with no a priori
knowledge about the environment (or dynamic environment).

5.5 Summary

A wide spectrum of tactile sensing technologies ranging from single tactile sensor
elements to arrangements suitable for large areas have been discussed in this chap-
ter. Some of the sensing arrangements reported in literature are grouped in Tables
5.3 and 5.4—mainly on the basis of their reported spatial resolution. The touch sens-
ing arrays in Table 5.3 are suitable for high sensor density body locations like the
fingertips and those in Table 5.4 are suitable for low density sensory body locations
like palm, belly, etc. Current trend is to develop tactile sensing structures with me-
chanical/physical features like flexibility, stretchability etc. to cover various body
parts of a robot. Sensor coverage that is continuous, and spanning the entire robot
body, is desired for many robotic applications including the safe and effective robot
operation. A growing interest can be found for tactile sensing schemes able to detect
multiple contact parameters and the fusion of different tactile sensors data to detect
multiple contact parameters. It is noted that packaging and integration of tactile
sensing solutions with the robot has received a considerable attention. Encapsula-
tion of sensor elements, wires and the integration of processing and communication
hardware directly on to flexible PCBs are steps in this direction. Recent develop-
ments in materials chemistry, nano-structures, nano-devices, and single-molecule
devices have great potential in improving the current technology. Current meth-
ods using a pressure sensitive elastomer can be significantly improved by replacing
conventional fillers such as carbon-black with fillers like carbon nano tubes. An in-
teresting aspect of some nano-materials based devices is their relatively low cost
of fabrication, processing under ambient conditions and the ability to directly make
large-area devices on curved surfaces. It is noted that the tactile sensor technology
has reached quite a level of maturity and now it is also the time to consider important
issues like interface electronics, the techniques to handle the tactile data and take out
useful information from it, as otherwise potential technological benefits will make
little sense for robotics.
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