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Abstract

Force and tactile sensing have experienced a surge of interest over recent decades, as they
convey useful information about the direct physical interaction between the sensor and the ex-
ternal environment. A robot end effector is a device designed to interact with the environment.
End effectors such as robotic hands and grippers can be used to pick up, place or generally
manipulate objects. There is a clear need to equip such end effectors with appropriate sensing
means to be able to measure tactile and force information. Work to date has explored these two
modalities separately. Tactile sensors have been developed for integration with gripper fingertips
or as skins embedded with the outer side of manipulators, mainly to measure normal force and
its distribution across a surface patch. On the other hand, force sensors have commonly been
integrated with the joints of robotic arms or fingers to measure external multi-axis forces and
torques via the connected links.

We observe that a force sensor cannot measure tactile information, and current tactile sen-
sors cannot accurately measure force information. This can become a particular issue when
integrating force sensors remotely to measure forces indirectly, especially if the connecting link
is flexible or, generally, difficult to model potentially impacting negatively on the force esti-
mates. We aim to provide a solution for an integrated sensor capable of measuring tactile and
force information at the point of contact, i.e., on the fingertip of a robot hand or arm.

In this thesis, we explore the idea of integrating the two sensing modalities, tactile and force
sensing, in one sensor housing with the signal acquisition being performed by a single monocular
camera acting as the transducer. The hypothesis is that an integrated force/tactile sensor will
perform in a better way than having these sensor modalities separated. This thesis shows that
an integrated sensor achieves a tactile sensing performance comparable to existing vision-based
tactile sensors and at the same time proves to provide more accurate force sensor information

whilst extending the field of similar vision-based sensors from 3 DoF to 6 DoF. In addition,
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the tactile sensing element of our sensor is not affected by the patterns superimposed on to the
flexible element of comparable vision-based sensors used to infer force information. In this
thesis, we have implemented several sensor prototypes; designs and experimental analyses for
each prototype are being provided. The manufactured sensor prototypes prove the validity of the
proposed vision-based dual-modality sensing approach, and the proposed sensing principle and
structure shows high versatility and accuracy, as well as the potential for further miniaturization,

making the proposed concept suitable for integration with standard robot end effectors.
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Chapter 1

Introduction

1.1 Overview and Motivation

The rise and expansion of smart industries has been accompanied by a rapidly growing demand
for robot technology. Nowadays, the expectation is to bring robots closer to the human in the
factory environment. Thus the development of collaborative robotic systems has advanced at
high speed over the past ten years. Most if not all electronic devices and appliances, from mo-
bile phones and laptops to vacuum cleaners and refrigerators are assembled on an automated
production line [84]. In the case of vehicles, the entire production of cars where the entire man-
ufacturing process can be achieved by automation using robots and assembly machines [18]. In
the medical field, surgical robots [143] play a very important role during surgery as they enable
the medical operators to execute very precise interactions, such as small size incision [14], stent
insertion [28], etc. One can observe that machines are more time-efficient and can even perform
more precise work than humans. However, current robots are not that “smart” - the majority of
the manipulation tasks within the manufacturing are repetitive and easily programmed. In order
to operate more complicated tasks, robots need to well-perceive the environment and react to

it when changes occur [74]. These reactions which may come quite natural to humans, can be
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very hard for a robot to achieve.

Sensor technology is a prerequisite if robots are to be able to react to the external environ-
ment; especially, force and tactile sensing [152] is one of the research areas that researchers have
been putting increasing emphasis on. Force and tactile perceptions are recognized as important
sensations for robot structures since they convey useful information about the interaction of the
robot body with the external environment. In other words, force and tactile sensors can be re-
garded as a core device for robots to realize intelligent perception and human-robot interaction
(HCI). Currently, different methods and techniques have been applied in realising force and tac-
tile sensors, based on strain gauges [122, 102], cross-beams [171, 77, 48], Stewart platforms
[181], optics [16], for force sensors. Sensors based on the principles of resistance [172], capac-
itance [138, 40] , piezoelectricity [87], organic field-effect transistors (OFETs) [33], optics [83]
and magnetics [60] have been employed to measure tactile information. Most of these sensors
can only sense one modality, that is, they can either measure force or pressure, a fact that makes
them single-functional. This thesis argues that the creation of multi-modal sensors will resolve
the shortcomings of the current single modality sensors. The proposed dual-modality sensor is
capable of unifying these two sensing modalities in one structure.

Of the different force and tactile sensing technologies, optical-based sensors that use cam-
eras have attracted increasing interest, as this type of sensor can provide a high spatial resolution
and, most importantly, it is able to sense multiple modalities (such as contact force and contact
surface geometry) based on a single captured image [139, 93] - which is a significant advantage
comparing with other tactile sensing techniques. In the past, the camera-based sensors were hin-
dered by the large size of cameras, but nowadays, this disadvantage has been gradually overcome
with the development of small-sized cameras. Vision-based optical tactile sensors usually use
soft and deformable materials [20, 69] as the sensing medium. The deformation of the material
can be directly monitored through the camera or by observing changes to certain patterns on the
sensing medium (as an indirect way) to acquire tactile information. Elastomeric materials offer

compliance, which gives the tactile sensor the ability to adapt to the curved or irregular surfaces
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during manipulation of objects [120]. For instance, a compliant tactile sensor [43] mounted on a
fingertip or an end-effector of a robot is useful for grasping different types of objects. However,
there are also challenges for developing such a multi-modality sensor. As these multi-modalities
can be correlated, we need to figure out a method to separate each modality from the others to
avoid unwanted interference. This thesis proposes a new optical vision-based force and tactile
sensing method to achieve dual-modality information acquirement and effective ways to separate

one modality from the other.

1.2 Aim and Objectives

Aim: This thesis aims to develop a novel methodology for combining multi-axis force mea-
surements and tactile information perception within one optical vision-based sensor so that the
sensing device can achieve dual-modality perception, that is contact force measurement in x—,
y—, and z— directions, and the perception of the surface geometry of the touched object. The
proposed concept is named as F-TOUCH (Force and Tactile Optically Unified Coherent Haptics)
Sensor.

Objectives: To this aim the thesis will:
1. Investigate and propose an optical vision-based sensing scheme that can achieve concurrent
multi-axis force/torque measurement and tactile information perception within one sensor.

2. To miniaturise the proposed sensor so that the resultant structure is compatible with stan-

dard robot end effectors.

3. To, concurrently and in real-time, measure six-axes Force/Torque (F/T) information and

perceive contact surface geometry.

4. To conduct experimental studies (involving hardware design and software development) to

verify the proposed methodology.
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1.3 Contributions
The main contributions of this thesis are as follows:

1. Dual-modal sensor for force and tactile sensing in one sensor structure completed

2. The miniaturisation of dual-modality force/tactile sensor for integration with robot arm end

effector realised
3. Concurrent and real-time force and tactile sensing using a single camera sensor achieved

4. Extension from normal force measurement to three degrees of freedom forces measure-

ment, to six degrees of freedom forces/torques measurement

5. Experimental study conducted to validate the approach

F-TOUCH (Force and Tactile Optically Unified Coherent Haptics) Sensor

76 mm

Contact Area

Sensor Prototype

ICFTS CTS CFTS1 CFTS2 F-TOUCHO F-TOUCH
(Early prototype) (Pressure (Normal force & | (Normal force & (3-axis forces & (6-axis
perception) pressure Texture geometry force/torque &
perception) observation) perception) geometry
perception)
=
S
=
E Section 4.2 Section 4.3 Section 4.4 Section 4.4 Section 4.5 Section 4.5
é
- Not shown Not shown (this
'5 (This sensor is Section 5.2 Section 5.3 Section 5.3 sensor is further Section 5.4
& abandoned) replaced with F-
TOUCH_V3.2)

Figure 1.1: Overview of the proposed force and tactile sensors.
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Notably, four generations, six sensor prototypes are developed in this thesis following the
proposed optical scheme for dual-modal (force and tactile information) sensing, seen in Fig. 1.1.

They are

1. ICFTS: Initial Camera-based Force/Tactile Sensor design using single vision sensor and

cone-shaped elastomer;

2. CTS: Camera-based Tactile sensor design using cone-shaped elastomer and a cantilever

structure;

3. CFTS: Camera-based Force/Tactile Sensor that applies multi-cone elastomer structures to
measure force and tactile sensing modalities with single camera. Two versions (namely
CFTS1 and CFTS2) are presented, where CFTS1 measures pressure and force, and CFTS2

measures texture and force.

4. F-TOUCH: Force and Tactile Optically Unified Coherent Haptics sensor on spring-loaded
structure for enhanced single-camera-based force and tactile sensing. Two versions (namely
F-TOUCHO and F-TOUCH) are presented, where F-TOUCH is the miniaturised version
of F-TOUCHO.

ICFTS is the earliest prototype that tried to sense both force and tactile (texture detection)
information within one capture. CTS is then introduced to verify the concept of tactile sensing
(pressure detection) using an elastomer (with reflective pins) and a cantilever structure. Then
CFTS is introduced (CFTS1 and CFTS2) to implement force measurement functionality upon
CTS. Moreover, CFTS1 can detect force and pressure while CFTS2 can detect force and texture.
However, one issue of CFTS is that the sensing areas of force and tactile sensing are separate.
Therefore, F-TOUCH is introduced (F-TOUCHO and F-TOUCH) with a vertical hardware lay-
out of an elastomer (on the top) integrated with a spring-mechanism structure (at the bottom),
ensuring the whole sensing surface can detect both force and tactile (texture detection) informa-
tion. Besides, F-TOUCH is the miniaturised version of F-TOUCHO. These three sensors are

summarised below:
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1. CTS (Camera-based Tactile Sensor)
We present an optical-based tactile sensor that can sense the tactile information in the form
of pressure distribution. Our proposed sensor uses a piece of elastomer with reflective
conical pins underneath as the touch medium. The elastomer consists of 91 pins arranged
in a honeycomb pattern, and each pin can be regarded as a tactile sensing element. Each
tactile element transfers the applied pressure value into a circular image pattern which can
be captured by a camera. The applied pressure over the sensing array can be computed
by processing the area of each sensing element. The sensor surface is reconstructed to
visualise the pressure distribution. The experimental results have proven the viability of
the sensing concept; the prototype sensor can effectively detect single-point touch as well

as multi-points touch.

2. CFTS1 (Camera-based Force/Tactile Sensor)
We present a novel design for an optical-based force and tactile sensing device that senses
both force and tactile information within one elastomer. In addition, the tactile information
in this sensor is measured in the form of pressure distribution from the surface of objects
(same concept as an optical-based tactile sensor). The proposed sensor has a soft and
compliant design employing an opaque elastomer. The optical sensing method is used to
measure both force and tactile information simultaneously based on the deformation of the
reflective elastomer structure and a force-sensitive structure. The experimental evaluation
shows that the prototype is capable of sensing normal forces up to 70 N with an error of

6.6% as well as measuring pressure distribution.

3. F-TOUCH (Force and Tactile Optically Unified Coherent Haptics) Sensor
We present a novel sensor architecture that uses one camera to obtain both force and tactile
information based on the deformation of a reflective elastomer and a spring mechanism
structure. Based on this sensing principle, we miniaturise the sensor into a size (using
small camera, silicone elastomer, LEDs and 3D printed parts) that is compatible with the

standard robotic gripper, and this is the up-to-date version of our proposed sensor. The ex-
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perimental evaluation shows that the prototype is capable of measuring force/torque quan-
tities and capturing the geometry of the contact object surface at the same time. Moreover,
we also extend the force measurement capability from one-axis normal force to three-axis
forces (Fy, Fy, ), then to six-axis forces and torques (F, Fy, F, Ty, Ty, T.). We also develop
a unique force calibration method for the proposed sensor. F-TOUCH sensor is inspired
by the GelSight tactile sensor. Due to the effectiveness of extracting force-related infor-
mation from the tactile image (texture), F-TOUCH sensor shows a better multi-axis force

measurement capability than the GelSight tactile sensor.

1.4 Thesis Outline

The thesis is organized as follows:

Chapter 1 gives an overview of the project and summarises the motivation, aim and objec-
tives, contributions and gives a thesis outline.

Chapter 2 describes the importance of robotic force and tactile systems, and proceeds to
the literature review of currently existed force and tactile sensing technologies, namely strain
gauges, three DOF cross-beam force sensor, six DOF cross-beam force sensor, Stewart plat-
form force sensor, optical force sensor, capacitive tactile sensor, electromagnetic tactile sen-
sor, piezoresistive tactile sensor, piezoelectric tactile sensor, piezoelectric sensors, organic field-
effect transistors (Organic Field-Effect Transistors (OFETSs)) tactile sensors and optical tactile
sensors. The chapter concludes with a discussion on dual-modality force and tactile sensor de-
sign method, as well as the metric of the proposed sensing method in this thesis.

Chapter 3 describes the overall methodology of the proposed dual-modality force and tactile
sensor. The discussion of the theoretical model of the force and tactile sensing is followed by the
introduction and analysis of the optical-based dual-modal force and tactile sensing methodology.

The sensor architecture uses a single camera and a combination of an elastomer layer and an
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elastic structure. Finally, the ways for sensor miniaturisation are analysed.

Chapter 4 introduces the implementation of different proposed sensor prototypes. Several
versions of sensor prototypes are presented, from the initial design - ICFTS, to the CTS for
pressure visualisation, then to the CFTS series, and finally to the newest design - F-TOUCH
series.

Chapter 5 shows the calibration process and the experimental results of three proposed sen-
sor prototypes (CTS, CFTS1 and F-TOUCH) that are described in Chapter 4. Analysis and a
comparison between F-TOUCH and the optical-based tactile sensor GelSight (developed at the
MCube Lab of Massachusetts Institute of Technology) is presented.

Chapter 6 contains the conclusion and discussion of the thesis, as well as future work direc-

tions.



Chapter 2

Background

2.1 Introduction

This chapter provides an overview of the research conducted in the area of force sensing and
tactile sensors, especially those that are integrated with the robotics end effector. The importance
of force and tactile sensing for robotics is highlighted. With the rapid developments within the
robotics field over the past decades, a variety of sensors using different sensing technologies
have been produced commercially or are being developed in labs. However, the majority of
the research is focused on the development of either force or tactile sensors. A force sensor is
used to measure the multi-axis force and torque (3-DoF, 6-DoF); these sensors are considered
single-point sensors. Force sensors have the advantage of achieving high-precision force/torque
measurements and a wide measuring range, but they cannot measure the force distribution across
a surface. A tactile sensor is used to provide tactile information from the surface of an object.
Tactile sensors have the advantage of measuring pressure distribution and other forms of tactile
information (for example, geometry information). However, they cannot accurately measure
multi-axis force and torque values, and often the measuring range is relatively small compared

with a force sensor. In this chapter, we will analyse force sensor technologies and tactile sensor
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technologies, and propose a new sensor architecture that combines the capabilities of both a
force sensor and a tactile sensor within one sensor housing. The sensor architecture is inspired
by both the optical-based force sensor (for example the optoforce sensor) and the camera-based
tactile sensor (for example the TacTip sensor and the GelSight sensor).

As shown in Fig. 2.1, this chapter firstly introduces the preliminary knowledge of human
and robotic force and tactile system in Sec. 2.2. An overview of the currently-used multi-
axis force sensing technologies is presented in Sec. 2.3, including strain sensing technology
in Sec. 2.3.1, three degree-of-freedom cross-beam sensing technology in Sec. 2.3.2, six degree-
of-freedom cross-beam sensing technology in Sec. 2.3.3, Stewart platform sensing technology
in Sec. 2.3.4, and optical-based sensing technology in Sec. 2.3.5. An overview of the existing
tactile sensing technologies is presented in Sec. 2.4, including resistance-based sensing tech-
nology in Sec. 2.4.1, capacitance-based sensing technology in Sec. 2.4.2, piezoelectricity-based
sensing technology in Sec. 2.4.3, organic field-effect transistors (OFETSs) sensing technology in
Sec. 2.4.4, magnetic-based sensing technology in Sec. 2.4.5, and optical-based sensing technol-

ogy in Sec. 3.2.2. Finally, a summary is presented in Sec. 2.5.

Optoelectronic

Cross-beam Structure Force Sensor
2.3.3 6DOF Cross-beam OnRobot HEX
Force Sensor
ERSGs § .
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2.3 Force/Toque Sensing System 2.3.5 Optical-based Tmage-based
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Figure 2.1: Overview of force and tactile sensing systems used in robotics.
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2.2 Background of Robotic Force and Tactile Systems

In this thesis, we are particularly focusing on the development of a sensor that can be installed on
a robotic system. As is defined by the International Standard Organization (ISO) 8373, a robot
is “an automatically controlled, re-programmable, multipurpose manipulator programmable in
three or more axes, which may be either fixed in place or mobile for use in industrial automation
applications.” Today, robots operate in the rigid, fixed assembly line of the traditional factory
as well in more complex environments such as hospitals, offices and hotels, where they are ex-
pected to interact with humans and deal with variable conditions rather than repeatedly conduct
pre-defined tasks. The new application fields require the robot to be “smart” which means the
robot shall be endowed with sufficient levels of intelligence to react to the real-world environ-
ment autonomously. In their drive to create robots able to efficiently interact with the environ-
ment, many roboticists have taken inspiration from biology to design robots that incorporate
behaviours from animals [161] [163] [88] [133] or humans [27] [158] [39] [56].

Among biologically-inspired robots, the development of the end-effector, also known as a
robot hand, is a typical example of a robotic device with one or multiple fingers imitating human-
hand behaviour. Fig. 2.2 demonstrates several of the recent hand-like end-effectors; some of
them are already commercialised while some are still under lab development. It is commonly
accepted that the hand is the most dexterous part of the entire human body, and we are always
amazed by the subtlety of movements and the high degree of rotations that a human hand can
achieve. It is known that our hands are composed of tendons, joints, muscles, small bones,
nerves, and blood vessels. When we pick up things or use tools, these parts will cooperate
with each other to help us complete the work. As a result, the hand plays one of the most
important roles when humans are interacting with the physical world. The research by Bicci [24]
shows that the human hand is mainly dealing with three particular tasks, namely manipulating
objects, restraining objects, and exploring the surroundings. Taking the object manipulation
task as an example, we observe that human in-hand object manipulation [79] contains a series

of actions, and each action completes a sub-task of the overall manipulation task. In addition
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(a) ()]

Figure 2.2: Examples of biologically-inspired robot, (a) Shadow Dexterous Hand [10]; (b) a
Highly Biomimetic Anthropomorphic Robotic Hand [173]; (c) a Soft Biomimetic Prosthetic
Hand [52]; (d) a skeleton of the Pisa/IIT SoftHand advanced anthropomorphic hand prototype
[29].

to personal constraints, the choice of actions when performing a given manipulation task is
guided by three sets of parameters: those parameters related to the object itself (for example the
size, shape, weight and the surface texture); those related to the manipulation (for example the
movement pattern), and lastly those pertaining to performance demands (for example accuracy
and speed). Compared with the studies [47] [32] [24] upon human hand postures and movement
for grasping objects, current robot in-hand manipulation has not yet achieved the same level as
a human hand. One possible reason for this is the high complexity and diversity of the tasks.
Another vital factor is the limitations of the sensing technologies in terms of relatively low
sensitivity and spatial resolution. The sensing technologies here refer to the robotic force and
tactile sensing technologies, which are especially important for acquiring information about the
real-world environment during the interaction.

The human tactile system is extremely comprehensive as it consists of an extraordinarily
high number of epidermis mechanoreceptors to detect the mechanical stimuli on the skin (shown

in Fig. 2.3). Different kinds of mechanoreceptors are aligned at different depths in the human
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Figure 2.3: Section view of glabrous skin showing spatial location and classification of four
mechanoreceptors [35]. It is noted that Ruffini corpuscle (with low spatial resolution) is for
force estimation and is located beneath the Merkel cells (with high spatial resolution) which is

for pressure and texture perception.

skin, namely as Merkel cells, Pacinian corpuscle, Meissner’s corpuscle and Ruffini corpuscle

[35]; these cells are responsive to different types of stimuli.

1. the Merkel cells are responsive to high-resolution skin deformation and low frequency

forces;

2. the Pacinian corpuscle is responsive to low-spatial-resolution but high frequency vibration;

3. the Meissner’s corpuscle is responsive to high-spatial-resolution but low frequency vibra-

tion;

4. the Ruffini corpuscle is responsive to low-resolution all-directions static forces based on

skin stretched near joints.

All these mechanoreceptors work together when performing tactile sensing tasks. Apart

from mechanical perception, other perception systems are also getting involved at the same
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time, such as temperature perception and pain perception. The combination of these different
perception systems make up the human tactile sensing system, and all of these receptors with
multi-modalities work together during the physical contact with the external environment, thus,

providing us an overall perception of the physical touch.

Tactile array

/_ sensor

Fingertip
force/torque
sensor

Dynamic
tactile
sensor

Joint
angle/torque
Sensors

Figure 2.4: A theoretical model of an artificial force and tactile system that includes different
kinds of sensors on a robot end-effector [62].

In robotics, force and tactile sensing imitates the human tactile system which is defined as
the continuous sensing of variable contact forces [119]. One of the most famous theoretical
models that have been developed is proposed by Howe [62], where different sensors are applied,
and they all work as an integrated robotic force and tactile sensing system. As can be seen in
Fig. 2.4, the system includes tactile array sensors at the end of the robotic finger to sense the
pressure distribution of the contact surface, whilst multi-axis force/torque sensors are inserted
behind the tactile array sensors to measure the overall forces and torques exerted by the fingertip
contact. Additionally, dynamic tactile sensors are mounted on the robot’s fingertip to sense the
vibration, and lastly, joint angle sensors are placed at the joints to measure the precise angle of
each joint: these sensors are further used for calculating the position, velocities, and accelera-

tions of all the elements of the robot hand. However, compared with the human tactile system,
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the current robotic tactile system cannot match the capabilities of the human sensing system.
The majority of today’s tactile sensing research is focusing on the development of individual,
separately operating sensors. Another shortcoming of robotic tactile sensing systems is their
inability to intelligently interpret the information given by the sensors. In many cases, the ex-
isting algorithms used to extract useful information from the data provided by the sensors are
not developed enough to deal with the enormity of data [177]. Current multi-axis force/torque

sensors and tactile sensors will be discussed in detail in the following sections.

2.3 Review of Multi-Axis Force Sensors

As described in [62], multi-axis force sensors are developed to measure forces and torques that
occur in more than one direction within the robotic tactile sensing system. Due to their ability
of performing multi-dimensional measurements of force and torque quantities, force sensors are
generally installed on joints of robotic system structures. This feature makes force sensors very
popular in a broad range of robotic research. Presently, force/torque sensors have been well-

developed and also commercialised. Fig. 2.4 shows a layout [3] where an optical force/torque

., Force/Torque Sensor

I

End Effector (e.g., Gripper)

Figure 2.5: Force/Torque sensors expand robotic capabilities [3]. A force/torque sensor [4] is
mounted between the robot arm [12] and the end effector (gripper) [9].
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sensor HEX 6-axis Force/Torque sensor (formerly known as OptoForce sensor) [4] is installed
between a URS robot arm [12] and the end of an arm tool, the RG2 Gripper [9]. Beyond opti-
cal sensing technology, extensive methods of developing multi-axis sensors have been proposed
over the past few decades. The key points of a desired force sensor design require an elas-
tic structure and a suitable sensing technology to measure its deformation, and then transfer it
into the force/torque values. We will give examples of force sensors that use different sensing

technologies and structures.

2.3.1 Strain Sensing Technology

Strain sensing has been one of the most popular methods used in a wide range of applications [22,
151, 145]. The majority of the force sensors use strain-sensitive elements installed on an elastic
structure to measure multi-directional forces and torques; In general, strain sensing technology
can be categorized into four main types, namely semiconductor strain gauges (SSGs), capacitive
strain gauging, Fibre Bragg Gratings (FBGs) and electrical resistance strain gauges (ERSGs).
Semiconductor strain gauges (SSGs) is a sensing technology [122] that uses a semiconduct-
ing material. It usually uses silicon which has the piezoresistive effect (the electrical resistivity
depends on its mechanical strain). To give a more detailed explanation, the gauge factor (GF) of

a semiconductor strain gauges (SSGs) conductor with a longitudinal strain € can be defined as:

GF =1+2v+( App), @.1)

o | =

where Vv is the Poisson’s ratio of the SSGs material and p is the SSGs material resistivity
which undergoes a variation of Ap. SSGs sensing technology has the advantage of high sensi-
tivity; however, because of their small size, they are mostly used in micro-electro-mechanical
systems (MEMS) force sensors.

Capacitive strain gauging is a sensing technology based on the capacitor’s capacitance char-
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acteristics which can be presented as:

2.2)

where C,, stands for the capacitance, A is the cross-sectional area of two parallel plates of
the capacitor, d is the distance between the two plates, and it is noted that d < A. & is the per-
mittivity of free space and &, is the permittivity of the dielectric material filling the gap between
the two plates. Capacitive strain gauging has the advantages of high sensitivity, however, sim-
ilar to semiconductor strain gauges (SSGs) sensors, capacitive strain gauges can be developed
via micro-machining techniques, and thus they are applied to small-scale force measurement.
Moreover, because of its unique characteristics, capacitive sensing can also be applied within
flexible sensors, and currently, it is widely used in tactile sensors, which will be described in
detail in Sec. 2.4.2.

Fibre Bragg Gratings (FBGs) is a very popular force sensing technology [59] and it is a
type of distributed Bragg reflector constructed in a short segment of optical fibre that reflects
particular wavelengths of light and transmits all others. The working principle of FBGs is based
on periodical modulation of the refractive index along with the core of a single-mode optical
fibre. FBGs strain sensing technology has the advantages of immunity to electromagnetic (EM)
interference, high-sensitivity, and waterproofness; however, the use of FBGs is always affected
by the temperature compensation and FBGs itself is costly.

The working principle of electrical resistance strain gauges (ERSGs) is based on the fact
that the change of the geometry of an electrical conductor leads to a change of its electrical
resistance. Wheatstone bridge circuits are always involved in amplifying the small changes of
the resistances within ERSGs; besides, the use of the Wheatstone bridge circuits also helps with
the temperature compensation by introducing thermal-induced resistance variations on each arm
of the bridge. However, ERSGs are affected by EM interference, and their sensitivity is relatively

low.
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To summarise, strain sensing technology is a very popular method for measuring force in-
formation, and it has been used in many commercial force sensors. Currently, strain gauges
[6] (shown in Fig. 2.6(a)) and load cells [5] (shown in Fig. 2.6(b)) have dominated the strain
measurement and weighing industry. The ATI multi-axis force/torque sensors family [2] (shown
in Fig. 2.6(c)) that uses silicon strain gauges sensing technology is regarded as one of the most
accurate force sensors within the entire industrial field because of its high sensitivity and re-

peatability.

©

Figure 2.6: Examples of commercialized force sensors, (a) a Strain gauge from [6]; (b) a minia-
ture Tension and Compression Stud-Mount load Cell from [5]; (c) ATI force-torque sensors
family from [2].



Chapter 2: Background 19

2.3.2 Three DOF Cross-beam Sensing Technology

Cross-beam design is one of the most widely used structures for multi-axis force sensors. A
typical three Degrees of Freedom (DOF) cross-beam design is made up of an outer frame con-
nected to the central platform with the use of multiple elastic beams. Fig. 2.7 shows a design

that consists of four elastic beams in a planar cross-shape layout.

A Frame-beam

joints

Elastic beams

y

Platform-beam —
joints

Outer frame

Central platform

Figure 2.7: A typical design of a cross-beam structure force sensor which consists of the outer
frame, central platform, and four elastic beams.

In general, according to different load combinations, the three DOF force sensors can be
categorized into three types: sensors for measuring Fy, Fy, F; (known as 3DOF-A); sensors for
measuring Fy, Fy, T, (known as 3DOF-B); and sensors for measuring I, T, T, (known as 3DOF-
(). As shown in Fig. 2.7, different force and torques can be measured depending on different
deformation scenarios within the cross-beam structure. As for measuring the force F, and Fj,
the exertion of in-plane F, and F, will cause axial deformation in the elastic beams that are
parallel to the exertion direction, together with the lateral bending in the elastic beams that are
perpendicular to the exertion direction. As for measuring the force F;, the exertion of F, will
cause out-of-plane bending in four elastic beams. As for measuring the torque 7, and Tj, the
exertion of T, and 7, will cause out-of-plane torsion in the elastic beams that are parallel to the
exerting lateral moment, together with the out-of-plane bending in the elastic beams that are

perpendicular to the exerting lateral moment. As for measuring the torque 7, the exertion of
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Figure 2.8: A 3 DOF-B sensor design [77]. The proposed force sensor uses 12 compliant elastic
beams to connect the outer frame and central platform: (a) the overall layout of the sensor, (b)
the deformation scenario when a lateral force Fy is exerted, (¢) the deformation scenario when a
torque T, is exerted.

T will cause lateral bending in four elastic beams. Specifically, in the design of a cross-shape
layout with four elastic beams, the collinearity between the elastic beams and the x— and y—
exerting directions helps to decouple the sensor output, as well as maximizing the strain in each
beam. Moreover, this design also achieves an identical response for mutually orthogonal lateral
forces and torques.

The deformation of each elastic beam can be measured using different technologies, such
as piezoresistive method [51], captive method [21], Fibre Bragg Gratings (FBGs) method [171],
and electrical resistance strain gauges (ERSGs) method [156]. Fig. 2.8 gives an example of a
3DOF-B sensor using ERSGs method, based on the model proposed in [77]. The sensor consists
of 12 compliant elastic beams within both outer frame and central platform, and the end of each
beam is equipped with a ERSGs. Using the compliant beams in both the central frame and the
outer frame allows the decoupling of the sensor output since different load conditions will exert

different deformation to each beam.

2.3.3 Six DOF Cross-beam Sensing Technology

Six degrees of freedom (DOF) cross-beam sensing technology can be categorized into three

types according to different structures: rigid jointed cross-beams structure, flexible jointed cross-
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beams structure, and dual-layer cross-beams structure.

The rigid jointed cross-beams structure is the most direct way of extending the typical three
DOF cross-beam sensors into six DOF cross-beam force sensors. This type of sensor usually
adds strain-sensing elements on all sides of the elastic beams to measure both lateral and vertical
deformation. For example, Chao and Yin [31] show a six-component force sensor, which is an
extension of the mechanical design in Fig. 2.7, for measuring the loading of human feet in
locomotion. Another example is a six DOF cross-beam sensor design proposed by Palli et al.
[117]. The proposed sensor (shown in Fig. 2.9(a)) is using optoelectronic sensing technology

for detecting the deflection of the cross-beam. As shown in Fig. 2.9(b), the sensor consists of

Link '

Outer
Frame

Figure 2.9: A cross-beam 6-axis force/torque sensor that uses optoelectronics proposed in [117].
(a) the sensor prototype, (b) the conceptual design of the sensor, (c) the view of the cube with
the three printed circuit board (PCB)s, each PCB consists of a light emitting didode (LED) and
four photo detectors (PDs), (d) the 3D drawing and related reference systems of the compliant
frame that is shown in the conceptual design of the sensor.
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a cube with three PCBs (shown in Fig. 2.9(c)) mounted on a compliant frame structure (shown
in Fig. 2.9(d)). A cover with an internal reflective surface (RS) is placed above the sensor base.
The PCB (10 mm x 10 mm in size) mounted on the cube is made of an LED placed in its center
and four photo detectors (PDs) that are symmetrically located around the central LED at a 3 mm
radius. When loads are applied to the sensor cover, the deformation of the cross-beam within the
compliant frame structure is indirectly measured by the light intensity changes received by the
various of PDs emitted from the LED through relative movement of the corresponding reflective
surface on each side of the cube. To summarise, the rigid jointed cross-beams structure is a
very common method to achieve six-axis force and torque measurements, and has been widely
adopted in multi-axis force sensor development.

The flexible jointed cross-beam structure uses flexible outer frame beam joints to help decou-
ple the sensor outputs. These flexible frame beam joints are similar to the universal joints. Three
DOF compliance is provided within the joints [55]. A variation of flexible jointed cross-beams
structures has been proposed in the past few decades, one of the earliest models in force detec-
tion being the one put forward is by Scheinman [137]. The proposed flexible jointed cross-beam
structure has thin flexures at the four outer frame beam joints. The semiconductor strain gauges
(SSGs) method is used to measure the deformation of the four beams. This model is then further
explored with the purpose of improving sensitivity and isotropy by means of applying differ-
ent sensing technologies (for example electrical resistance strain gauges (ERSGs) in [157] and
piezoresistive strain sensing in [37]) and different mechanical designs at the outer frame beam
joints (for example a ball-bearing design in [30] and a radial spherical bearing design in [141]).
Another typical example of the flexible jointed cross-beam structure model is the one using
parallel-plate beams in the outer frame, which is proposed by Kim [75]. He further improves the
design in [78] where 24 ERSGs are used to measure both the lateral and vertical displacement
of the compliant parallel-plate-beam. Further explorations are conducted with more complex
mechanical designs in [103] and [54]. Extending from this, Sun et al. [148] proposes another

high-sensitivity force sensor with the use of highly-compliant plates in the outer frame. The
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Figure 2.10: The flexible jointed cross-beams structure proposed in [148]. The six DOF
force/torque sensor is comprised of four cross beams (Inner beam) with vertical blind hole on its
top side and four laterally-compliant plates with lateral through holes in the outer frame beam
joints (Outer beam). The inner beams form a 3DOF-B structure, and the outer beams form a
3DOF-C structure.

sensor design is shown in Fig. 2.10, where the structure consists of four cross-beams connecting
the outer frame and the central platform. Each cross-beam has a vertical blind hole (blind hole
(BH)) on its top surface acting as a 3DOF-B structure, and the outer frame beam joints have
two horizontal through-holes (through hole (TH)s) at each joint acting as a 3DOF-C structure.
The ERSGs method is applied for sensing the deformation of the elastic body. To summarize,
the advantage of a flexible jointed cross-beams structure is that it enables the sensor body to be
fabricated in one piece, which can avoid the unwanted mechanical friction and clearances that
can occur when assembling a sensor from separate components.

The dual-layer cross-beam structure comprises a vertical assembly of two cross-beam force
sensor structures, each one of whom is responsible for measuring a specific three degrees of free-
dom (DOF) force/torque components (therefore six DOF components for the entire structure). It
is noted that the two cross-beam structures can be two rigid jointed cross-beam structures, or two
flexible jointed cross-beam structures, or one rigid jointed cross-beam structure and one flexible

jointed cross-beam structure. One example is a six-component force/moment sensor proposed by
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Figure 2.11: The dual-layer cross-beam sensor proposed in [168]. The sensor can measure
six-axis force/torque components, and it is comprised of a 3DOF-B cross-beam structure and a
3DOF-C cross-beam structure in a vertical layout. The outer frames of both cross-beam struc-
tures are connected with the use of sliding frame-beam joints.

(a) (b)

Figure 2.12: Contact modes between the elastic body and the groove. (a) Contact without angle;
(b) contact with an angle.

Kim et al. [76]. The proposed sensor combines the 3DOF-B sensor structure (shown in Fig. 2.8)
with a 3DOF-C sensor structure in a vertical layout. The outer frames of the two cross-beam

structures are connected and electrical resistance strain gauges (ERSGs) sensing technologies
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are applied for measuring the deformations of the cross-beams. Another example is a six-axis
force/torque sensor proposed by Wu and Cai [168]. As shown in Fig. 2.11, the sensor is consists
of a 3DOF-B cross-beam structure and a 3DOF-C cross-beam structure in a vertical layout. The
end of each cross-beam is inserted into grooves of an outer-cylindrical shell, and each of the
cross-beam contains an ‘eight-shape-like’ hole structure which enables double bending (lateral
and vertical) for each beam. The outer frames of both cross-beam structures are connected with
the use of sliding frame-beam joints to decouple the measurement results; however, it is noted
that the choice of the sliding clearances needs accurate calculation as the size of the clearance
between the elastic body and the groove can bring additional coupling error during contact and

the error increases with the increase of the angle (see Fig. 2.12).

2.3.4 Stewart Platform Sensing Technology

The Stewart platform (shown in Fig. 2.13) is a six DOF mechanism that is composed of a rigid
upper platform connected to a fixed bottom base via six legs, proposed by Stewart [146]. This
design has also been used in force sensor applications, where the leg structures are replaced
with elastic elements, of which the axial deformation caused by the load can be measured using
different sensing technologies. In general, this type of force sensor has six DOF force/torque
sensing capability and high loading capacity. However, the sensor always has a rigid structure.
One of the early force sensors proposed by Romiti and Sorli uses a six DOF Stewart plat-
form [131], where six single-axis force sensors are used as the leg structure with low-friction
ball joints. More studies of this prototype are conducted in [49] and [142], and it is found that
the sensor shows a nonlinear behaviour and a high degree of hysteresis due to the use of the ball
joints. Hysteresis is defined as the maximum difference in sensor output at a pressure when that
pressure is first approached with pressure increasing and then approached with pressure decreas-
ing during a full span pressure cycle [11]. The hysteresis correlates to the sensor accuracy and
is determined by the hardware (material properties for instance). Another prototype is proposed

by Dai and Kerr [36], where six pre-tensioned flexible wire legs are used, and the force in each
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wire is measured with the use of electrical resistance strain gauges (ERSGs). Later on, sev-
eral sensor prototypes [72, 46, 181, 128, 23, 134] with different mechanical designs and sensing

technologies are proposed. The lateral sensor prototypes have a monolithic structure and flexural
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Figure 2.13: Schematic design of a Stewart platform structure, the design is comprised of the
upper platform, fixed bottom base, and six leg structures.

Figure 2.14: Illustration of a distal end of the instrument for minimally invasive surgery. The
end contains a distal force-torque sensor, joint, and gripper mechanics.
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joints mechanism to replace the traditional spherical joints. [140] gives an example of a small-
scale force sensor for minimally invasive robotic surgery (MIRS). The proposed force sensor
is installed within the surgical instrument end and is located between the gripper and joint (as
shown in Fig. 2.14). The sensor is used for measuring manipulation forces at the instrument tip
and is miniaturised with an outer diameter of 10 mm. It uses electrical resistance strain gauges
(ERSGs) method together with flexural joints within the six DOF Stewart platform. In summary,
the force sensors based on the Stewart platform have the advantage of being highly adaptable

with regards to stiffness and scalability. However, they suffer from mechanical hysteresis.

2.3.5 Optical-based Sensing Technology

The optical sensing method has attracted interest from many researchers keen to develop force
sensors in the past few years. There are currently different types of optical-based force sensors,
including sensors using optoelectronics, optical fibres, and cameras. Examples of each method
will be presented.

One type of optical-based force sensor make use of optoelectronics which can be integrated

into specific mechanical structures. It is noted that unlike the other sensing methods like strain
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Figure 2.15: An optoelectronic force sensor design proposed in [107]. The sensor can mea-
sure three-axis force/torque components, and it is comprised of a bespoke mechanical structure
equipped with mirrors and three pairs of light-emitting diodes and photo-transistors.
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gauges, piezoresistive and capacitive methods, optoelectronic components are not physically
connected to both ends of the mechanical beam; instead, reflective surfaces are used to reflect
the emitted light back to the optoelectronic receiver. Thus, the deformation within the mechan-
ical structure can be indirectly measured. Since this type of sensor does not require mechanical
contact with the structure, a lower level of noise is exhibited when compared with the methods
mentioned above. One example is described in the above subsection in Fig. 2.9, another example
is a sensor proposed in [107]. As shown in Fig. 2.15, the sensor has an outer-cylindrical shell,
and three mirrors, while three pairs of light-emitting diodes and photo-transistors are integrated
within a bespoke mechanical structure. The proposed sensor can measure 3DOF-C components
with a low-level noise via detecting the changes of the received light intensity reflected by the
mirror. Another popular sensor is the OptoForce 3-axes force sensor [7]. As shown in Fig. 2.16.
OptoForce is a dome-shaped sensor that can be mounted on the robot fingertip. There is a reflec-
tive layer inside the outer sensing surface which is made of silicone. When an contact occurs,
the photodiodes (placed at the bottom) measures the amount of reflected light which is origi-

nally emitted by the LED (also placed at the bottom). Then, by comparing the measured values

Sensing surface

Reflective layer

Sensing element

Light emitter

(a) (b)

Figure 2.16: OptoForce 3-axes force sensor in [81]. (a) the fingertip sensor prototype, (b) the
sensing principle of the OptoForce sensor, where the photodiodes at the bottom measure the
amount of reflected light emitted by the LED. The force can be reconstructed based on the
measured light intensities.
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on the photodiodes, the exerted 3-axes forces can be precisely reconstructed. The measurement
range of the sensor is from 10 N to a few thousand newtons due to different silicone materi-
als that are used. To summarise, the advantages of optoelectronic sensor are its high degree of
miniaturization, low cost, and high sensitivity.

Another type of optical-based force sensor makes use of optical fibres [57], which allow it
to be light weight and small in size. Moreover, optical fibres are immune to electromagnetic
interference, water, and corrosion. Currently, four main fibre optic sensing approaches are used
based on the modulation of the wavelength, the phase, the polarization, and the intensity of
the light signals. For the modulation of the wavelength sensing approach, Fibre Bragg Gratings
(FBGs) [105], which has been described in the above subsection, is the most widely used sensing
technology with high sensitivity. However, it is fairly costly. For the modulation of the phase
sensing approach, the commonly used methods are based on Mach-Zehnder and Fabry-Perot
principles [174] where an interferometer is used to compare the phase of a light signal with a
signal from a reference fibre; in this way, the applied forces can be estimated. This approach has
a high sensitivity, but the entire sensor system is fairly complex and hard to manufacture. For
the modulation of the polarization sensing approach, linear, elliptical, and circular polarization
approaches are being used, where the changes in the fibre polarization state caused by the stress
or strain can be detected [135]. This approach is of high sensitivity but is more expensive com-
pared to other approaches. For the modulation of the intensity sensing approach, the commonly
used methods are based on detecting the magnitude change of the fibre light intensity relying
on the reflection, transmission, or the bending of the fibre caused by the external force. This
approach has the advantages of high accuracy, insensitivity to temperature, and inexpensiveness
compared to other approaches.

Due to the versatility of the intensity modulation approach, many force sensors based on
this principle have been developed. A hybrid fibre optical force/proximity sensor [81] is shown
in Fig. 2.17, This robot-finger-integrated perception sensor is composed of five pairs of optical

fibres that detect light intensity at each sensing elements (three force sensing elements and two
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Figure 2.17: Hybrid fibre optical force/proximity sensor in [81]. (a) the fingertip sensor proto-
type, (b) the sensing principle of the integrated fingertip sensor, where the red and blue arrows
show sensor behaviour for deflections in different directions, (c) the FS-N11MN fibre optic sen-
sor from Keyence.

proximity sensing elements), where each sensing element consists of a transmitting fibre and a
receiving fibre. For the three-axes force measurement, a cantilever mechanical structure with
reflective surfaces on each cantilever beam is equipped with three pairs of optical fibres, and
the surfaces are painted with a thin layer of reflective metallic paint. The deflection of the
mechanical structure caused by the external force leads to the displacement of each reflective
surface with respect to the tips of the corresponding pair of optical fibres. The light intensity is
modulated as a function of the applied forces with the use of the FS-N11MN fibre optic sensor
from Keyence (shown in Fig. 2.17(c)). A similar sensing principle is also applied in another

three-axis force sensor for flexible manipulators [111].
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Apart from using the Keyence sensor for fibre light intensity modulation, another common
method is using a camera and estimating forces using image processing techniques. A magnetic
resonance (MR) compatible tactile force sensor [170] is shown in Fig. 2.18, where pairs of
optical fibres and miniature mirrors are installed within a flexure structure. Applied forces lead
to a displacement of the mirror in respect to the tips of the corresponding pair of optical fibres,
the transmitting fibres are connected to a light source, and the receiving fibres are connected
to a camera at its proximal end. The camera reads the light intensity of the receiving fibres,

and the applied force is estimated as a function of the number of activated pixels in the camera
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Figure 2.18: A magnetic resonance-compatible tactile force sensor design proposed in [170].
(a) The sensor uses fibre optics with mirrors and a vision sensor (camera) to measure the normal
force; (b) the received image under the unload status; (c) the received image when a normal
force is applied on the central sensing element of the sensor.
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Figure 2.19: Image-based optical miniaturised force sensor [109] for cardiac catheterization.
The sensor can measure three-axis force components, and it is comprised of a 3DOF-A cantilever
structure (equipped with a mirror and a pair of optical fibres) and a camera.

images. Another image-based optical force sensor [109] for cardiac catheterization is shown in
Fig. 2.19. This type of sensor has the advantage of being small in size, robust and low cost. This
miniaturised force sensor uses a 3DOF-A cantilever structure (equipped with small-sized multi-
cores optical fibres and a mirror) and a CCD camera for three-axis forces measurement. The
deflection of the mechanic structure leads to a displacement between the mirror and the tips of
the optical fibres; the camera reads the receiving fibre light intensity. By processing the received

images, the applied force can be estimated as a function of the light intensity.

2.4 Review of Tactile Sensors

The sense of touch plays a very important role for both humans and robots during grasping
and manipulation tasks (see Fig. 2.20). Tactile sensors which have been widely investigated
over the past few decades, are regarded as the future of robotic grasping [44]. Robots need
tactile feedback if they are to be able to determine the amount of force they have to exert on

an object whilst manipulating it. As shown in Fig. 2.4, tactile sensors are usually mounted at
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(a) In-hand Manipulation [1] (b) Robotic Grasping [44];

Figure 2.20: Examples of the robotic tactile system using different robots.

the robot fingertip to acquire tactile information that includes mechanical stimulus detection of
contact, slip, pressure and temperature. Therefore, an ideal tactile sensor (if is as powerful as
a human’s tactile system) can give a robot hand the capability to grasp an object regardless of
the texture, shape, or location of the object. However, current tactile sensing technology is still
underdeveloped and hence not yet as comprehensive as the human’s tactile system. One main
issue is that the tactile signals are naturally complex. Simply adding multiple individual tactile
sensors cannot effectively help the enhancement of the robot hand’s manipulation and grasping
capabilities. The goal is to combine and transform the multiple raw and low-level sensing data
into high-dimensional information. In other words, the integration of the tactile information still
needs more software-side algorithm to improve. Nowadays, many tactile sensors for robots are
biologically inspired; in their drive to improve tactile feedback, researchers look to structures
and processes encountered in nature. Sensing technologies that have been used in tactile sensors
include resistance-based, capacitance-based, piezoelectricity-based, organic field-effect transis-
tors (OFETs), magnetic-based and optical-based. Each sensing technology will be described in

the following subsections.
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2.4.1 Resistance-based Sensing Technology

Resistance-based tactile sensing technology is based on Ohm’s Law which can be presented as:

V =IR 2.3)

where V is the measured voltage, [ is the measured current, and R is the electrical resistance.
In general, a resistance-based tactile sensor [162] transfers the applied loading pressure as a
function of the measured electrical resistance between a conductive polymer and at least two
electrodes on multiple sensor cells, as shown in Fig. 2.21. Therefore, it needs to be constructed
of conductive, pressure-sensitive materials, such as foam, rubber and ink. All of these materials

are set up as a mesh layout for tactile sensing.

Unstressed condition.

E

Stressed condition:

VLI

(a) (b)

Figure 2.21: A typical resistive tactile sensor in [162]. (a) The electrode board with glued sensor
material; (b) the working principle of a resistive tactile sensor cell, where the compression leads
to incrementing the contact area, resulting in a decreased electrical resistance between the sensor
material and the electrode.

Apart from the in-lab resistance-based tactile sensors [19, 14] that use carbon nanotube
(CNT) and polydimethylsiloxane (PDMS) composite, resistance-based tactile sensors have al-
ready been commercialised. For example, Tekscan, Inc commercialised the sensor [118] for

pressure mapping. As shown in Fig. 2.22, the sensor is made up of two parallel 25um thick
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Figure 2.22: The structure of the Tekscan resistance-based sensor [118].

polyester sheets, which are attached to each other with adhesive in the non-sensing area. Ag-
filled polymer conductive traces that are covered by thermoplastic semiconductive ink of resis-
tivity p, are screen-printed on the sheets to form a grid in the sensing area. Each cross-section
of the grid forms an individual contact force sensor at a spatial resolution of 0.5mm. Therefore,
the exerted loads lead to a change of conductance in each sensor cell.

Another commercial tactile sensor is the Syntouch’s BioTac tactile sensor (shown in Fig. 2.23(c)).
This finger-shaped sensor array prototype was proposed by Wettels et al. [164] with the purpose
of mimicking the full cutaneous sensing capabilities of the human finger [165] in terms of con-
tact force, microvibrations and thermal fluxes. The force sensing element within this tactile
sensor is resistance-based, as shown in Fig. 2.23(a), the sensor has an elastic skin filled with a
conductive fluid over a rigid bone-like core (with multiple impedance electrodes attached). The
working principle can be described as follows: The exerted force deforms the elastic skin and
the underlying fluid, which leads to changes in the thickness between the skin and the electrodes;
this thickness change is equivalent to the thickness change of the fluid path. Since the electrical
resistance of each electrode is related to the fluid path, the change of fluid path results in the

change of the resistance of electrodes arranged on a distributed pattern. Then artificial neural
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Figure 2.23: The Syntouch’s BioTac tactile sensor design. (a) The cross-sectional drawing of
BioTac showing various components used for each sensing modality. (b) The angular view of
the sensor [164] with skin and nail installed. The device is filled with 200 L of conductive fluid.
(c) Photography of an assembled BioTac in [50].

networks (ANN) and Gaussian mixture model regression (GMMR) are applied to extract three-
dimensional force vectors from numbers of electrode sensing channels so that the sensor can
obtain the information of the point of contact, magnitude, and the direction of the force. How-
ever, the frequency response and spatial resolution of the sensor are limited by the viscoelastic
properties of the fluid path scheme within the elastic skin.

To summarise, resistance-based tactile sensing technology is relatively well-developed and
has been commercialised. This type of sensor requires the involvement of conductive materials
and electronic components which allows for its miniaturisation. However, the sensor suffers

from hysteresis and is sensitive to temperature changes.
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2.4.2 Capacitance-based Sensing Technology

Capacitance-based tactile sensing technology is based on the capacitor’s characteristics which
are presented in equation 2.2. This technology is regarded as one of the most sensitive tech-
nologies for detecting small deflections of sensor structures, and it has been widely explored
nowadays [40, 159, 58]. It is worth mentioning that the capacitance-based sensor is not affected
by temperature changes [97].

One typical example is the capacitive sensor [90] developed by Lee et al. This tactile sensor
is designed to be capable of measuring both normal force and shear force. The sensor system
has a measurement range of 0 — 10 mN with sensitivities between 2.5% /mN and 3% /mN in both

normal and tangential directions. The tactile sensor is composed of 64 tactile cells arranged in
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Figure 2.24: Conceptual diagram of a tactile cell of the capacitive sensor [90] that can measure
both normal force and shear force. (a) the schematic view of the cell (b) the cross-sectional view
of the cell without loads (c) the cell’s response to the normal force (d) the cell’s response to shear
force
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an 8 x 8 array with the overall size of 22 x 22 mm. Each tactile cell is of 2 x 2 mm in size. Four
electrodes are placed inside of each cell, as shown in Fig. 2.24(a), configured on both the top
polydimethylsiloxane (PDMS) layer and the bottom PDMS layer. A PDMS spacer layer with
air gaps, an insulator layer, and a pillar is embedded between two PDMS layers of the capacitor
plates. Thus, as shown in Fig. 2.24(b), the capacitance of the tactile cell will alter when an
external force is applied on the top bump leading to a deformation of the middle air gaps. When
a normal force is applied, as shown in Fig. 2.24(c), the air gaps between all electrodes decrease
which results in an increase in all four measured-capacitance (see 2.2, a decrease of distance d
results to an increase of capacitance C). When a shear force is applied, as shown in Fig. 2.24(c),
the heights of air gaps behave differently on each pair of electrodes, and there are two increased
measured-capacitance (two air gaps are compressed) and two decreased measured-capacitance
(two air gaps are expanded). However, the issue of cross-talk between the different cells in the
sensor is not addressed.

The capacitance-based tactile sensor has been commercialized and a typical example is the
sensor from pressure profile systems (PPS) [8], as shown in Fig. 2.25. The sensor contains
20 — 24 tactile sensing cells (each cell size is between 25 — 100 mm). The pressure measurement

range of the sensor is between 0 — 20 psi, the sensitivity is 0.1 psi, and the sampling frequency

Pressure profile systems
(PPS) sensor

Figure 2.25: A Barrett Hand is equipped with PPS sensors on each of its fingertip [127].
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is 35 Hz.

To summarise, capacitance-based tactile sensing technology is one of the most commonly
used methods at the moment, and it has also been put into commercial use (a typical example
is the touch screen in current electrical devices). The advantages of this type of sensor include

high sensitivity and small size.

2.4.3 Piezoelectricity-based Sensing Technology

Piezoelectricity-based tactile sensors convert an external force or stress into an electric volt-
age; the so-called conversion is also known as the piezoelectric effect [144]. It is noted that
the sensing cells within the sensor body do not need an electrical power supply due to the use
of piezoelectric materials, which makes the sensor fairly applicable in situations where small-
scaled sensors are needed. Piezoelectric materials include ceramics, crystals, and polymers.
Among all these piezoelectric materials, polymer polyvinylidene fluoride (polymer polyvinyli-
dene fluoride (PVDF)) films is the most commonly used one in tactile sensor designs due to
its high piezoelectric coefficients, low weight, mechanical flexibility, chemical inertness, and
dimensional stability [87].

A typical example of the piezoelectricity-based tactile sensor is the polymer polyvinylidene
fluoride (PVDF) film sensor proposed by Hosoda et al. [61]. As shown in Fig. 2.26, a biomimetic
artificial fingertip is made by combining strain gauges and PVDF film sensors into a silicone-
made skin layer, together with a metal bar which acts as the phalanxes. The mixture of strain
gauges and PVDF film sensors can be regarded as the tactile receptors of the biomimetic fingertip
to detect the external mechanical stimuli. When mounted at the tip of a robot finger (shown in
Fig. 2.26(a)), the sensor is able to discriminate between different materials via pushing and
rubbing the corresponding objects. Hosoda et al. have further explored the design and have
expanded the sensor system to include a tactile skin for flat areas [149], allowing it to be applied
within the palm area of a robot hand. However, the use of various electrical components as tactile

receptors creates an excess of wiring making this type of sensor complex to be manufactured.
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Figure 2.26: Developed fingertip equipped with PVDF film sensors [61]. (a) An anthropomor-
phic fingertip is attached at the tip of a robot finger. (b) A developed fingertip (left) and its
cross-sectional sketch drawing (right): The fingertip is made up of a metal bar, a body, and a
skin layer inspired by the structure of the human finger. The body and the skin layer are made

of different kinds of silicone rubber. Polymer polyvinylidene fluoride (PVDF) films and strain
gauges are embedded randomly inside as tactile receptors.

Also, the fabrication of artificial skin for the entire hand can be difficult.

To summarise, piezoelectricity-based tactile sensing technology is widely used at present
[73]. The advantages of this type of sensor include high sensitivity, reliability, and excellent
frequency responses. However, it can only measure dynamic forces due to the fact that its

voltage output drops over time [126].
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2.4.4 Organic Field-effect Transistors (OFETs) Sensing Technology

Organic Field-effect Transistors (OFETs) can be directly used in tactile sensor design as they
can detect the pressure information; a number of sensors have been built based on this sensing
design. For example, Darlinski et al. [38] directly place pentacene OFETsSs on a rigid surface as
the pressure sensing elements in their sensor. Manunza et al. also use pentacene OFETs in their
flexible sensors [101] [100] and the transistors show the capability for both pressure sensing
and switching. OFETs are fabricated on a 1.6 pm thick Mylar foil and the foil acts both as the
carrier substrate and the gate dielectric for mechanical support. The sensors show a linear current
response with the applied pressure. Further, they present 3 x 3 tactile sensor arrays [33] based
on the same technology, as shown in Fig. 2.27(a). The sensor consists of 9 pentacene OFETs,
as shown in Fig. 2.27(b), and each of the sensing elements can be switched on individually. The

sensor has an overall spatial resolution of 7 mm.
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Figure 2.27: Arrays of pressure sensors based on OFETs [33]. (a) The schematic design of
the employed array configuration. (b) The cross-section view of substrate-free OFETs for each
sensing element.

Mannsfeld et al. present another array of pressure sensor [99] (shown in Fig. 2.28), with
the use of OFETS. In this sensor, an elastomer made of polydimethylsiloxane (PDMS) is used
as the dielectric layer and the OFETSs can be used as a pressure sensor based on the mechanical

deformation of the elastomer. Besides, the output current of the OFETs is directly related to
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Figure 2.28: Fabrication of the arrays of pressure sensor [99] with microstructured rubber di-
electric layers.

their capacitance. The sensor has very high sensitivity and a reduced relaxation time due to
the microstructuring process of the PDMS layer. Specifically, the sensor has a sensitivity of
1 nA/kPa under 2 kPa pressures and 0.3 uA /kPa for pressures between 2 — 18 kPa.

To summarise, the OFETs sensing technology has the advantages of simplified fabrication
with the use of OFETs as the direct pressure sensing element, as well as high sensitivity. How-

ever, the application of OFETs for tactile sensing always requires a reference electrode [153].

2.4.5 Magnetic-based Sensing Technology

Magnetic-based tactile sensing technology is based on magneto-elastic materials (for example,
permanent magnets, or permanent magnetic nanocomposite material), whose magnetic field val-
ues can be altered via the displacement of the material’s location or the deformation of the
material’s structure when an external force is exerted. In order to measure the change of the
magnetic field, some tactile sensors use magnetic Hall effect sensor [106] as the receptor to
measure the magnitude of the magnetic field, while others use giant magneto-resistance (GMR)

(its resistance gets changed when external magnetic field alters) sensors [17] as the receptors in-
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Figure 2.29: Highly sensitive soft magnetic-based tactile sensors [66]. (a) An anthropomorphic
robotic hand equipped with 17 tactile sensing elements. (b) The structure of the sensor and the
sensing principle. Note the presence of an air gap between the silicone shell and the Hall effect
sensor increases the sensitivity of the sensor system.

stead. All in all, the exerted force can be calculated by detecting the receptor’s electrical signals
(can be voltage, current or resistances).

A typical example is a soft magnetic-based tactile sensor proposed by Jamone et al. [66], as
shown in Fig. 2.29. The sensor is small enough to be mounted on an anthropomorphic robotic
hand in the form of a phalangeal sensor and fingertip sensor model. As shown in Fig. 2.29(b),
the sensor is made of a silicone body with a small permanent magnet placed inside. A hall-
effect sensor is placed underneath the silicone body to measure the magnetic field generated by
the immersed magnet. It is noted that there is also an air gap between the silicone body and the
hall-effect sensor, and this gap helps increase the sensitivity of the system. When an external
force is applied on the surface of the silicone body, it leads to a displacement of the immersed
magnet moving towards the hall-effect sensor, while the intensity of the magnetic field around
the sensor increases, resulting in an increasing output voltage signal. When the force is released,
the situation is just the opposite. Specifically, the minimum sensed force is 0.01 N for the
phalangeal sensor model and 0.05 N for the fingertip sensor model.

To summarise, magnetic-based tactile sensing technology has the advantages of mechani-
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cal flexibility, robustness, and low hysteresis. However, the requirement for the electrical and

magnetic components leads to issues of complexity concerning the wiring.

2.4.6 Optical-based Sensing Technology

Optical-based tactile sensing technology has become an attractive topic in the past few years
as the rapid development of advanced optical systems enable the utilization of tactile sensors
in small volumes. Current optical-based tactile sensors include optical components such as
optoelectronics [85, 26], optical fibres [104, 53] and camera [96, 63]. There has been a surge of
interest in vision-based sensing technology with the use of cameras [45, 70, 155, 64, 170, 80]
due to increasingly developed computer vision techniques. This type of tactile sensor uses high
spatial resolution, small-sized camera to detect the tactile information via image processing.
Typical examples of vision-based tactile sensors are presented below.

The TacTip sensor [160] is a biologically inspired sensing device with a dome structure.
There are currently six different versions of this sensor: open-TacTip (original), Tac-Tip (im-
proved), TacTip-GR2, TacTip-M2 (flat), TacTip-M2 (round), and TacCylinder, as shown in
Fig. 2.30(d). Fig. 2.30(a) shows a schematic representation of the original sensor, while the
structure is slightly different in the succeeding generations. However, the entire TacTip family
shares a similar working principle. There is a silicone outer skin with inward-facing nodule
pins, and the inside of the sensor is filled with a clear, compliant gelatinous polymer placed
on a lens. To provide a better understanding, a schematic of a 3D printed mould of a 20-mm-
diameter fingertip TacTip device [166] is shown in Fig. 2.30(b). The sensor uses LEDs as the
light source, and a camera is placed at the bottom to capture the images of the skin deformation
via a clear lens. The image is initially captured in a colour format (see Fig. 2.30(c)), which is
subsequently converted into grayscale. Then, the grayscale image is subjected to thresholding
to create the pixel distribution map, in which the movement of each pin (white pixel) compared
with its untouched status can be observed and evaluated. The distance of pixel movements can

be translated into the intensity of the applied force.
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Figure 2.30: The TacTip family soft optical tactile sensors [160]. (a) The schematic design of the
original TacTip sensor. (b) A 3D printed mould assembly of the 20mm-diameter fingertip TacTip
device [166]. (c) The raw image capture without object contact by the fingertip TacTip device.
(d) TacTip family sensors. From left to right are open-TacTip (original), Tac-Tip (improved),
TacTip-GR2, TacTip-M2 (flat), TacTip-M2 (round), and TacCylinder.

The optical three-axis tactile sensor [114, 113] is a dome-like robotic finger that is capable
of sensing normal and shear forces. Fig. 2.31(a) presents a schematic representation of the
proposed sensor [115]. The sensor is 27 mm in diameter and 42.6 mm in height. It consists of
41 sensing elements made of silicone rubber attached to a hemisphere-shape acrylic dome with
the features of a flange structure to attach all sensing elements. Each sensing element consists
of a columnar feeler (height: 3 mm) and eight conical feelers (height: 0.3 mm). The sensor uses
optical fibres as the light source, and a CCD camera is placed at the bottom acquiring images
of the feelers on the dome being deformed by the interaction with objects. An integrated sensor
prototype [112] is shown in Fig. 2.31(b). The image captured by the camera is divided into 41

regions, as shown in Fig. 2.31(c), and several steps are required for the image processing. These



Chapter 2: Background 46

Sensing element Optical fiber Fiber scope
-
fi
{

27.0

>

z

3

=

=

=

a
e

-

(@)

Element No. 3
Element No.7 Element No. 0

(b) (©

Figure 2.31: Optical three-axis tactile sensor [112]. (a) The schematic design of the fingertip
three-axis tactile sensor. (b) The sensor prototype. (c) The raw image with the address of sensing
elements captured by the sensor.

steps include a division procedure, digital filtering, and integrated grayscale value, and centroid
displacement calculations. Both the pixel grayscale value and the centroid displacement of each
sensing element can be translated into the intensity of the applied force.

Another vision-based tactile sensor proposed by Kamiyama et al. [71] has been developed
with twin layers of markers inserted into a rubber covering. As shown in Fig. 2.32(a) and
Fig. 2.32(b), it is a large, flat sensor; a camera is applied to capture the position of each blue and
red marker in the x,y plane, where the blue and red markers are located under different depth.
The researchers used a simplified mechanical model to calculate the normal and shear forces
during point contact. Later on, they scaled the sensor size down to a robot fingertip (as shown in

Fig. 2.32(c)) and named the device ‘GelForce sensor’ [136].



Chapter 2: Background 47

bd |

Transparent — Twe layers of
elastic body w. spherical markers side |[oeee0e

) LN N N
view

A4

§ Acrylic board -

! Y defor-
X mation

! top
view

'
Neesess
Ot 0:.
L) .. ..0
AN

Y

cco

camera

(a) (b)

X CCD camera y
’ | > base
s lens z Jf
acrylic plate ~_|
. ey

[ transparent

! 1 elastic body
o, e <N i~ red and blue
; + marker matrix
(1 g e
18 mm black sheet

©

Figure 2.32: GelForce tactile sensor [71, 136]. (a) The schematic design of the initial sensor. (b)
Representing depth information through colour. (¢) The schematic design of the finger-shaped
GelForce sensor.

Johnson et al. introduced a novel device [68] that can be used as a 2.5D scanner to recon-
struct the contact surface shape and texture, as shown in Fig. 2.33. On the basis of this early
version of the so-called elastomeric sensor [69], Li et al. [92] introduced a fingertip GelSight
tactile sensor, as shown in Fig. 2.34. As described in [176], the GelSight tactile sensor uses a
deformable elastomer piece as the medium of contact, and an embedded camera is placed at the
foot of the sensor to capture the deformation of the elastomer surface. The initial elastomeric
sensor prototype [68] was developed without any markers on the elastomer. A later version of
the GelSight sensor [178] features small black markers painted along with the entire deformable

elastomer, and the motion of the markers provides information about both normal and shear
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Figure 2.33: Illustration of the GelSight [68] operating concept. A cookie is pressed against the
skin of an elastomer, and the shape can be measured via the photometric stereo and rendered at
a novel viewpoint.
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Figure 2.34: GelSight sensor (without marker) [92] prototype and its schematic design.

forces, as shown in Fig. 2.35. The GelSight sensor can easily capture the detailed shape and
texture of the contact object, which makes it useful for material recognition and hardness esti-
mation [180]. Later on, another improved version of the GelSight sensor (shown in Fig. 2.36)
was developed by Dong et al. [42], with the use of a Lambertian membrane and a new illumi-
nation system. The high-resolution three-dimensional geometry of the contact surface can be
reconstructed from the camera images by using photometric stereo techniques with relatively
high accuracy. It is noted that in the GelSight sensor [179], the force measurement is correlated
to its tactile image (geometry) due to the presence of numerous markers merging with the tactile
information in the image.

In general, optical vision-based tactile sensors use soft and deformable materials as the sens-
ing medium. The deformation of a material can be monitored by camera via which tactile in-

formation can be acquired. The compliance of elastomeric materials give the tactile sensor the
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Figure 2.35: GelSight sensor (with marker) [180] prototype, together with its schematic design
and captured view.

Figure 2.36: Improved GelSight sensor [42] prototype.

ability to adapt to curved or irregular surfaces during the manipulation of objects. For instance,
a compliant tactile sensor mounted on a fingertip or an end-effector of a robot is useful for
grasping different types of objects. To conclude, the vision-based tactile sensor has high spatial
resolution and the capability for multiple tactile information acquisition. However, this type

of technology requires complex computation to achieve the needed image processing, and the
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viscosity of the soft material can cause hysteresis which affect the sensor accuracy.

2.5 Summary

This chapter has presented an overview of different sensing technologies that have been applied
in force and tactile sensing in robotics. Concerning force sensing, different sensing technologies
(semiconductor strain gauges (SSGs), capacitive strain gauging, Fibre Bragg Gratings (FBG),
and electrical resistance strain gauges (ERSGs)) are typically integrated with mechanical struc-
tures (such as cross-beam structure, Stewart platform, and cantilever structure). The strain gauge
is one of the most well-developed and commercialised technologies to date. However, there ex-
ists a trade-off between the sensitivity and the stiffness of the sensor structure. The optical-based
force sensing approach which consists of optoelectronic components, optical fibres and cameras
is also widely applied. With the rapid advancements in camera miniaturisation, size is not a
very big issue for this type of sensor any more. The resistance-based tactile sensor is widely
used and has been commercialised at present. However, it still suffers from hysteresis. The
capacitance-based tactile sensor is also commonly-used nowadays, and the majority of touch
screens are based on this technology. It has high sensitivity and can be miniaturised; however,
a sudden electrostatic discharge may occur and produce noise requiring complex electronic fil-
tering system to be implemented. A piezoelectricity-based tactile sensor can be miniaturised as
well, but it can only measure dynamic forces, a fact that limits its application. The tactile sensor
that uses organic field-effect transistors (OFETSs) is relatively simple to fabricate; however, it
always requires a reference electrode. A magnetic-based tactile sensor has low hysteresis, but
it usually suffers from complex wiring issue. The optical-based tactile sensor, particularly the
camera-based version, has become popular in the last few years, because of the increasingly
developed computer vision technology and camera miniaturisation. However, the main issue of
this type of sensor is the computational complexity of tactile information processing.

From the above review, we can see that the majority of the research is focused on the de-

velopment of either a multi-axis force sensor or a tactile sensor. The robotic force and tactile
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sensing system proposed in this thesis aims to put forward a concept of an integrated camera-
based sensor capable of concurrent force and tactile sensing. Compared to other force and tactile

sensing techniques, the advantages of a camera-based sensor include

1. high spatial resolution (the sensing elements are theoretically the pixels within the images);

2. customised-shape of the sensing medium (flat-shaped, dome-shaped or other different

shaped elastomer);

3. simultaneous force and tactile sensing within one image (an image can contain multiple
information), meanwhile, deep learning and other vision-based techniques can be directly

applied as vision and learning has developed a lot recently;

4. miniaturised sensor can be achieved with the development of small cameras.

Therefore, we have chosen to explore the optical vision-based sensing technology, as it uses
a camera that can provide a high spatial resolution and, most importantly, is capable of sensing
dual modalities (force information and tactile information in our case) by processing a single
image. The methodology of concurrent force and tactile sensing within an integrated device is

introduced in the following chapter.



Chapter 3

Dual-Modality Sensor Methodology

3.1 Introduction

This chapter describes the concept of combination of force and tactile sensing within a single
sensor. This chapter starts with the discussion of the theoretical model of a robotic force and
tactile sensing system proposed in [34]. It proceeds with an analysis of both the force sensor
structure and the tactile sensor structure. This is followed by an introduction to the methodology
of the proposed optical dual-modality sensor structure that uses a single camera and a combina-
tion of an elastomer layer and an elastic structure. Finally, we discuss ways of miniaturising the

Sensor.

52
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3.2 Dual-Modality Sensor Methodology

3.2.1 Robotic Force and Tactile Sensing System

One of the well-known theoretical models of a robotic force and tactile sensing system where
different sensors of different functionalities are utilized and work together as an integrated sys-
tem to perform force and tactile sensing is shown in Fig. 3.1(a). Force sensors are mounted
between a robot fingertip’s end and joint for force sensing, where the force information includes
the multi-axis force/torque components measured along the x—, y—, and z— directions. Tactile
sensors are mounted on the robot fingertip end for tactile sensing. Tactile information includes
the mechanical stimulus detection of contact, slip, and pressure. This robotic force and tac-
tile sensing system can be powerful when dealing with three types of activities: manipulation,
exploration, and response, as shown in Fig. 3.1(b). For manipulation task, it has been studied
within the fields of sensory integration therapy, physical therapy, developmental psychology, and
medicine [125, 123, 41, 147, 124]. A typical manipulation task is grasping an object which is a
fine motor skill that develops naturally in both humans and animals. The key points of accom-
plishing a manipulation task depend on both the object-related parameters (for example, size,

shape, weight, and texture of the object) and the manipulation related parameters (for example,

Tactile array Manipulation: Grasp force
/ sensor control; contact locations and
_ ) kinematics; stability assessment.
. Fingertip
é § f

Dynamic
tactile

sensor contact

force/torque
sensor Exploration: Surface texture,
friction and hardness; thermal

properties; local features.

Joint Response: Detection and reaction
angle/torque to contacts from external agents.
Sensors

(a) Force and tactile sensors (b) Uses of robotic force and tactile system

Figure 3.1: Introducing force and tactile sensing system and its uses in robotics [34].
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speed, accuracy, and movement patterns) [175]. Force and tactile sensing is very important for
tasks where an appropriate grasp force control, contact location and kinematics analysis, and sta-
bility assessment are required. With respect to exploration, a majority of the research is focused
on exploring the contact materials and surface properties (for example, surface texture, friction
and hardness, thermal properties, and local features). Some materials might not be easily distin-
guished by sight, as they share a similar appearance while force and tactile sensing can do the
job perfectly via touch. A reasonable force and tactile sensing system gives a gentle response,
while an inaccurate system can cause an impact on the operation process and damage the contact

object surface.

3.2.2 Dual-Modality Sensing Principle

Force and tactile sensing has generated much research interest over past decades, for it admits
of information gathering through direct physical contact between a sensing device and the con-
tacted objects. The application of force and tactile sensing with respect to a robot’s end effector
is vital to achieving next-level grasping and manipulation performance. However, there is cur-
rently no other sensor out there that is capable of measuring these two modalities in one housing.

Force sensors have seen extensive development over the past seven decades [150], and their
capacity for multi-dimensional force/torque measurement has made them very attractive across
a broad swathe of robotic research. Various means of developing multi-axis force sensors have
been proposed, including strain sensing technology [94, 25], cross-beam structure [171], Stewart
platform [95], and optics [16]. Salient criteria to arrive at a desired force sensor design include
considerations of accuracy, robustness, and reliability. Strain gauges were among the earliest
and most commonly used technologies, and they have dominated the strain measurement and
weighing industry. The ATI multi-axis force/torque sensor [2] uses silicon strain-gauge sens-
ing technology to attain high sensitivity and repeatability and is one of the best-known force
sensors currently on the market. Optical-based force sensors have also developed rapidly in re-

cent years; a typical example is the OnRobot HEX force/torque sensor (formerly known as the
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OptoForce sensor) [4]. Other than commercial sensors, many in-lab optical-based force sensors
[117, 15, 109] have been proposed which make use of optoelectrical components, optical fibres
Or cameras.

Tactile sensors have drawn interest for yet another reason: they are regarded as the future
of robotic grasping [44]. As tactile information has become a key sensing modality, various
technologies have been investigated to develop sensors [160, 96, 130] of this type. However,
there is still room for development of the current tactile sensing devices due to the inherent
complexity of understanding the sense of human touch and its replication in hardware. Many
tactile sensors for robots are biologically inspired [65, 93], where the aim is to imitate the human
ability to obtain tactile feedback. Among the different methods that have been applied towards
realizing tactile sensors are ones that rely on resistance [19], capacitance [40], piezoelectricity
[73], organic field-effect transistors (OFETs) [169], optics [83], and magnetics [60]. Most of
the tactile sensors used on robots are designed for fitting onto fingertip-shaped appendages or
gripper end-effectors [92, 43], while others are designed to be mounted on the body of a robot
[98]. The latter has a larger sensing area and are mostly used for contact and collision detection
during robot motion.

There are major challenges [175] in developing a desired artificial force and tactile sensor.
Firstly, the sensor needs to be small in order to be of a size compatible with standard robots.
Secondly, it should at all times, provide real-time force and tactile feedback with good signal
quality. Thirdly, the sensor should be reproducible, so as to enable other researchers to duplicate
it. Fourthly, it ought to be able to measure normal force as well as shear force and torque. Finally,
the sensor should be able to handle multi-point touch, not only single-point, with an evenly
distributed contact area where each local tactile element ideally has the same characteristics.

In amongst the myriad different sensing technologies, spanning both force and tactile sen-
sors, optical sensors using cameras have a lot to recommend them. This type of sensor can
provide a high spatial resolution and, crucially, can sense multiple modalities (such as con-

tact force, contact surface geometry, and hardness) from analyzing a single captured image
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Figure 3.2: Introducing the proposed force and tactile sensor within a robot system.



Chapter 3: Dual-Modality Sensor Methodology 57

[139, 20, 69, 120, 93, 132]. Vision-based tactile sensors usually use soft and deformable ma-
terials as the sensing medium. Deformation of the material can be directly monitored through
a camera or by observing changes to certain patterns on the sensing medium to acquire tactile
information indirectly. Elastomeric materials offer compliance, which gives the tactile sensor
the ability to adapt to curved or irregular surfaces during manipulation of objects. For instance,
a compliant tactile sensor mounted on a fingertip or end-effector of a robot can assist with grasp-
ing different types of objects. Hence, a number of optical tactile sensors leverage deformation
and compliance.

A major contribution of this thesis is to create a single integrated sensor that matches the
high performance of stand-alone force and tactile sensors combined. As shown in Fig. 3.2, a
tactile sensor is usually mounted on an end-effector end, while a small-volume force sensor
is usually applied between the joint and the tactile sensor. We aimed to provide a force and
tactile sensor that can be directly mounted at the robot end-effector end so that our sensor can
achieve the same performances of both force and tactile sensors. According to the review in
Sec. 2.3 and Sec. 2.4, we chose an optical method with the use of a camera as the transducer
to sense both the modalities of force and tactile information within a combination of an elastic
structure and an elastomer layer. The overall sensor structure is shown in Fig. 3.3, where a
camera is fixed at the foot of the sensor; an elastomer layer is applied upon a supporting plate at
the top of the sensor to perceive tactile information, and an elastic structure is applied between
the elastomer layer and the camera to measure the force information. The tactile information
(in the form of pressure or geometry) is detected by directly observing the deformation of the
illuminated elastomer layer from the camera. Multi-axis forces and torques are measured by
indirectly detecting the deformation of the force-sensitive elastic structure (via observing visible
markers within the elastomer layer or visible markers attached to the elastic structure) with use
of the same camera. Thus, a single sensor can simultaneously perform what is essentially multi-
dimensional force/torque sensing and tactile sensing within the same housing.

The human tactile system has four mechanoreceptors, namely Pacinian corpuscle, Ruffini
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Figure 3.3: Sensing principle of the proposed dual-modality sensor design.
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Figure 3.4: Section view of the human skin showing various mechanoreceptors [35]. Ruffini
corpuscle (with low spatial resolution) is for force estimation (here corresponds to the elastic
structure in our sensor structure) and is located beneath the Merkel cells (with high spatial reso-
lution) which is for pressure and texture perception (here corresponds to the elastomer layer in
our sensor structure). Sensory nerves correspond to the camera in our sensor structure.
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corpuscle, Merkel cells, and Meissner’s corpuscle. As shown in Fig. 3.4, these cells are located
at different depths in the skin and are sensitive to different types of stimuli. In particular, Merkel
cells are aligned with the intermediate ridge with a high spatial resolution (spatial acuity: 0.5
mm), are used for pressure and texture perception. Ruffini corpuscle is located beneath the inter-
mediate ridge with a relatively sparse spatial resolution (spatial acuity: 7+ mm), and is responsi-
ble for force estimation. In our work, as can be seen in Fig. 3.3, the two core components within
the proposed sensor structure are the elastomer layer (corresponding to the Merkel cells) and
the elastic structure (corresponding to the Ruffini corpuscle). The combination of the elastomer
layer and the elastic structure is regarded as the touch medium of the proposed sensor. When in
contact with the external environment, both the deformation of the elastic structure (indirectly
presented by the status change of a small number of markers) and the distortion of the elastomer
layer (captured in the high-resolution tactile image) are recorded by the camera. Computer vi-
sion methods, which are competent at processing high-resolution image data, are then applied
to analyse the acquired data for simultaneous force and tactile sensing. Note that compared with
other vision-based tactile sensors, we used a separate force-sensitive elastic structure (this was
also the principal internal structure inside a force sensor) to indirectly detect multi-axis force and
torque quantities within the tactile image. Moreover, a supporting plate and LED arrays were
included within the sensor structure. The elastomer layer is a relatively soft component, while
the elastic structure is made of a more robust material, so in order to achieve a typical force
sensor behaviour, a supporting plate (acrylic sheet) was mounted between the elastomer layer
and the elastic structure to provide an overall deformation to the entire force structure. To create
strictly controlled light conditions and prevent external light from interfering with the capture,
we blocked the external light via the sensor shell, the elastomer coating layer, and used an in-
ternal illumination system (LED arrays). Note that the LED light colour, direction and position
can influence the sensor performance.

To prove the validity of the sensing methodology, some typical force and tactile sensor pro-

totypes are proposed, as shown in Fig. 3.5. All of them follow the same sensor architecture
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Figure 3.5: Typical sensor structures that consist of a combination of an elastomer layer and an
elastic structure within the proposed F-TOUCH sensor prototypes.
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with both an elastomer layer and an elastic structure above a camera. However, different elas-
tomer, in terms of its shape, size, and material, and different elastic structures (for instance, a
cantilever structure or a spring-mechanism structure) were used in each prototype. Fig. 3.5(a)
shows the sensor structure of the ICFTS (Initial Camera-based Force/Tactile Sensor) which in-
cludes a compound elastomer layer whose the central area is a transparent silicone component,
and its surroundings are covered in translucent silicone components with eight reflective conical
force sensing elements. The elastic structure in this prototype is based on a mechanical can-
tilever beam structure. A detailed description and its working principle can be seen in Sec. 4.2.
Fig. 3.5(b) shows a sensor structure of the CFTS1 (Camera-based Force/Tactile Sensor) whose
compound elastomer layer has a central area consisting of numerous thin reflective conical tactile
sensing elements, while the surrounding areas have three thick reflective conical force sensing
elements. The elastic structure in this prototype is based on another more complex mechani-
cal cantilever beam structure. A detailed description and its working principle can be seen in
Sec. 4.4 and Fig. 3.7. Fig. 3.5(c) shows a sensor structure of the F-TOUCHO with a coated elas-
tomer layer (a piece of transparent silicone base coated with a thin reflective membrane). The
elastic structure in this prototype is based on a mechanical spring-mechanism structure that uses
three compression springs and three force markers attached within the force-sensitive structure.
A detailed description and its working principle can be seen in Sec. 4.5. Fig. 3.5(d) shows a
sensor structure of the F-TOUCH which has the same coated elastomer layer (a piece of trans-
parent silicone base coated with a thin reflective membrane but in a considerably smaller size);
the elastic structure in this prototype is based on a more complex mechanical spring-mechanism
structure that uses six compression springs together with twenty-four small magnets and three
tiny force markers attached within the force-sensitive structure. Each of the sensor prototypes
and its performance will be introduced and discussed in the following chapters. A detailed

description and its working principle can be seen in Sec. 4.5 and Fig. 3.8.
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3.3 Concurrent Real-time Dual-Modality Sensing Using A Single Camera

After analysing both the force sensors and the tactile sensors, we found that a possible way to
link these two modalities together was by using optical-based techniques, in particular, cameras.

Taking inspiration from the human tactile system (shown in Fig. 3.4), we propose a sen-
sor structure whose sensor components correspond to human receptors tactile system (shown
in Fig. 3.3). The elastomer layer corresponds to the Merkel cells for texture and pressure per-
ception; the supporting plate corresponds to the intermediate ridge for supporting; the elastic
structure corresponds to the Ruffini corpuscle for force perception, and the camera corresponds

to the sensory nerves for transmitting signals.
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Figure 3.6: Typical elastomer layers manufactured in ICFTS, CTS, CFTS1, CFTS2, F-TOUCHO
and F-TOUCH for pressure detection in (d), (f) and geometry perception in (b), (g), (j) and (1),
respectively.
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In the proposed sensor architecture, an elastomer layer is placed at the top to acquire tactile
information, more specifically, to detect pressure or geometry. The elastomer layer contains two
main parts: an elastomer base and a coating layer. The elastomer base is always a soft silicone
base, and the coating layer is usually an opaque layer of silicone mixture to block the external
environment light. When choosing the elastomer base materials, several aspects have to be
considered: hardness, transparency (for geometry observation), and complexity for fabrication.
For pressure detection, the elastomer layer has to be stretchable to sustain the applied pressure,
while its hardness needs to be adjusted to meet a specific measurement range. The common
elastomer materials that we used for pressure detection are Ecoflex and Psycho Paint (both are
platinum silicone from the Smooth-on company). For geometry observation, the elastomer base
has to be transparent and stretchable to yield to different contact shapes. Also, the hardness of
the elastomer can be manually adjusted by adding softener. We used Solaris (platinum silicone)
from the Smooth-on company for making the transparent elastomer base. Note that all these
silicone materials are easy to manufacture as we only need to mix Part A and Part B of the
silicone, and pour the mixture into a mould, then wait for the silicone to cure. For the coating
layer, we usually mix the silicone materials with a colourant (for example, a black colourant to
block the external light) and then directly pour the mixture on top of the cured elastomer base,
making the resultant silicone compound layer opaque. In particular, we add metallic powder
when producing coating layer for the transparent silicone base as the powder can provide a
matte surface effect which is better for geometry observation (the specular surface can easily
generate light spots which interfere with the observation). Several elastomer layers made of
silicone rubber are presented in Fig. 3.6: two of them have reflective conical feet for pressure
detection that are elastomers of CTS and CFTS1, while the other is transparent for geometry
observation that is the elastomer of F-TOUCHO. More details including manufacturing process
and material, will be shown in Chap. 4.

Another important component in the proposed sensing architecture is the elastic structure

that is placed beneath the elastomer layer. This mechanical structure is also deformable (with
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Figure 3.7: Cantilever structure used within the proposed sensor CFTS1. (a) Exploded view
of the proposed sensor structure. (b) Measurable force and moment components on the sensor
structure. (c) Sensing principle of the prototype that uses cantilever structure and the elastomer
layer. The top row shows the camera capture when different forces and torques are exerted upon
the sensor. The force and torque quantities can be estimated by analysing the status changes of
the three force pins shown in the camera capture. Meanwhile, high-resolution tactile images can
be observed from the same capture.
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Figure 3.8: Spring mechanism structure used within the proposed sensor F-TOUCH. (a)
Schematic view of the proposed sensor structure. (b) Bottom view of the proposed sensor
structure. (c) Sensing principle of the prototype that uses spring mechanism structure and the
elastomer layer. The top row shows the camera capture when different forces and torques are
exerted upon the sensor. The force and torque quantities can be estimated by analysing the status
changes of the three force pins shown in the camera capture. Meanwhile, high-resolution tactile
images can be observed from the same capture.
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linearity characteristics) and is used for force measurement. Two successful structures that are
used in the developed sensor prototypes are the cantilever structure in CFTS1 (see Fig. 3.7) and
the spring structure in F-TOUCH (see Fig. 3.8). Cantilever structure is a typical mechanical
design used for three-axis force sensor [111]. The structure has three cantilever arms that are
symmetrically located at 120° at the same radial distance, as shown in Fig. 3.7(b). Note that an
elastomer layer (with force pins) is inserted inside of the cantilever structure (see Fig. 3.7(a)).
When external forces are applied to the upper plate, the three associated cantilever arms will
be deflected. The cantilever arm deflections (81, &, and 03) between the upper plate and the
bottom plate can be indirectly represented in terms of the status change of the three force pins
(shown in Fig. 3.7(c)) within the camera capture. More details will be provided in the sensor
prototype section in Chap. 4. Regarding the spring structure, it can be used in multi-axis force
sensor design [116]. As can be seen in Fig. 3.8(a), the sensor consists of three parts: a bottom
plate, an upper plate and six springs that connect both plates. With such configuration, the
upper plate can move in all directions (six degrees of freedom) with respect to the bottom plate.
Furthermore, three force markers were inserted to the underside of the upper plate (therefore,
the markers always keep the same pace with the upper plate movement, see Fig. 3.8(b)). Based
on the force sensor analysis in the previous chapter, the movement (translation and rotation) and
the area changes of the three force markers should have a linear relationship with the applied
forces and torques due to this spring mechanism design. Then, we use a commercial multi-
axis force/torque sensor to calibrate the proposed sensor (using regression methods), and given
a known linear fit, the proposed sensor can estimate multi-axis force and torque values. Note
that since the force markers are inserted at the bottom side of the upper plate, the camera can
therefore capture both the force markers and the elastomer layer surface during the interaction,
as shown in Fig. 3.8(c). Moreover, the tactile image (capture of elastomer surface) has relatively
high spatial resolution compared to the three force markers within the elastic structure, which is
consistent with the human tactile system architecture shown in Fig. 3.4.

As described above, we have placed a single camera at the bottom of the structure to capture
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the deformations of both the elastomer layer and the elastic structure (indirectly represented by
the status changes of the force markers) for tactile (pressure or geometry) and force sensing.
For tactile perception, we apply an artificial neural network (ANN) for texture classification,
and for force measurement, we apply linear regression method for multi-axis forces and torques
estimation. Since only three black markers represent the force information, and the elastomer
surface is illuminated by RGB colour, it is feasible to extract the force markers from the tactile
image with simple thresholding. This scheme ensures the resource efficiency for dual-modality
sensing since only one capture is required for obtaining two modalities information. Also, all
processing is in real-time (with a frame rate of 15 fps). Several developed sensor prototypes will

be presented in the next chapter to provide a more detailed explanation of each sensing principle.

3.4 Miniaturisation of Dual-Modality Sensor

Following the basic methodology of real-time dual-modality sensing using a single camera,
we also considered reducing the sensor size to fit the standard robot end effector. The sensor

miniaturisation can be considered from the following aspects:

1. Elastomer layer: the miniaturisation of the elastomer layer is feasible by using a small
3D-printed mould (around 20 mm in width and 12 mm in height). Then, we can easily

obtain a small elastomer layer with the same manufacturing procedures described above.

2. Supporting plate: thin acrylic sheet (1 mm thickness) can be cut in small shape as the

new supporting plate.

3. Elastic structure: taking the spring structure as an example, we can use small springs (of
15 mm length, 4 mm in diameter, and of 0.5 mm wire diameter), and small 3D-printed

upper plate and bottom plate.

4. LED illumination: surface mounted diode (SMD) LED can be applied on a thin printed

circuit board (PCB) of 1.5 mm in height.

5. Camera: small webcam (Logitech C310) can be used to replace the original Microsoft
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Figure 3.9: Comparison between the original sensor F-TOUCHO (left, in large-scale) and the
revised sensor F-TOUCH (right, in small-scale).

Following these aspects, we built a miniaturised sensor F-TOUCH (42 mm in height, and
41 mm in width) from the old-version sensor F-TOUCHO (137 mm in height, 83 mm in width),
as shown in Fig. 3.9. The revised sensor can be mounted on a commercial gripper and the
connection is via two USB cables (one is for the webcam and the other is for the LED power

supply). A detailed description of the sensor can be seen in Sec. 4.5.1.

3.5 Summary

Our principal contribution in this thesis is to match the high fidelity of stand-alone force and
tactile sensors with the use of a single, integrated sensor. See as a force sensor cannot measure
tactile information, and a tactile sensor cannot accurately measure force information, we require
both modalities to co-exist within the same sensing unit. At the same time, premising data ac-
quisition on a single optical transducer (i.e. monocular camera) shared across the two modalities

affords us a high level of integration. Our use of a unitary shared transducer equates to a reduced



Chapter 3: Dual-Modality Sensor Methodology 69

hardware footprint for the same proximate data throughput and thereby to increased resource ef-
ficiency. Economizing on hardware resources has the ancillary benefit of increased portability of
the sensor, such that it can more easily and readily be mounted onto an end effector for instance.
We employ an elastic structure (coupled to visible markers) beneath an elastomer layer for force
sensing, whereby multi-axis force/torque components are measured through the corresponding
motion and area changes of each marker. The elastomer, meanwhile, conveys tactile information

(pressure or geometry).



Chapter 4

Sensor Design, Prototyping and Analysis

4.1 Introduction

This chapter describes several tactile and force sensor prototypes that are based on the sensing
architecture proposed in Chapter 3. All of the proposed sensors in this chapter are following
the concept of integrating both tactile sensing and force sensing capabilities within one sensor
housing with the use of a combination of an elastomer layer and an elastic structure above a
camera.

This chapter firstly introduces the ICFTS with finite element analysis (FEA) in Sec. 4.2.
Then an optical-based tactile sensor the CTS using reflective elastomer layer and cantilever
structure is introduced in Sec. 4.3. The proposed sensor can detect both single-point touch and
multi-points touch. Based on this tactile sensor, a tactile and force sensor the CFTS1 following
the same architecture (a reflective elastomer layer plus a cantilever structure) is introduced in
Sec. 4.4, where the sensor can detect both tactile information (in the form of pressure distri-
bution) and force information. However, an issue with this sensor prototype is that the tactile
sensing area and the force sensing area of the sensor are separate from each other, which does not

entirely meet our needs. Thus, another tactile and force sensor the F-TOUCHO using a new struc-
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ture is proposed in Sec. 4.5, where a coated transparent elastomer layer and a spring-mechanism
structure are applied above a camera. This sensor prototype shares the same sensing area for
both tactile sensing (in the form of geometry information) and force sensing. A minimized ver-
sion of the sensor prototype the F-TOUCH is then introduced. The prototype is designed to fit
the size with a standard robot gripper and can measure both geometry information and multi-axis

force/torque information.

4.2 ICFTS — Initial Camera-based Force/Tactile Sensor

4.2.1 Introduction

Tactile perception became an important aspect of robot design as it could convey useful informa-
tion about the interaction of the body with the external environment (i.e. detection of mechanical
stimulation and temperature) [113]. Human beings have an extremely powerful perception sys-
tem that detects various tactile stimuli. The hand is one of the most dexterous parts of the human
body using the tactile feedback from the fingers, humans can interact with the environment and
perform dexterous manipulations. The same principle applies for robot design; a robotic hand
could perform advanced manipulations if feedback from the tactile sensor was available [167].
However, tactile sensing in robots is relatively backward compared to that of humans [82]. Tac-
tile sensors are single-functional with fewer degrees of freedom compared to the human hand
[89].

Tactile sensors have attracted much attention from researchers in the past few years. Yousef
[175] gives an overall review of tactile sensing for human-like manipulation in robotics. One
of crucial tasks of tactile sensors is to acquire information from the contact surface, especially
when this surface is curved or irregular. Greater contact area with the surface provides a more
stable grasp and recognizing the different physical properties of contact material (i.e. surface
texture and hardness) makes for an efficient manipulation [83].

Among all categories of recent tactile sensors, the optical-based sensor shows admirable

compliance due to its soft structure employing elastomers. Compared to the conventional elec-
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tromagnetic sensing methods, such as resistive or capacitive-based sensors that largely depend
on the transmission of electrical signals, the optical tactile sensor has a high-resolution camera
that can capture the geometry of the contact surface, as well as being able to measure the contact
force. Thus, it can recognize multi-modal information of the physical properties of the contact
object.

We propose a design of an optical-based force and tactile sensor ICFTS. The proposed sensor
can obtain and measure a wide-range of force information with the use of a combination of an
elastomer and a force-sensitive structure. At the same time, it can obtain the tactile information

by using a camera to capture the pattern of the contact surface via a transparent silicone.

4.2.2 Sensor Design

We are introducing a new miniature sensor that is comparable to the size of a human finger.
The proposed force and tactile sensor consists of the following parts: an elastomer part, a force-
sensitive structure, LED arrays and a CCD camera.

The touch medium of the device is the elastomer part together with the flexure (a force-
sensitive structure). The elastomer part is composed of two elastomers coated with a hollow
membrane on top. The flexure has a three degree of freedom with a three cantilever structure,
and its rigid structure can effectively stabilize the soft elastomer part. Both the elastomer part
and flexure are placed on a hard surface which is a transparent acrylic sheet. The elastomer part
is illuminated with white light through the LED arrays placed inside the device. In addition,
LED arrays are used to provide an optimal condition for image capture. 3D-printed covers out-
side of the device are used to block the external light and preventing it from disrupting the light
conditions of the interior. The camera captures deformations of the entire elastomer component
to measure the applied force based on the deformation of eight individual legs circularly allo-
cated on the bottom side of the outside elastomer and the tactile information based on the pattern
presented by the transparent inner elastomer. The inner area gives high-resolution sensing with

a spatial resolution of 2 microns.
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Figure 4.1: Manufactured elastomer part and the corresponding moulds.

Elastomer Part

The elastomer part consists of three parts: two elastomers and one membrane, as it is shown
in Fig. 4.1. The inner elastomer comprises a long transparent cylinder that traverses both the
membrane and the outside elastomer. The outside elastomer is a translucent hollow cylinder
with eight miniature conical legs symmetrically attached at the bottom side of the cylinder. A
hollow membrane is attached to the top of the cylinder. The three components are merged
together so they can be treated as an integrated part, or named as the elastomer part. Since the
elastomer part is soft and compliant, it produces good deformation when an external load is
applied.

The properties of the elastomer play an important role in the tactile sensor and can largely
affect the sensing range. An ideal elastomer material should be of low viscosity and good elas-
ticity. Thickness and hardness are two important properties for the sensor design. A thick
elastomer can carry out a larger degree of deformation. In our sensor, the inner transparent
cylinder elastomer is made of Solaris® from Smooth-On Inc. To make the inner part, Solaris®
part A and part B need to be degassed in the vacuum chamber before mixing, then both parts

were mixed with a ratio of 1:1. Further on, the mixture is placed into the vacaum chamber again
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for degassing since the stirring process might generate some bubbles, which are detrimental to
the elastomer performance. Then we pour the silicone mixture into the 3D printed mould and
leave the silicone to cure for 24 hours at room temperature. No additive liquid is needed during
the mixing of part A and B since the softness of Solaris® has already met our needs. The hollow
elastomer with eight conical legs is made from silicone (Ecoflex® 00-50 from Smooth-On Inc).
The steps to make this translucent elastomer are similar but Ecoflex® 00-50 takes less time to
cure (three hours). No additive liquid is required either. Moreover, we brush silver powder all
over the surface of the hollow translucent elastomer, as well as the eight conical feet on the bot-
tom side in order to increase the reflection of the elastomer itself, which leads to a better capture.
The hollow membrane is made of dyed silicone (Eco-flex® 00-50 with Silc Pig® pigments). We
need to premix the Silc Pig® in the container before dispending and then add the colourant to
Ecoflex® 00-50 part A, mix well before adding part B and wait for it to cure. Fig. 4.1 shows
the transparent elastomer, translucent elastomer with eight conical legs and the membrane with

some 3D printed moulds.

Force Sensitive Structure
The force-sensitive cantilever structure is used to encircle the elastomer part to stabilize and
enhance the robustness of measurements. This flexure structure has three degrees of freedom.
The force-sensitive structure (flexure) consists of a hollow monolithic cylinder with three
thin symmetrical horizontal cantilevers (with a thickness of 2.3 mm) in a circular arrangement.
The external and internal diameters of the flexure are 25 and 20.2 mm, respectively. Each can-
tilever is linked to the rest of the flexure with short supports which allows the displacement to
be formed either upwards or downwards between the slots (with a height of 0.78 mm of each
cantilever). The tolerance of the flexure is thus 0.78 mm. Forces applying on the top of the flex-
ure give a direct impact on the horizontal cantilevers and cause the deflection of the slots, while
the bottom of the flexure remains fixed. The cantilever design ensures the minimal coupling
effects be-tween axial and lateral force components. Thus, the cantilevers bend only along the

vertical axis when axial loading is applied and twist and bend along the vertical and horizontal
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axes when a lateral load is applied.

The combined force-sensitive structure, together with the elastomer part, is shown in Fig. 4.2.
During the contact, the deflection of the cantilever structure in the flexure results in the defor-
mation and horizontal displacement of eight conical legs in the elastomer part. The deformation
of the cantilever structure is analyzed during finite element simulations.

Based on the CAD design shown in Fig. 4.2, we use a 3D printer Stratasys Objet30 Prime
to print this flexure with a polymer material (VeroClear-RGD810) that has high robustness and
low hysteresis. Since the device should be isolated from the external light source, we sprayed
the printed transparent flexure with black dye paint. The mechanical properties of the polymer
are summarized in Tab. 4.1. One feature is that the material has a heat deflection temperature
(HDT) of over 45 °C, which ensures that minimum deflection will occur in terms of the contact

under human body temperature or room temperature.

i
= % case 1

N Al

S~

Figure 4.2: CAD design of the force-sensitive structure (two red square areas represent case 1
and case 2). In case 1, the flexure is designed to deform only along the vertical axis when axial
loading is applied (show one of the three symmetrical cantilever structure). In case 2, the flexure
is designed to twist and bend along the vertical and horizontal axes when a lateral loading is
applied (show one of the three symmetrical cantilever structure).
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Table 4.1: Force Sensitive Structure Material Properties

Property RGD810

Tensile Strength 50 - 65 MPa
Elongation at Break 10% - 25%
Flexural Strength 75 —-110 MPa
Flexural Modulus 2,200 — 3,200 MPa
HDT, °C at 0.45MPa 45-50°C

Shore Hardness (D) 83-86 D
Polymerized Density 1.18 - 1.19 g/cm™3
Poisson’s Ratio 0.38

Illumination and Image Capture

A key aspect of the sensor is the way the elastomer part is illuminated. A white LED array is
placed on the base of the housing for sensor illumination. The light from each of the LEDs
travels through the light-guiding plates which have a 45-degree angle on one end to guide and
reflect the light to the supporting plate and thus illuminate the elastomer part. The LEDs are
of size 3 mm with 30-degrees viewing angle, soldered on a 3D printed electronic housing made
of VeroClear-RGD810. Transparent acrylics with 1/8-inch thickness are cut as the light-guiding

plates and supporting plate, using the laser cutter PLS6.150D.

(a) (b) (0)

Figure 4.3: The corresponding response of the sensor when normal force and lateral moment are
applied. (a) The original status of the captured elastomer part when no load is applied; (b) the
captured elastomer part when a normal force is applied; (c) the captured elastomer part when
both a normal force and a lateral moment are applied.
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A CCD camera is placed at the bottom of the sensor to capture the deformations of both
the transparent elastomer and eight feelers when contacting an external surface. The camera
needs to be small, as well as having the white balance and automatic light correction. The USB
webcam Logitech ¢270 satisfies all the requirements and has an HD 720p widescreen with noise
reduction. Besides, a mobile phone camera or a small Rasberry Pie camera might perform better.

To give a better understanding of the working principle of the tactile sensor, a thumb is
placed on the top of the surface. The deformations of the elastomer part can be segmented as
two sections, one is in the centre area and the other one is the outer area. Initially, when there
is no contact between the sensor and the thumb, the centre area shows the natural environment
scene (assuming the default environment is black), see Fig. 4.3(a). Then we apply a normal
force with our thumb, and the camera can capture an image shown in Fig. 4.3(b). The pattern
image (the fingerprint) is shown in the central area, of which the surface geometry can be clearly
recorded. The deformations of eight conical feet are recorded at the outer area, where the shape
of each conical feet and horizontal displacement (it reaches the maximum normal force and there
is no horizontal displacement for the normal force in this case) can be processed to evaluate the
corresponding normal force. Finally, when we apply both a normal force and a lateral moment,

the camera can capture an image shown in Fig. 4.3(c).

4.2.3 Sensor Prototype Evaluation

Finite element analysis (FEA) is a numerical method to investigate the performance of the target,
make sure the target works within the expected range and optimize the design of the target
before manufacturing [111]. In our design, we apply the Fusion360 in-built Static Stress FEA
functionalities to investigate the behaviour of the force-sensitive structure, using the material
VeroClear-RGD810 (the material property is in Tab. 4.1). According to [110], we aim to design
a flexure structure that can measure a maximum force of up to 20 N (equals to 200 gm). The
amount of deformation under vertical and lateral loading is shown in Fig. 4.4, The simulation

result in Fig. 4.5 shows the sensitive force structure measures the maximum normal force of 20 N
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and the maximum lateral torque (around the x-axis and y-axis) of 87.5 N/mm. The parameters
of the flexure are given in the force-sensitive structure in sensor design. Besides, the sensor also

provides a force overloading protection which means if the load is too heavy for the flexure to

FRONT

Min: 3.22E-04 Mpa
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Min: 2.47E-04 Mpa
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Figure 4.4: Finite element analysis (FEA) simulation performed with Fusion 360 Simulation
Tool, showing the mechanical behaviour under normal force and lateral moment of the force
sensitive structure. (a) Stress behaviour under normal force Fz = —20 N. (b) Displacement
behaviour under normal force Fz = —20 N. (c¢) Stress behaviour under normal force Fz=—7N
and Mx = —87.5 N/mm. (d) Displacement behaviour under normal force Fz = —7 N and Mx =
—87.5 N/mm. (e) Stress behaviour under normal force Fz = —7 N and My = 87.5 N/mm. (f)
Displacement behaviour under normal force Fz = —7 N and My = 87.5 N/mm.
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Figure 4.5: Von Mises stress and displacement of the force-sensitive structure using finite ele-
ment analysis (FEA). Stress against force components in (a) normal force Fz; (c¢) normal force
Fz and lateral moment Mx; (d) normal force Fz and lateral moment My. Displacement against
force components in (b) normal force Fz; (d) normal force Fz and lateral moment Mx; (f) normal
force F'z and lateral moment My.
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sustain, the cantilevers will bend and physically contact with the solid part of the cylinder. Thus,
the flexure can sustain a maximum of around 25 N before damage occurs.

Then we apply the finite element analysis (FEA) to investigate the behaviour of the elastomer
part. The parameters of the elastomer part are based on the parameters of the flexure structure
to ensure the size and the extent of deformation of both are matched. The material used for FEA
is Ecoflex® 00-50 and Solaris®. The material properties of Ecoflex® 00-50 are a density of
1.07¢ — 06 kg/ mm?, Young’s modulus of 0.08 M Pa, a tensile strength of 2.2 M Pa. The material
properties of Solaris® are a density of 0.99¢ — 06 kg/mm?, Young’s modulus of 0.1 MPa, a
tensile strength of 1.2 MPa. These values are based on information shown by Ecoflex® Series
- Smooth-On Inc. and Solaris® - Smooth-On Inc. Simulation result in Fig. 4.6 shows the
elastomer part measures the maximum normal force of 1.5 N and the maximum lateral torque
(around the x-axis and y-axis) of 3 N/mm. The amount of deformation of the elastomer part
shows a linear relationship with vertical and lateral loading, and the strain at the contact area
of each conical leg also demonstrates a linear relationship with vertical loading, as is shown in

Fig. 4.7.

Min:1.41E-8 mm

Min:4.35E-04
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Figure 4.6: Finite element analysis (FEA) simulation performed with Fusion 360 Simulation
Tool, showing the mechanical behaviour of the elastomer under normal force without lateral
moment. (a) displacement behaviour under normal force Fz = —1.5 N. (b) bottom view of the
strain behaviour of the elastomer under normal force Fz = —1.5 N.
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Figure 4.7: Displacement of the elastomer part and equivalent strain at the contact area of the
conical leg tip using finite element analysis (FEA). Displacement against force components in
(a) normal force F'z, (b) normal force Fz and lateral moment My. Stress against force in (c)
normal force Fz.

Finally, we apply the finite element analysis (FEA) to investigate the behaviour of the combi-
nation of both force-sensitive structure and the elastomer part, based on the material used above.
The simulation results in Fig. 4.8 show that the flexure can be assembled with the elastomer part
and largely expand the sensor’s measuring range with the maximum normal force of 22.5 N and
the maximum lateral torque (along the x-axis and y-axis) of 95 N/mm. The displacements of
both flexure and the elastomer part are linear against force components, and the strain at the tip

of the elastomer’s conical leg is also proportional to the applied force. Thus, we can establish a
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map between the deformations of the conical legs and the external force.

We have created a user interface for the tactile sensor in MATLAB, as is shown in Fig. 4.9.
The top left is the live video of the webcam. There are two spaces in the bottom left part, the
left one is the capture of the present image, and the right one is the calibration image. In the
right part of the interface, we segment the captured image into nine parts (8 images of conical
legs Pin 1 to Pin 8, and the centre is for the tactile information). When no load is applied to the

sensor, the camera captures an image as the calibration image. The sensor can detect three force

Min:5.36E-04

Min:1.4E-08 mm Min:1.2E-08 mm
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Figure 4.8: Finite element analysis (FEA) simulation performed with Fusion 360 Simulation
Tool, showing the mechanical behaviour under normal force and lateral moment of the combi-
nation of the force-sensitive structure and the elastomer part. (a) Bottom view of the strain be-
haviour of the elastomer under normal force Fz = —22.5 N. (b) Strain behaviour under normal
force Fz = —22.5 N. (c) Displacement behaviour under normal force Fz = —7.6 N and lateral
moment Mx = —95 N/mm. (d) Displacement behaviour under normal force Fz = —7.6 N and
lateral moment My = 95 N /mm.
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components Fz, Mx and My. In normal load testing, a normal force is applied by directly adding
different weights (from 10 grams to 100 grams with a step of 10 grams and from 100 grams to
1000 grams with a step of 100 grams) on the centre of the tactile sensor’s membrane along the
z-axis. We capture each weight’s image in the sequence and save them in a database. In lateral
load testing, the sensor is fixed and a string is stretched along the x-axis and y-axis, respectively.
One end of the string is connected to the transparent elastomer in the centre, and the other end
is connected to the loads hanging along the corresponding axis. Lateral loads with different
weights (from 10 grams to 100 grams) are connected with the string, and the weights’ images
along x-axis and y-axis are captured in sequence, respectively.

During the test, we apply different objects on top of the sensor elastomer and the sensor’s
camera can capture the image as shown in Fig. 4.9, where both the force information (the status

of the eight conical pins) and tactile information (the initial of a signature) can be observed

Figure 4.9: User Interface of the sensor. Top left is the live capture; the right area shows the
status of the eight force pins(for force/torque measurement) and the central transparent elas-
tomer(for geometry observation). Bottom left shows the capture when an object (with an initial
of a signature on its surface) is pressed against the sensor’s elastomer surface.
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during the sensing in real-time.

4.2.4 Summary

In this work, we have introduced the hardware design of the ICFTS that can sense both force
information and tactile information with the use of a combination of a force-sensitive structure
(flexure) and an elastomer part. Finite element analysis (FEA) has been conducted to simulate
the sensor’s behaviour under different loading conditions. Simulation results verify that the
combination of the force-sensitive structure and the elastomer part within the sensor can largely
increase its force measuring range comparing with using an elastomer part only. The force
information can be evaluated from the status of the eight force pins surrounded at the elastomer’s
bottom surface, and tactile information (geometry) can be obtained via the central transparent
area. We have also proposed a method for the sensor’s force calibration with the use of weights
and strings. However, this is only a prototype sensor, and we have later realised the image
processing of the current eight force elements can be challenging due to the low contrast between
the bottom side of the pin and the background, as well as the overall hardware layout (the way of
the physical combination between the flexure and the elastomer part did not perform well when
measuring force and tactile information). Thus, we abandoned the work of this sensor, and we

believe a more desirable design shall be proposed to give a better performance.

4.3 CTS — Camera-based Tactile Sensor

Due to the infeasibility of the ICFTS sensor described above, we aimed to find another combina-
tion of the elastic structure and the elastomer layer so that to implement our expected function-
alities better. This section presents an optical-based tactile sensor CTS that can sense the tactile
information in the form of pressure distribution. Our proposed sensor uses a piece of coated
elastomer with thin conical pins underneath as the touch medium and a cantilever structure as
the supporting medium. The elastomer consists of 91 pins arranged in a honeycomb pattern;

each pin can be regarded as a tactile sensing element at 1.5 mm spacing. Each tactile element



Chapter 4: Sensor Design, Prototyping and Analysis 85

transfers the applied pressure value into a circular image pattern which can be captured by a
camera placed at the end of the sensor structure. The applied pressure over the sensing array can
be computed via the processing of the area of each sensing element. MATLAB is used to pro-
cess the received images that it relates the applied pressure to the activated pixels in each circular
pattern of the tactile element, and further visualizing the pressure distribution on a reconstructed
surface of the sensor. This work presents the development principle and fabrication process of
the proposed sensor prototype. The experimental results have proven the viability of this new
combination that the sensor prototype can effectively detect single-point touch and multi-points

touch with a spacing of more than 2.5 mm.

4.3.1 Sensor Design

Optical tactile sensors have attracted plenty of attention from researchers in the past few years
[139]. Compared with the electromagnetic sensing methods such as resistive-based or capacitive-
based sensors that largely require the transmission of electrical signals, optical-based sensors
simply use a high-resolution camera to capture all the information and transduce the deforma-
tion of the sensing surface with the aid of computer vision techniques. Moreover, most of the
optical sensors use a physical medium which can deform according to the applied force and then
indirectly infer the contact information from the deformation. This contact medium usually is a
piece of elastic material or a specific deformable structure as the compliant structure refers to its
ability to conform to curved or irregular surfaces of the objects during the manipulation tasks.
In this work, the proposed optical-based tactile sensor CTS (shown in Fig. 4.10(b)) which is
a bio-inspired and low-cost device which uses a 3D printed shell (with elastic structure) and a
compliant contact surface (so-called elastomer) as a touch medium to obtain tactile information.
Fig. 4.11 demonstrates the schematic design of the sensor that is made of several components.
The elastomer (1) is made of a silicone material extracted from a 3D printed mould to provide
the compliant properties referred to as the touching medium of the sensor. The interior of the

elastomer has a well-organized array of small reflective pins which are made of silicone mixed
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Figure 4.10: (a) A simplified elastic model that mimicks a cut-away view of the human fingertip
[121]. (b) The proposed tactile sensor uses numerous tactile elements to mimic the epidermis of
the skin. The sensor can be used to detect the pressure and create a 3D-surface reconstruction of
the sensor membrane.

with metallic powder. A web-cam (2) is placed at the bottom of the device to capture the defor-
mation of the elastomer. A transparent acrylic sheet with 5 mm thickness (3) is placed beneath
the elastomer, known as the supporting plate to provide a solid supporting for the elastomer
pins. A white LED array (4) is placed inside the 3D printed shell (5) acting as an internal light
source to illuminate the elastomer; the light goes through the light-guiding plate (6) which has
a 45-degree angle at the edge towards the pins of the elastomer. The 3D printed sensor base (7)
and shell are made of nylon (dyed in black colour). The shell is also known as a force-sensitive
structure (so-called flexure) which acts as an elastic structure due to its build-in cantilever beams.
With such design, the flexure enables the supporting the elastomer during the contact. A top cap
(8) is screwed at the top of the sensor to prevent the elastomer from falling during the interaction
with the external environment.

Although the pins in the proposed sensor look similar to the TacTip sensor [167], the mea-
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Figure 4.11: An optical-based tactile sensor design. Left is the schematic design and right is
the exploded view of the sensor prototype. There are eight core components that make up the
Sensor.

surement principle of the tactile information is different. The TacTip sensor obtains tactile in-
formation from white circular markers on raised pins, and can measure the local shear forces.
In our device, the pin deformation and the resultant diameter of the contact area with an acrylic
supporting plate depend on the magnitude of the applied normal force. Therefore, we can mea-
sure the pressure signal and capture different irregular 3D shapes and patterns by observing the
compression of the silicone pins. This sensor cannot measure shear forces.

The elastomer part acts as the touch medium of the device. It is composed of an array of
pins on the interior of the soft silicone membrane to translate contact information into the pin
deformation, which can be then presented as the visualization of the tactile data. The array
of pins performs a similar mechanical response as the dermal papillae of the human skin (See

Fig. 4.12).
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Figure 4.12: Depth configuration of (a) the 2D ridged model and (b) the 3D ridge model [121].

In our work, the elastomer part is composed of two parts: the opaque elastomer base with
a hexagonal arrangement of 91 reflective pins underneath and the opaque membrane. The elas-
tomer’s properties largely influence the sensitivity of the device, so we have used elastic pins and
a thin, flexible and uniform membrane. Fig. 4.13 shows the manufactured elastomer, including
both the elastomer base and the membrane together with its 3D printed mould made of poly-
lactic acid (PLA). The layout of the pins is a 2D hexagonal pattern with 91 elements, placed at
1.5 mm distance to each other. Each conical pin has a height of 11 mm, a diameter of 3 mm at the
base and a diameter of 1.25 mm at its tip. These tactile pins are in contact with the transparent
supporting plate, facing towards the camera when at the rest and pressed into deformation when
a load is exerted at the membrane on the top. The deformation of these conical pins is captured
by the camera at the sensor base and can be processed to measure the tactile information in the
form of visualizing the spatial pressure distribution via applying computer vision techniques.

Fig. 4.14 demonstrates the fabrication process of the elastomer part. The two silicones used
in the sensor are Dragon Skin 20 and Ecoflex 00-50 from Smooth-On Company. The properties
of both silicones are shown in Tab. 4.2. The silicone is generally stored as two separate liquid
parts, known as part A and part B with a ratio of 1:1. During the moulding of the elastomer
base with pins, Silicone Thinner and part A of Dragon Skin 20 is pre-mixed with a weight ratio

of 1:5. Silicone Thinner is a non-reactive silicone fluid that can lower the viscosity of platinum
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Figure 4.13: (a) View towards the bottom surface of the elastomer where 91 reflective tactile
pins are attached at the surface. (b) View towards the top surface of the elastomer where a
black opaque coating is mounted. (c) 3D printed mould that is used to produce the elastomer
component.
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Q{ Dragon Skin 20 with Cast Magic ] Ecoflex 00-50 with Pigment ]

[Take out Elastomer from the Mold } { Manufactured Elastomer ]

Figure 4.14: The fabrication process of the elastomer component. Firstly we pour the mixture of
Dragon Skin 20 with Cast Magic into the pin slots within the mould. Then we pour the mixture
of Ecoflex 00-50 with black pigment into the rest space of the mould. Finally, we take out the
manufactured elastomer component.

cure silicone (Dragon Skin 20 and Ecoflex 00-50 in this case), enabling the elastomer to de-air

faster, and the liquid mixture to flow better over the intricate mould. Then, part B of Dragon
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Skin 20 is added into the liquid mixture with the same weight as part A. Silver Bullet Cast
Magic Powder is then added to the material with a weight ratio of 1:100 to make the material
reflective on its surface. The liquid mixture is put into a planetary conditioning mixer (THINKY
ARE-250) to mix and degas. We pour the material into the holes of the mould and wait for about
four to five hours for the silicone to cure. For the membrane, the layer is required to be thin and
opaque since thinness ensures the high resolution of the sensor, and opacity helps to exclude
the light interference coming from the external environment. Silc Pig silicone colour pigment
is used to colour the membrane black to avoid external light disturbance. As for the membrane
manufacturing, Silc Pig black colourant is added to the part A of Ecoflex 00-50 and mixed well
before adding part B. The liquid mixture is then sent to the mixer and poured on the top of the
cured elastomer base. After 3 hours of curing time, the manufactured elastomer can be taken out

of the mould.

Table 4.2: Elastomer Material Properties

Property Dragon Skin 20 Ecoflex 00-50
Specific Gravity 1.08 g/cc 1.07 g/cc
Cure Time 4 hours 3 hours

Shore Hardness 20 A 00-50

Tensile Strength 550 psi 315 psi

100% Modulus 49 psi 12 psi
Elongation @ Break 620% 980%

Mix Ratio By Weight 1A:1B 1A:1B
Colour Translucent Translucent
Mixed Viscosity 20000 cps 8000 cps

As shown in Fig. 4.15(a), we use an LED array which contains 12 white 5 mm LEDs with
30-degrees viewing angle. All LEDs are soldered on a hollow-ring shaped printed circuit board
(PCB) in parallel, and the LED array is placed inside of the sensor to generate an inner light
source, powered by a USB TTL cable. In order to completely block the external light interfer-
ence, an opaque silicone rubber ring made of Ecoflex 0050 (painted black) is placed on top of the

light-guiding plate. The size of the hollowed rubber ring is 55 mm of inner diameter and 66 mm
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(a) Fabricated LED array

(b) Manufactured opaque rubber ring

Figure 4.15: Core components within the proposed tactile sensor illumination system. (a) LED
array for the internal light source. (b) An opaque rubber ring made of silicone to block the
external light.

of outer diameter with a 45-degree angle at one end, which is the same as the light-guiding plate
dimension. The light-guiding plate is a 3D printed (using transparent material VeroClear) hol-
lowed cylinder with a 45-degree angle on the top end to guide and reflect the light from LED to
the transparent supporting plate (shown in Fig. 4.15(b)), and therefore illuminate the reflective
elastomer pins. The top cap of the sensor also helps to block the light coming from upwards.
We use a webcam (Microsoft LifeCam Studio) with a resolution of 640 x 480 pixels and 30 fps
to capture the visible area of the elastomer pins. Focusing on the centre area of 430 x 430 pixels

cropped from the received raw image, tactile information can be processed and visualised in the
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form of pressure distribution.

4.3.2 Working Principle of the Optical-based Tactile Sensor

A MATLAB model determines the activated area of each tactile sensing element (elastomer
pins). As is shown in the flowchart of Fig. 4.16, we first read the real-time video information
from the webcam. Next, the real-time RGB image is converted to a grey-scale image and is
divided into 91 hexagonal parts based on a uniformly distributed honeycomb layout, which
enables the detection of activated area for each sensing element. After that, the grey-scale image
is further converted into a binary image, and a numeric display calculates the quantity of black
and white pixels detected from each hexagonal area. Finally, via an interpolation method applied
to the scattered data, we reconstruct a surface of the elastomer membrane based on the activated

area of each silicone pin.

| Sensor

Video Input

A A
Computer

Real time image from camera

Change image type from RGB
to grayscale

| Divide image into 91 regions |

Y A

h
|V‘|deo Display I |Thresho|d to binary |

Numeric Display

Visualization of
Tactile Information

Figure 4.16: A flowchart that explains the process of generating the visualization of the pressure
based on analyzing the activated pin areas from the elastomer component.
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When switching on the power, the light is transferred from the source to the unloaded elas-
tomer through the light-guiding plate and the supporting plate. The webcam captures the raw
images of the illuminated elastomer. The raw unloaded received images are displayed by the
video output of Fig. 4.17(a), then the input image is converted to a grey-scale image and is
divided into 91 hexagonal parts (with a radius of 23 pixels), see Fig. 4.17(b). Each hexagon rep-

resents one sensing element, and all 91 elements can be treated as an array. After thresholding

(a) Unloaded raw image (b) Unloaded grey-scale image (c) Unloaded binary image

(d) Single-loaded raw image (e) Single-loaded grey-scale image  (f) Single-loaded binary image
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(g) Full-loaded raw image (h) Full-loaded grey-scale image (1) Full-loaded binary image

Figure 4.17: The proposed sensor’s responses under different force exertion in the form of the
raw image, the grey-scale image, and the binary image. Three scenarios are presented: the first
raw is the unloaded status; the second row is partially touched; the third row is fully touched.
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(currently with a manually-set level value, but an adaptive thresholding could also work), the
grey-scale image is converted into a binary image, as shown in Fig. 4.17(c), each size of the
white blob represents the pressure magnitude (no more than 3 N) for its corresponding sensing
element. Once an external contact is applied on the elastomer membrane, the pins are squeezed
to the supporting plate, causing an increased contact area of each sensing element. Thus, the cor-
responding sensing area will receive more activated pixels. Fig. 4.17(d), Fig. 4.17(e), Fig. 4.17(f)
show the raw image received by the camera and the corresponding grey-scale image and binary
image when part of the membrane is touched. Fig. 4.17(g), Fig. 4.17(h), Fig. 4.17(i) show the
raw image received by the camera and the corresponding grey-scale image and binary image
when the whole surface of the membrane is touched.

The experimental results of the optical-based tactile sensor will be provided in the next

chapter.

4.3.3 Summary

This work introduces an optical-based tactile sensing concept employing a 2D vision system for
the acquisition of tactile information. The sensor uses a reflective soft opaque elastomer with
91 thin conical pins at one end made of silicone to obtain the spatial pressure distribution. The
conical pins are placed in a 3D printed elastic structure and maintain contact with an inserted
transparent acrylic plate. The pressure is detected from analyzing the binary values of bright

pixels transduced from the contact area of 91 conical pins.

44 CFTS — Camera-based Force/Tactile Sensor

As the previous sensor has proven the proposed optical-method for tactile sensing, following
the same sensor architecture, we further implement an optical-based force and tactile sensor
(CFTS1) that can sense both modalities within one housing. In addition, the tactile informa-
tion is measured in the form of pressure distribution from the surface of objects following the

same principle as the previous sensor. The proposed sensor has a soft and compliant touching
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medium employed with an opaque elastomer. An optical sensing method is used to measure
both force and tactile information simultaneously based on the deformation of the reflective
elastomer structure and the flexure structure. We will present the design and fabrication process

of the sensor in the following subsections.

-
Elastomer (1)

Cantilever beam
structure (3)

Sensor Base (8)

' Camera (4)

(a) (b)

Figure 4.18: The design of the optical-based force and tactile sensor: (a) manufactured proto-
type, and (b) the exploded view of the sensor structure.

4.4.1 Sensor Design and Development

The overall design of the proposed optical-based force and tactile sensor CFTS1 is shown in
Fig. 4.18. The proposed sensor is composed of the following main components. The soft and
flexible elastomer structure (1) is a core part of the sensor used to measure normal force as well
as tactile information in the form of spatial pressure distribution. The elastomer is positioned

on the 3D printed part — which is the flexure in our design (2). The flexure is acting as a spring
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mechanism due to an integrated cantilever structure (3) and is used for support and stabilization
of the elastomer structure. In addition, it enables the required displacement for normal force
measurements. A CCD camera (4) is used to capture the deformations of the elastomer, then
converted to force and tactile information. In addition, a LED array (5) acts as an internal light
source to sufficiently illuminate the elastomer via the light plate (6) for effective image capturing.
The assembly of the sensor is completed with a top cap (7) to fix the elastomer, and a base part
(8) to hold the structure together. The plastic components of the sensor are fabricated from

acrylonitrile butadiene styrene (ABS) material using a 3D printer FDM360mc from Stratasys.

Elastomer Part

Soft, flexible elastomers are an important part of the sensor design. In our research, we use
a special opaque and reflective elastomer material as the interface between the sensor and the
environment to be measured. The elastomer structure is made of silicones of different types
to distinguish between tactile and force information. Fig. 4.19 shows the produced elastomer
structure together with its 3D-printed mould (Fig. 4.19(a)). Fig. 4.20 shows the fabrication

process of the elastomer structure. The elastomer structure is composed of three parts, as it is

N | Membrane I

(a) (b)

Figure 4.19: The design of the elastomer part: (a) 3D printed mould that is used to produce
the elastomer component. (b) View towards the bottom surface of the elastomer where three
reflective force pins and 19 reflective tactile pins are attached at the surface.
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shown in Fig. 4.19(b). Force pins are used to measure normal force information; tactile pins
measure tactile information in the form of spatial pressure distribution, and a membrane is used
as the medium for interaction with the environment. The elastomer structure is positioned on a

5 mm thickness transparent supporting plate made from an acrylics sheet (shown in Fig. 4.21).

1) 2)
‘2‘ DragonSkin 10 Silicone with Cast Magic l

) Elastomer Mold

_ Psycho Paint Mixture J
e

=

3) 4)
[ Elastomer A

A DragonSkin 10 Silicone with Pigment ]

Figure 4.20: The fabrication process of the elastomer component. Firstly we pour the mixture
of Dragon Skin 10 with Cast Magic into the three force pin slots within the mould. Then we
pour the mixture of Psycho Paint into the tactile pin slots within the mould. Then we pour the
mixture of Dragon Skin 10 with black pigment into the rest space of the mould. Finally, we take
out the manufactured elastomer component.

Pins for normal force measurement: three grey reflective conical pins are used to measure
the normal force. Each pin has a height of 8 mm, a diameter of 11 mm at the base, and a diameter
of 2 mm at the tip. The smaller surface of the pins is in contact with the acrylic support plate
when at rest. The pins deform and are pushed towards the plate when an external force is exerted
onto the sensor. The deformation capturing principle is further explained in the next section.

We use silicone (Dragon Skin 10, Smooth-On, Inc.) with addition of reflective powder (Cast
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Magic Silver Bullet, Smooth-On, Inc.) to fabricate the force pins (step 1 in Fig. 4.20). The
reflective properties are required for efficient image capturing. The silicone material properties
are shown in Tab. 4.3. The silicone is prepared and mixed with a powder with a weight ratio of
50:1. Further on, the mixture is put into a conditioning planetary mixer (THINKY ARE-250)
for mixing and degassing. Then, we pour the resultant silicone mixture into the 3 conical holes

of the mould. The curing process of force pins takes 5 hours.

Table 4.3: Elastomer Material Properties

Property Dragon Skin 10  Psycho Paint
Mix Ratio By Volume 1A:1B 1A:1B
Elongation at Break 1,000% 1,000%
Colour Translucent Translucent
Shore Hardness 10 A Not Given
Specific Gravity 1.07 g/cc 1.07 g/cc

Pins for tactile information: the tactile information is measured by 19 grey reflective conical
pins - The resultant output is presented in the form of spatially distributed pressure information.
Each conical pin has a height of 11 mm, a diameter of 3 mm at the base, and a diameter of
1.25 mm at its tip. The pins are arranged in a honeycomb pattern underneath the membrane. The
19 pins can be treated as a tactile sensing array with a spatial resolution of 5 mm x 5 mm. All
pins are in contact with the acrylic supporting plate at the rest status and will deform when an
external object is in contact with the elastomer membrane.

We use platinum colour silicone (Psycho Paint, Smooth-On, Inc.) with the addition of re-
flective powder (Cast Magic Silver Bullet, Smooth-On, Inc.) to produce the tactile pins. The
material properties of the used silicone are described in Tab. 4.3. The fabrication process is sim-
ilar to the creation of the force pins, as is shown in step 2 in Fig. 4.20. Toluene (thinning agent)
is added to the mixture to reduce the viscosity and to facilitate the pouring of silicone into the
small holes of the mould.

Contact membrane: the membrane is a touch interface in contact with the external envi-

ronment; its making is the final step in the manufacturing of the elastomer structure (as shown
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in step 3 in Fig. 4.20). The membrane is fabricated from black silicone to block any interfer-
ence from the external light. The silicone (Dragon Skin 10, Smooth-On, Inc.) is mixed with
black pigment (Silc Pig Black, Smooth-On, Inc.) at a ratio of 100:1. The mixture is degassed
and poured into the mould to cure for 5 hours, as is shown in step 3 of Fig. 4.20. Then, the

manufactured elastomer part is ready (step 4 of Fig. 4.20).

Ilumination and Image Capture

Another critical aspect of the sensing process is the way the elastomeric structure is illuminated.
The illumination is implemented using an LED array and is required for good quality image
capturing. The array contains 12 white LEDs with an outer diameter of 5 mm and 30-degrees
viewing angle. As shown in Fig. 4.21, the LED array is positioned inside the structure of the
sensor. To ensure light guidance towards the elastomer structure, the light-guiding plate was
designed and 3D printed with Veroclear material. It is a hollow structure with a 45-degree edge
at the top. The light travels through the light-guiding plate and is reflected from the top surface
towards the centre of the sensor — i.e. towards the transparent acrylic supporting plate. Thus,
the elastomer is illuminated, as shown in Fig. 4.21. A USB camera (Microsoft LifeCam Studio),
with a resolution of 640 x 480 pixels and a frame rate of 15 fps, is placed inside the sensor to
capture the visible area of the elastomeric structure.

Once the sensor is switched on, the light information is transferred from the light source to
the unloaded sensing element (elastomer structure) and then to the camera. The raw images are
received by the camera, Fig. 4.22(a). The input image is firstly converted to a grey-scale format.
And then split into four regions — one for tactile pins (200 x 200 pixels), and one for each of
the three force pins (80 x 80 pixels). To process tactile information, the tactile region is divided
into 19 parts in a honeycomb pattern, each hexagon representing one sensing element. As a
next step, the grey-scale image is converted into a binary image, as shown in Fig. 4.22(b). For
visualization purposes, a numeric display is used to show the force magnitude value for each
pin. The magnitude is calculated from the quantity of black and white pixels in each region for

force measurement, and in each hexagon for the tactile information. Once a force is applied,
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Figure 4.21: Proposed force and tactile sensor illumination system. The left side is the schematic
design of the sensor. The right side shows the acrylic supporting plate and the CAD view of the
light-guiding plate.
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the pins are pushed towards the supporting plate and the pin contact area increases. Hence, the
corresponding sensing area receives more activated pixels in the camera image, as are shown
in Fig. 4.22(c) and Fig. 4.22(d). This sensing approach is a straightforward way to visualise
how applied pressure and its distribution changes. The relationship between the number of
activated pixels and applied force can be used to calibrate the sensor and measure force and
tactile information. A mathematical model defines the change of contact area for both tactile
and force pins. Additionally, we visualise the distribution of tactile information using a grey-
scale pressure colourmap on a user interface. More experimental results will be presented in the
next chapter.

We have developed another sensor prototype CFTS2 that shares the same sensing principle
but some changes have been made to the elastomer part (as shown in sensor 2 of Fig. 4.23).

In this sensor, the central area of the elastomer part is replaced with a transparent silicone (the
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(a) Unloaded camera image (b) Unloaded post-processed image

(c) Loaded camera image (d) Loaded post-processed image

Figure 4.22: The proposed sensor’s responses under force exertion in the form of the raw image
and the binary image. Two scenarios are presented: the first raw is the unloaded status; the
second row is exerting a normal force upon the sensor.

procedure to make the transparent silicone will be described in the next section in detail) so that
geometry information can be observed. In terms of flexure, illumination and capture system,
the rest of the parts remain the same as in the previous CFTS1 sensor. Therefore, this sensor
prototype can simultaneously sense both the force information and the tactile information (in the

form of geometry observation, as shown in Fig. 4.24).

4.4.2 Summary

In our previous work, we have proposed a tactile sensor CTS that also uses a reflective elas-

tomer with a flexure to measure tactile information in the form of pressure distribution [93].
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Figure 4.23: Two proposed optical-based force and tactile sensors (CFTS1 and CFTS2). Both
sensors share the same sensor architecture but use different elastomer parts. Sensor 1 can sense
both force information and pressure distribution; Sensor 2 can sense both force information and
geometry information.
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Figure 4.24: CFTS2 sensor that uses a transparent silicone component at elastomer’s central
area. (a) Sensor prototype. (b) Raw image captured from the bottom camera within the sensor.
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However, the previous sensor cannot obtain force information. In this work, we propose an
optical-based force and tactile sensor CFTS1 that uses a reflective soft opaque elastomer to-
gether with a flexible force-sensitive structure (flexure) to obtain both normal force information
and spatial pressure distribution simultaneously. We have also implemented another version
(CFTS2) with transparent silicone for texture observation. Our sensing device is easy to man-
ufacture, and benefits from a wide measuring range of normal force (up to 70 N). Moreover,
the device is immune to electromagnetic interference, as it uses an elastomeric material, a 3D

printed structure and a camera which is situated remotely, away from the sensing area.

4.5 F-TOUCH Sensor — Force and Tactile Optically Unified

Coherent Haptics Sensor

The optical-based force and tactile sensor CFTS1 [93] which has been proposed uses an opaque
and reflective elastomer layer to measure both force and tactile information. However, the sens-
ing areas of the force and tactile information are separate (Fig. 4.25(a)), which leads to ineffec-
tive measurement of both types of information from specific sensing areas. Here, we present a
force and tactile sensor system that makes use of one combined area for both force and tactile
sensing, as shown in Fig. 4.25(b) for a regular version (F-TOUCHO0), and Fig. 4.25(c) for a min-
imized version (F-TOUCH). The improved sensor system is easy to manufacture, and benefits
from a relatively large measuring range of forces compared with other tactile sensors (this is
true only for the regular version in Fig. 4.25(b), as the minimized version in Fig. 4.25(c) does
not have a wide range due to the use of very small springs). The use of transparent silicone
elastomer as the sensing medium is beneficial for two reasons: its softness makes it safe to inter-
act with, while its transparency allows for the observation of the contact object’s geometry. We
incorporate an elastic structure made from several springs connected to three markers attached
underneath the silicone elastomer, for the purpose of measuring force information. Combining
the silicone elastomer and the spring-mechanism force structure in a vertical configuration for

force/tactile sensing, we focus on the use of an optical method (using a camera) to detect both
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force markers and elastomer deformation from one single capture during object interaction.

Force sensing area

Force and tactile sensing area |

| Force and tactile sensing area |

Tactile sensing area
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Figure 4.25: Comparison between the CFTS1 and F-TOUCH series (F-TOUCHO and F-
TOUCH). (a) CFTS1 sensor, where force and tactile sensing areas are separate. (b) F-TOUCHO
sensor, where force and tactile sensing share the same sensing area. (c¢) Miniaturised F-TOUCH
Sensor.

4.5.1 Sensor Design

In this work, two sensor prototypes will be presented. The first sensor prototype (F-TOUCHO) is
an improved version of the optical-based force and tactile sensor (CFTS1) shown in the previous
section Sec. 4.4, and both sensors have the same scale. The second sensor prototype (F-TOUCH)

is a minimized version. F-TOUCH has a similar scale as the fingertip GelSight sensor [42].

F-TOUCHO Sensor Design

As is shown in Fig. 4.26, the overall design of the proposed optical-based force and tactile sensor
is composed of eight main parts. The soft and transparent silicone elastomer with an opaque
coating (1) is an important component of the proposed sensor: it is used to measure the tactile
information. The elastomer is integrated into a 3D printed shell. The three-spring structure

(2) is incorporated below the silicone elastomer (see Fig. 4.29). The structure is composed
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of three compression springs within a 3D printed platform. There are also three 3D printed
black markers (3) attached to the upper platform. These markers move when an external force
is applied and move on compression of the associated springs and are being used to measure
the applied forces. The spring mechanism structure is used for supporting and stabilizing the
silicone elastomer component, as well as for measuring the force information depending on
the displacement of the markers. At the bottom of the sensor, there is a CCD camera (4) with
manual focus to capture the deformation of the silicone elastomer together with the movement of
the black markers, the raw image is then converted to force and tactile information. Besides, we
incorporate a LED array (5) which contains three colours (red, green and blue) surface-mount-
device (SMD) LEDs as an internal light source to effectively illuminate the silicone elastomer

via the light plate (6). The light plate has two functionalities: on the one hand, it is used as

=~ Sensor Cap (7)

Elastomer (1)

LED Array

Inside (5)
L Lighting Plate (6)
Spring
Structure 2

Marker (3)
Camera (4)
Sensor Base (8)

(@) (b)

Figure 4.26: F-TOUCHO sensor that uses a coated transparent silicone component and an elastic
structure to sense both force and tactile modalities. (a) Sensor prototype. (b) Exploded view of
the sensor structure.
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mechanical support to connect the silicone elastomer and the spring mechanism structure. On
the other hand, it is used to guide the light and help the camera observe the deformation of the
silicone elastomer because of its transparency property. The assembly of the proposed sensor is
completed with a top cap (7) to fix the silicone elastomer inside the shell, and the base body (8)
holding the camera. The 3D printed bodies are fabricated from nylon material (PA2200) using a
3D printer, EOS P100.

The soft and transparent elastomer is a core part of our proposed sensor design; its properties
largely affect the sensitivity of our sensor. The silicone elastomer component is composed of
two parts: the transparent elastomer base and the reflective coating membrane. The appropriate
elastomer base needs to be of the appropriate hardness and elasticity. The membrane needs to

be uniform, thin and smooth.

ot cs‘“

(a) (b)

Figure 4.27: Elastomer base description and its fabrication. (a) Mould for the elastomer base.
(b) Manufactured clear base from pouring the silicone mixture into the mould.

Sensor elastomer base: as introduced in [178], there are several factors that need to be
considered when choosing a transparent elastomer base for the sensor: optical transparency,
stretchability, hardness, robustness, and ease of fabrication. We follow the procedure of making
our optically clear and stretchable elastomer base based on the guidelines shown in [176]. We
wish the sensor elastomer base to work in heavy-loaded environments which requires a relatively
hard material, but also to remain sensitive during physical contact. Instead of using thermoplastic

elastomers (TPEs), we used silicone elastomer Solaris from Smooth-On with a hardness Shore
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A value of 15. The silicone material properties are shown in Tab. 4.4. Solaris always comes in
two liquid parts known as Part A and Part B. To make the clear elastomer base, we mixed the
two parts with Slacker, which is a liquid additive to adjust the softness. The most appropriate
proportion of each partis 1:1: 1 in weight — these proportions were found through a trial and
error study. We put the mixture of the silicone into a conditioning planetary mixer (THINKY
ARE-250) and mixed the liquids for 1 minute at 1000 revolutions per minute (also known as
rpm) and degassed for 1 minute at 1000 rpm. Following that, we poured the resultant silicone
mixture into a 38 mm diameter cylinder mould which was laser-cut from a 10 mm thickness
clear acrylic sheet (as is shown in Fig. 4.27(a)). The curing process of the elastomer base took
24 hours. In practice, our proposed sensor elastomer (shown in Fig. 4.27(b)) works well (in

cooperation with the elastic structure) for heavy contact interaction with the chosen hardness.

Table 4.4: Elastomer Material Properties

Property Solaris
Mix Ratio By Volume 1A: 1B
Tensile Strength 180 psi
Elongation at Break 290 %
Colour Clear
Shore Hardness I5A
Specific Gravity 0.99 g/cc

Sensor coating membrane: it is important to have an additional reflective thin and fine layer
above the elastomer base to reflect back deformation information when interacting with the
environment. The layer is required to be uniform, smooth, thin and opaque so that external light
will not cause interference to the sensor. In general, different reflective properties determine
different optical designs. In our design, we choose a matte coating that used 99+% 1-micron
aluminium powder as the coating pigment, since it gives a good performance for measuring
common shapes grasped by robot end effectors. To make a thin and even coating membrane,
we dispersed the pigment in a silicone paint base and added organic solvent toluene to lower

the viscosity of the mixed liquids. Then we used an airbrush to evenly distribute the liquid
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mixture on the surface of the manufactured elastomer base. A fine elastomer membrane (shown
in Fig. 4.28(a)) needs several layers (of around 1 mm thickness in total) of airbrushing, and it
required additional careful cleaning of the surface after the airbrushing. A fine and completed
membrane can reveal the fine details on the object. Fig. 4.28(b) shows the inside view of the

elastomer coating when pressing a USB cable connector against the top surface.

w
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Figure 4.28: Matte coating using aluminium powder. (a) A piece of the manufactured elastomer.
(b) View from the bottom surface of the elastomer when a USB cable connector is pressed
against the elastomer top surface.

Another key aspect of our proposed sensor is the spring mechanism structure which is placed
under the silicone elastomer; the structure contains three compression springs and three markers
to measure the force information within an optical way. Assembled and exploded views of the
sensor elastic structure are shown in Fig. 4.29. The structure is composed of the following four
parts. The upper platform (1) is used to hold and fix the lighting plate and a silicone elastomer
component. Three identical 38 mm x 12 mm, 2 N /mm compression springs (2) are, at one side,
connected to the upper platform and, at the other side, attached to the bottom platform (4). Three
black markers (3) are attached to the underside of the upper platform (1). All the parts apart from
the springs are 3D printed using nylon material and are painted in black.

It is noted that the movement of each marker is coupled with the deformation of the cor-
responding spring. When the sensor is not interacting with an object surface, the centroid of
each spherical marker is at the same height, forming a plane that is in parallel to the elastomer

bottom surface. During the interaction with an applied load, the physical contact upon the sens-
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Figure 4.29: CAD drawing of the proposed spring mechanism structure (elastic structure) that is
made up of three compression springs and three markers. (a) Assembled view of the structure.
(b) Exploited view of the structure.

ing medium leads to a compression of the three springs and results in a movement of the upper
platform, in turn, leading to a movement of the related spherical markers. We used a camera un-
derneath the spring mechanism structure to capture the movement of each marker and compute
the force information based on the motion of the corresponding centroid and the area changes.
We chose the markers to be black in order to create a contrast to the silicone elastomer back-
ground so that they can be easily tracked and segmented. It needs to be emphasized that the
markers are used to measure the net force since the spring constant of each compression spring
is relatively low compared with the hardness of the silicone elastomer component. When an
external load is pressing against the sensor, the whole spring mechanism structure will move as
an integration together with the elastomer component.

The illumination system within the proposed device also plays an important role during the
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sensing process. The illumination is implemented using LEDs in three colours (red, green and
blue) in a closed environment since the device requires a sensitive response on image capture
for tiny membrane deformation. We use 36 SMD LEDs (Osram Opto Power TOPLED Lens)
in total with a viewing angle of 30 degrees of the emitted light. All LEDs are integrated into
three individual customized printed circuit boards. In each board, 12 LEDs with the same colour
are arranged into a 3 x 4 array. The three circuit boards are installed inside the sensor shell, as
shown in Fig. 4.30. As for the silicone elastomer supporting and image capture, a transparent
circular-shape acrylic plate is laser cut and placed under the elastomer base, and is fixed within
the upper platform of the spring mechanism structure (Fig. 4.29(b)) as the supporting plate. For
the image capture, a USB camera (Logitech C920), with a resolution of 640 x 480 pixels, manual
focus and a frame rate of 30 fps, is mounted inside the sensor base (Fig. 4.26(b)) and is 40 mm
away from the supporting plate, allowing for an effective capture of the visible area of both the
silicone elastomeric structure and the markers which are attached within the spring-mechanism
structure.

When the sensor is connected to a laptop via the USB webcam, and we switch on the power
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Figure 4.30: CAD drawing of the illumination system within the F-TOUCHO sensor. Three
colours (red, green and blue) of SMD LEDs, each with 12 pieces, are soldered within three
individual PCBs, and the PCBs are installed inside the preserved holes within the 3D printed
sensor shell.
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for LED arrays, three different colours of RGB lights are emitted from different directions to
illuminate the unloaded sensing element (silicone elastomer structure and markers within the
spring mechanism structure). The raw images are received by the camera at the sensor base, as

shown in Fig. 4.31.

Figure 4.31: Camera view of the unloaded sensing element (the elastomer surface). The circular
area (illuminated by the RGB colour) is the elastomer’s sensing surface, where texture informa-
tion can be observed. The three small circular black areas are the markers that are being traced
for force measurement.

The procedure of segmenting force-related information from the tactile image can be con-
cluded in the following steps, as shown in Fig. 4.32. The entire process follows what GelSight
sensor does [176] but with some different operations. Firstly, we take an initial image when
no marker is attached on the spring-mechanism structure. Then we apply a circle-shaped mask
on the taken image so that the areas outside the circle mask turn to black (value 0). The new
image is saved as Frame0O. Then we apply low-pass Gaussian filter (3 by 3) on FrameO to get
a so-called background Frame(_ and save it locally. When we press an object on the surface of
the elastomer membrane, the camera captures the raw image. We apply the same circular mask
on the image to get the image Frame. Then we do an image subtraction Difference = Frame0_ —
Frame to obtain the differential image, in which the three black markers are in a dark colour, and
the surface deformation will have a large colour difference. Based on the differential image, we

apply a threshold to segment the dark areas from the background, which represents the areas of
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(b) FrameO_

(c) Frame (d) Frame._

Figure 4.32: The procedure of segmenting force-related information from the tactile image. (a)
The initial image with a circular mask FrameO when no marker is attached to the elastic structure;
(b) after applying low-pass Gaussian filter we obtain Frame(O_ from Frame0 as the background;
(c) apply the same circular mask to the captured image to get the RGB image Frame when
an object is in contact with the elastomer membrane; (d) after image subtraction between the
background Frame0_ and the current image Frame, we apply thresholding to obtain the mask of
the image which includes the three markers, namely Frame_, we calculate the centroid (shown
as the red dots) and the area of each marker to record the markers’ status for force measurement.

three markers. Then, we calculate the centroid of each marker area from the binary image, and
we obtain the image Frame_ with the marker position M, which together with the marker area
A, will be used to calculate the force information. Besides, optical flow can also be considered

for tracking the change of both the markers and the tactile background.

F-TOUCH Sensor Design

A functional force and tactile sensor should be small in volume in order to be compatible with
a robotic hand or gripper. At the same time, it is important that it provides real-time tactile

feedback to assist the robot. The fingertip GelSight sensor is a good example of a vision-based
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tactile sensor that embodies these characteristics. As described in the previous section, the chief
advantage of its design is the size reduction relative to the original prototype [67], i.e. into a
miniaturised form factor [179] to fit a jawed gripper. The GelSight sensor obtains the geometry
of the contact object together with the contact force, which achieves the integration of multiple
modalities within one sensing device. However, a large number of black markers are directly
painted onto a transparent elastomeric layer (covered with a reflective-coating membrane). Their
intended use is to enable the acquisition of force information, however, this leads to the merging
of force and tactile information, which meets the requirement of perceiving multiple modalities,
but makes it difficult to separate one information source from the other. This is even more of a
hindrance when it comes to sensor calibration, especially for the force/torque modality, as it is
influenced by the contact geometry during measurement acquisition [176].

Taking inspiration from the GelSight sensor, we propose the F-TOUCH (force and tactile

Figure 4.33: The proposed F-TOUCH sensor. From left to right are (a) computer-aided design
(CAD) view of the sensor, where an internal spring-mechanism structure with three markers is
used to measure six-axis force/torque components. (b) Rendering model of the sensor. (c) The
manufactured prototype of the sensor. The internal RGB LED light arrays and the webcam are
powered via two USB cables, respectively. Both USB cables are connected to a PC. Our sensor
is inspired by the fingertip GelSight sensor.
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Figure 4.34: Schematic of the design of the proposed sensor. Three parts are needed for the
device assembly; (1) the spring-mechanism structure is a six-axis platform that holds the (2)
coated elastomer component acting as the sensing medium. A camera at the bottom concurrently
captures the marker movements and area changes within the spring-mechanism structure, as well
as the deformation of the elastomer surface illuminated by internal LEDs. Both the camera and
the LEDs make up the (3) illumination and capture system.

optically unified coherent haptics) sensor, as shown in Fig. 4.33. The F-TOUCH_3.2 sensor is
enhanced with a force/torque measurement capability by virtue of an enhanced physical elastic
structure and improved calibration method. As shown in Fig. 4.34, the proposed vision-based
sensor is composed of three main parts: (1) spring-mechanism structure; (2) coated elastomer
component; and (3) illumination and capture system.

The spring-mechanism structure is critical to the proposed sensor design. This force-related
elastic structure provides six degrees of freedom (allowing six-axis force/torque measurements)
and is placed inside the sensor body (as shown in Fig. 4.36). Having more degrees of freedom,
the proposed sensor can compliantly adapt to different types of contact conditions. The spring-
mechanism structure is composed of six components (as shown in Fig. 4.35), which can be
subdivided into three categories: the upper assembly, the mid-section and the lower assembly.

From the exploded view in Fig. 4.35, the upper assembly consists of the elastomer holder (1)
and the black markers (5). The elastomer holder is a transparent hollow hexagonal tray which

contains the coated elastomer layer (more details are provided in the next sub-section); a 1-mm-
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Figure 4.35: Exploded view of the proposed sensor spring-mechanism structure. Six parts (1)-
(6) make up the structure: namely, the upper assembly, mid-section and lower assembly: (1)
elastomer holder and (5) black markers compose the upper assembly; (3) 6 springs, (2) 24 mag-
nets and (4) a flexible silicone compound compose the mid-section of the structure; (6) bottom
holder composes the lower assembly.

thick clear acrylic sheet is laser-cut to fill out the middle of the tray. Three markers are situated
in the middle of the elastomer holder, held in place by three thin supports. The elastomer holder
together with the three markers is 3D-printed as one contiguous ensemble. It uses clear material
(VeroClear®) to facilitate LED illumination. The markers are drawn in black with an acrylic
paint pen after fabrication. At the base of the elastomer holder, six 4-mm-diameter magnets are
glued inside six reserved apertures to allow connection with the springs of the mid-section. In the
mid-section, six compression springs (3) (with a 3-mm-diameter magnet glued to either end of
each spring, for a total of 12 magnets) are passed through a white silicone flexible compound (4)
to connect the upper assembly and the lower assembly. The compression springs are of 15 mm
length, 4 mm in diameter, and of 0.5 mm wire diameter. The connections rely on magnetic

attraction (2), which provides a very stable hold. A flexible, hollow silicone component made
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from an Ecoflex 00-30 platinum-cure silicone rubber compound (see Tab. 4.5) covers the six
springs, for a stable connection between the upper assembly and the lower assembly. Also, it
enables a wider range of force/torque measurement. The lower assembly consists of the 3D-
printed bottom holder (in nylon material) (6), where another set of six 4-mm-diameter magnets
are glued on, in the same way as on the upper assembly’s surface plane. The lower assembly
cradles the camera lens; the hollow of the bottom holder frames the camera lens and keeps
it trained on both the black markers and the coated elastomer surface. The proposed spring-
mechanism can sustain a maximum normal load of up to 8 N during testing.

We can view the movements of the three black circular markers as reciprocal with the com-
pression of the six springs. We estimate the six-axis force/torque components by observing
the markers’ movements and their area changes, as relayed by the camera. When an external
force is applied on the elastomer, the exerted force/torque components will cause a compression

of the spring-mechanism structure. Because of the connectivity between elastomer and spring

Figure 4.36: CAD drawing of the proposed spring-mechanism structure, which is made of five
components shown as (2) to (6). The top section is composed of the elastomer holder which has
6 magnets glued at its downward plane. The middle section includes 6 springs with 12 magnets
glued on both ends. The bottom platform has 6 magnets glued on its upward plane.
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Figure 4.37: Manufactured silicone elastomer component. (a) The transparent silicone base
placed on a piece of paper. (b) A small spring is pressed against the coated elastomer component.
(c) Camera view from the underside of the coated elastomer capturing the distortion of the
elastomer’s coated surface.

structure, these movements, as well as the areas of the three circular markers within the spring
structure, will be coupled to those of the sensing medium. A more detailed explanation will be
provided in the following paragraphs. It is worth noting that the spring-mechanism structure is
designed to measure six-axis force/torque information, as the coated elastomer has a relatively
high rigidity compared to the low-spring-constant compression springs and soft flexible sili-
cone compound. The state of the captured markers is directly related to the overall force/torque

components exerted upon the sensing medium.

Table 4.5: Silicone Material Properties

Property Ecoflex 00-30  Solaris Psycho Paint
Mix Ratio By Weight 1A:1B 1A:1B 1A:1B
Elongation at Break 900% 290% 1,000%
Shore Hardness 00-30 15A Not Given
Colour Translucent Clear  Translucent

The nature of the elastomer component largely determines the sensor’s performance. It is
made up of two parts: the elastomeric base and coating membrane. To create a suitable elas-
tomeric base for tactile sensing, the materials used need to be optically clear, soft yet robust, and
readily available. Li and Adelson [91] recommend a Shore hardness range for the elastomeric

base that is between Shore A values 5 and 20. Following this recommendation, we use So-
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laris (part A and part B) with Shore A 15 (see Tab. 4.5) and Slacker (used to increase softness)
from vendor Smooth-On® to produce the transparent elastomeric base. A ratio of 1:1:1 for each
component has proven to be ideal for making an elastomeric base with the appropriate hardness
[176]. As for the coating membrane, it is a very thin but reflective layer that covers the upper
surface of the transparent elastomer. The layer needs to be thin, uniform and smooth. A matte
coating, made by mixing silicone and fine metallic powders [13], is preferable for tactile sens-
ing, as it is effective at revealing detailed shapes on the contact surface. We use a platinum-cure
silicone named Psycho Paint (see Tab. 4.5), and we disperse aluminum powder into a silicone
paint base for the coating on top of the elastomer base. In practice, an elastomeric component
fabricated in this way is able to sustain a moderate force/torque exertion while revealing the fine
geometry of the contact object’s surface (see Fig. 4.37), which is comparable to the GelSight
sensor’s elastomer.

The illumination and capture system provides the physical basis for the disaggregation of
force-related information from the tactile image. We use RGB SMD LEDs (Osram® Opto Power

TOPLED Lens) within the sensor body for internal illumination. The reason for choosing RGB

Figure 4.38: Illumination and capture system within FF-TOUCH_3.2. Three RGB LED arrays
are employed for internal illumination, and an off-the-shelf camera is used for image capturing.
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colour is based on the fact that the initial GelSight sensor [67] used monochrome illumination
but later switched over to RGB illumination for surface reconstruction [42]. In our view, the
illumination scheme that uses RGB colour will be more effective in the future , in particular
for geometry reconstruction and recognition in GelSight’s case [176]. Besides, it is also easy
to extract the black markers from the RGB background via simple thresholding, which enables
real-time force and tactile data acquisition. Fig. 4.38 presents the configuration of the proposed
illumination and capture system: three PCBs, each with six LEDs (arranged into 2 x 3 arrays) of
the same colour, are installed within predesigned slots on the sensor body. As described above,
we use a clear elastomer holder to contain the transparent elastomer component, as the tray can
homogenize the LEDs’ light while allowing a high transmission rate. An off-the-shelf webcam
(Logitech® C920, manual focus, resolution of 640 x 480 pixels, 30 frames per second) is placed
about 15 mm away beneath the elastomer holder. We manually set the focal length so that the
camera can capture a high-resolution tactile image, while concurrently capturing the three black
circular markers — for acquisition of force-related information.

The key contribution of the proposed sensor is the capability to concurrently and effectively
perceive dual modalities. In F-TOUCH_3.2, a unitary force and tactile sensing capability is
integrated within a single sensor housing, with signal acquisition being performed by a single
monocular camera acting as the transducer.

As elaborated in the above paragraphs, the measurement of the net force/torque components
is based on the position and area changes of the three black markers contained within the elas-
tomer holder. Since the elastomer component is glued inside the elastomer holder, we can treat
both parts as constituting an integrated whole. Hence, the movement of the elastomer holder can
be seen to represent the net external force/torque applied upon the sensing medium. When no
contact occurs, the camera captures the illuminated elastomer surface and the markers. The next
step is to segment the force-related information from the tactile image background. Since we
use RGB light as internal illumination, and the markers are painted black, we convert the raw

captured image into greyscale and apply a Gaussian filter for smoothing. We then set a threshold
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Figure 4.39: Force information segmentation: The top is a bottom view of the CAD spring-
mechanism structure, where force markers are circularly attached beneath the coated elastomeric
component, and the raw unloaded captured image. The left is the raw loaded captured image.
Bottom left is the binary image after filtering and thresholding. The right part shows the sensor’s
responses under different force exertion in the form of the greyscale image, reverse binary image
and the motion of each marker centroids in the vector plot. A scale is multiplied to the marker’s
centroid movements; therefore, motions are enhanced for better observations.

and reverse the colour back to the filtered greyscale image to obtain a binary image. Fig. 4.39
demonstrates the process of force-related information segmentation from the tactile image and
the corresponding sensor responses where unloaded status and loaded status are considered.

As described in the above paragraphs, we assume that the centroids of each of the circular
markers are within a plane that is in parallel to the elastomer’s surface plane. For example, a

normal force acting on the center point of the sensing medium leads to a height difference of
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the markers’ plane with respect to the reference (unloaded) state. Effectively, the markers come
closer to the camera and thus appear larger in the camera images. In other words, a change in
distance between a marker and the camera leads to a change in the area covered by the marker’s
camera image. When normal force and shear force are concurrently applied to the sensing
medium (the elastomer plane), the distance between the markers’ plane and the camera changes
(and the markers’ plane experiences a tilt), resulting in a marker area change as well as a marker
movement across the camera image. Our aim is to track the movement of the three markers along
with their area change, thus we detect and label the markers in the binary image (see Fig. 4.39).
We then calculate both centroid positions and areas of the three labelled markers in the image.
We set the original x, y coordinate values of each marker in unloaded condition as x;(0) and y;(0)
and the corresponding area as a;(0) where i is the label index i=1,2,3. During the contact, we
calculate the changes of both the markers’ centroid positions (all displacements are in Cartesian
coordinates Ax;(j) = x;(j) —xi(0) , Ay;(j) = yi(j) —yi(0) and the areas Aa;(j) = a;(j) — a;(0) for
each frame j, where (i=1,2,3). We then visualise the markers’ centroid motions as vector plots,
along with the respective area changes. Fig. 4.39 depicts the F-TOUCH_3.2 sensor responses
in the form of marker motions and area changes under nine different loading conditions, where
different force/torques are applied (will be explained in detail in the next chapter). Having
obtained values for the nine variables Ax;, Ayy, Aay, Axp, Ays, Aay, Axz, Ays, Aas from three
markers, we can proceed to six-axis force/torque calibration of the sensor.

The calibration process and experimental results of the F-TOUCH sensor will be provided

in the next chapter.

4.5.2 Summary

To summarize, force and tactile sensing has experienced a surge of interest over recent decades,
as it conveys a range of information through physical interaction between the sensing device and
the environment. Tactile sensors aim to obtain tactile information (pressure, geometry etc.) and

one popular example is the GelSight sensor. However, tactile sensors normally cannot perform
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force measurements as good as force sensors do due to the sensor architecture difference. This
work presents a novel design for a vision-based sensor (namely F-TOUCH) inspired by the Gel-
Sight sensor. In addition to acquiring tactile information of a geometry nature, our sensor uses
an elastic structure (as what force sensors have) that enhances force/torque measurements along
multi-axis. The proposed sensor contains three key components: a coated elastomer layer acting
as the sensing medium; a spring mechanism acting as an elastic structure; and a camera placed at
the foot of the device for image capture. The latter concurrently records the deformation of the
elastic structure and the distortion of the elastomer surface to acquire force and tactile informa-
tion. The sensor is calibrated with the use of a commercial force/torque sensor. In experiments,
the F-TOUCH sensor achieves an excellent force performance as a commercial force sensor and

captures the contact object’s geometry in the meantime.

4.6 Summary of the Chapter

To summarize, we present several force and tactile sensor prototypes based on the proposed
optical-based sensing methodology. These use a camera as the transducer to sense both modali-
ties of force and tactile information within a combination of an elastic structure and an elastomer
layer. The proposed sensor matches the high fidelity of stand-alone force and tactile sensors. We
describe the design and fabrication process in detail for each sensor prototype, and experimental

results of the proposed sensors will be presented in Chapter 5.



Chapter 5

Experimental Validation of Sensor Performance

5.1 Introduction

This chapter presents and discusses the experimental results of the proposed optical-based force
and tactile sensors described in the previous chapter (Chapter 4). The proposed sensors follow
the concept of integrating both tactile sensing and force sensing capabilities within one sensor
housing with the use of a combination of an elastomer layer and an elastic structure above a
camera. The experimental result of the optical-based tactile sensor CTS is introduced in Sec. 5.2.
The experimental result of the optical-based force and tactile sensor CFTS1 is introduced in

Sec. 5.3. Finally, the experimental result of the F-TOUCH sensor is introduced in Sec. 5.4.

5.2 CTS — Camera-based Tactile Sensor

As described in Sec. 4.3, this work presents an optical-based tactile sensor CTS that uses a com-
bination of an elastomer layer and an elastic structure (with cantilever beams) above a camera
to sense pressure distribution, as shown in Fig. 5.1. The proposed sensor contains three compo-
nents: a coated elastomer layer (the sensing medium) with 91 tactile elements on its underside

surface; a cantilever structure supports the elastomer layer, acting as an elastic structure; and a

123
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Raw Image

Grayscale Image

Binary Image

Figure 5.1: Manufactured optical-based tactile sensor and its response when a contact occurs.
Left shows a single-point touch and right shows the corresponding raw image, greyscale image
and binary image captured from the internal camera.

camera located at the bottom of the sensor for image capture. The camera captures the defor-
mation of the reflective conical tactile elements (illuminated by an internal white light source)
of the elastomer layer to obtain the tactile information in the form of pressure distribution. The
experimental result proves the viability of the proposed methodology for tactile sensing, and the

sensor prototype can detect both single-point touch and multi-point touch.

5.2.1 Visualization of Tactile Information
In our proposed tactile sensor, tactile information is measured in terms of pressure distribution.
The pressure distribution is visualised from the number of activated pixels of all 91 tactile el-

ement pins. We use the scattered data interpolation method to plot the interpolated surface of



Chapter 5: Experimental Validation of Sensor Performance 125

(a) No load is applied to the sensor membrane
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(b) Single-point contact is applied to the sensor membrane

Figure 5.2: Reconstructing surface of the sensor membrane displaying the visualised tactile
information in the form of pressure distribution. Two scenarios are presented: (a) unloaded

status; (b) single-point contact is applied.
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Figure 5.3: Setup for different object test. In (a), 10 cuboids of different sizes are 3D printed
to test the sensor touch ability. In (b), 10 cuboids are placed one by one in Zone 1 to Zone 5
(within the sensor membrane) respectively, and the process is repeated for 10 times for each test
to evaluate the sensor performance.
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Figure 5.4: Results for different object testing. (a) Average number of the activated pixels while
palpating cubes that differ in side length by 2 mm. Each test is repeated for 10 times for data
collection. (b) The average number of the activated pixels collected from the sensor camera
versus the areas of testing cubes.

the elastomer membrane. We apply triangulation-based natural neighbour interpolation, which
is an efficient trade-off between the linear and cubic method to support 3-D interpolation. The
greyscale pressure colour map is built when an external contact is applied to the sensor mem-
brane. Moreover, we can also model the physical material by using a thin-plate spline function.

When there is no contact, the initial reconstruction status of the surface in our method is shown
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in Fig. 5.2(a). To evaluate the tactile response of the proposed sensor, several tests including
single-point touch, multiple-points touch is applied to the sensor. These tests aim to verify that
the system can detect touch. Firstly, we test the single-point touch to the sensor, as shown in
Fig. 5.2(b). The sensor can detect and visualise the pressure on the reconstructed surface.

Then, we test the single-point touch with objects of different dimensions to investigate the
touch ability (10 cuboids with a side length of 2 mm to 20 mm with an increment of 2 mm, see
Fig. 5.3(a)). We segment the sensor membrane into five zones, as shown in Fig. 5.3(b), then
we push each cube into each zone and calculate the sum of the activated pixels of the received
images and repeat for ten times. We then calculate the averaged activated pixels of the sensor for

each cube under different zones and plot, as shown in Fig. 5.4. The results show that the sensor
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(a) Successful detection of multi-points contact
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(b) Failed multi-points detection when contact points are less than 2.5 mm away from each other

Figure 5.5: Reconstructing surface of the sensor membrane displaying the multi-points contact
detection. (a) A successful detect of three-points contact with human fingers. (b) Failed multi-
points detection happens when contact points are too closed to each other, specifically less than
2.5 mm.
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can detect the different size of cubes over its whole surface and can recognize its corresponding
dimensions.

Finally, we test with multi-points touch, and the sensor is able to detect three-fingers touch,
as shown in Fig. 5.5(a). However, a misdetection happens when two fingers are very close to
each other as the sensor regards the touch as a single-point touch. This is due to the mechanical
problem and the minimum spacing distance between multi-points is less than 2.5 mm, as shown

in Fig. 5.5(b).

5.2.2 Summary

This work presents an optical-based tactile sensor CTS that uses a coated elastomer layer with
91 tactile element pins to sense the tactile information in the form of pressure distribution. The
sensor detects the tactile information via its surface deformation measured based on an optical
method. The pressure is detected relying on analyzing the area change of each reflective conical
tactile element pin recorded by the internal camera when a load is applied. The fabrication
procedure in Sec. 4.3 shows the manufacturing of the elastomer layer using different silicone
materials, as well as other components (LED arrays, etc.) of the sensor. Test results show the
feasibility of the sensing approach, together with the accuracy of the sensor in detecting different
objects. Future work will mainly focus on expanding the sensing capability into the force-related

region.

5.3 CFTS1 — Camera-based Force/Tactile Sensor

As described in Sec. 5.2, we have proposed an optical-based tactile sensor CTS that uses an
elastomer layer and an elastic structure to detect pressure. Based on this tactile sensor, we then
achieve a force measurement functionality upon a similar sensor architecture. The resulting
sensor is an optical-based force and tactile sensor named CFTS1.

In this research, we present a novel design for an optical-based tactile and force sensing

device (shown in Fig. 5.6) that operate both force and tactile sensing functions within one hous-



Chapter 5: Experimental Validation of Sensor Performance 129

ing. In addition, the tactile information is measured in the form of pressure distribution from
the surface of objects. The proposed sensor is made of soft and compliant materials (an opaque
elastomer) together with a deformable elastic structure (a flexure structure). The optical sensing
method is used to measure both force and tactile information simultaneously based on the de-
formation of the reflective elastomer structure and the flexure structure. We have presented the
fabrication process and development principles of the sensor in the previous section Sec. 4.4.
The experimental evaluation shall be shown in the following section, and the result shows that

the prototype is capable of sensing normal forces up to 70 N with an error of 6.6%.

Top Cover
f \ Light-Block Elastomer
137 mm \ Elastomer(Tactile Element)

Elastomer(Force Element)

Force Sensitive Structure

LED Array

\ Supporting Plate
Light Guiding Plate

e e o e

ey p—pp——p————— >
13/08/2020

12

Figure 5.6: The design of the optical-based force and tactile sensor (CFTS1) where the left is
the schematic design, and the right is the CAD view of the sensor. An elastomer and a force-
sensitive structure are used within the sensor prototype.

5.3.1 Sensor Calibration and Evaluation

The working principle of the sensor is shown in Fig. 5.7. What is more, a calibration process is
required for accurate measurement of the normal force in Z-direction. The calibration process

aims to obtain a relationship between the output (in the form of activated pixels of the three
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Figure 5.7: A flowchart of the proposed light intensity to force and tactile information sens-
ing system. The system acquires the input video in 30 frames per second, and all the image
computations can be processed in real-time.

force pins shown in Fig. 4.19(b)) and the normal force. A set of weights, from 10 N to 70 N
with an increment of 5 N, is evenly applied on a plate above the sensor as the normal forces,
as is shown in Fig. 5.8. The sensor saturates after the maximum force of 70 N is applied. The
test is repeated ten times for each weight, and the relationship between the applied force and the
average number of activated pixels for each force pin is shown in Fig. 5.9. A line is fitted to
each response, and the coefficients of the linear fitting curves (y = Ax + B) are shown in Tab. 5.1.
However, Pin 1 and Pin 3 do not really give a good linear response because of the fabrication
error of both the elastomer and shell which are shown in Fig. 4.18(b), and the surface of the shell
is not perfectly aligned to the elastomer surface, also the three force pins in Fig. 4.19(b)) are not
at the exact same heights due to manufacturing errors.

Multiple linear regression (MLR) is applied to find the relationship between the number of

activated pixels for each force pin. We assume that they are three independent variables, namely
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Figure 5.8: Experimental set up for the calibration of normal force F;.
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Figure 5.9: Characteristic curves of output activated pixels of force-element of the elastomer.
We choose to use a linear fitting in order to fit the commonly-used linear regression in force
sensor calibration. non-linear regression can be explored in future experiment.

s1, 2, 83, and the normal force F; is the dependent variable. The obtained calibration curves are
used to generate a 3 x 1 calibration matrix K. This matrix converts three numbers of activated

pixels to one physical value of the normal force. By applying MLR, the matrix K is calculated
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Figure 5.10: Static response of the sensor using weights for loading.

Table 5.1: Coefficient of Linear Fitting Curve

Sensor Element | Coefficient

Number A B

1 9.764 | -60.7

2 6.379 | 61.3

3 7.233 | -162.3

as follows:
§1
|:k1 ko k3:| X 15| = |:Fz:| 5.1

53

K = [—0.0081 0.1375 0.0260] (5.2)

As shown above, the estimated normal force F; can be obtained by multiplying the calculated
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calibration matrix with the sensor activated pixels sy, s and s3.

To evaluate the performance of the calibration method, weights are used to apply the increas-
ing step-like force on the sensor gradually. Fig. 5.10 shows the sensor response for the weights
ranging from 10 N to 70 N at increments of 5 N. We repeat the test ten times and the maximum
error between the estimated and the ground-truth normal force values does not exceed 6.6%, and

the root mean square error (RMSE) is 2.25 N.

5.3.2 Visualization of Tactile Information

As described above, the pressure distribution is displayed using the information from the acti-
vated pixels of the tactile pins. Fig. 5.11 shows the testing tools for tactile sensing and Fig. 5.12
shows a user interface for the display of the tactile information. The greyscale pressure colourmap
is updated when an object comes into contact with the elastomer membrane. The magnitude of
the pressure colourmap is calculated using the maximum applied pressure (number of activated
pixels) as a reference. Therefore, when no force is applied, the initial colour is dark grey for
all sections as the default value. To evaluate the tactile response, several shapes were tested.
Firstly, we touch the side of the membrane with a sharp pin of 2 mm in diameter, and the result
is shown in Fig. 5.13. It can be seen that the colour-magnitude of the pressure colourmap is up-

dated, with white colour indicating no contact, and black corresponding to the highest pressure

15 mm j} I ® 21 mm

22 mm

-~

Figure 5.11: Three tools for tactile information tests with the reference of a sensor cap, one edge
detection is tested by the left tool, section detection is tested by the middle tool, and non-uniform
detection is tested by the right tool which has a non-uniform surface at the bottom.
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Figure 5.12: User display of the tactile information: No pressure is applied to the membrane.
The left plot is the post-processing images of the input videos. Three force pins are highlighted
with red, green and blue circles. The white circle in the middle indicates 19 tactile pins which are
allocated in a honeycomb arrangement. The middle plot indicates the areas of activated pixels of

each 19 tactile pins separately. The right plot shows the visualizations of the tactile information
in the form of pressure distribution.
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Figure 5.13: Applying pressure at one edge of the membrane.
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Figure 5.14: Applying pressure to the section of the membrane.

magnitude. The second tested shape is an edge with a width of 1.5 mm. It was pressed at the
centre of the membrane. The result is shown in Fig. 5.14. Finally, the pressure was applied to the

whole membrane surface. For this purpose, a finger was used in order to observe the irregular
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Figure 5.15: Applying non-uniform pressure to the whole membrane.

distribution of the pressure. The result is shown in Fig. 5.15.

5.3.3 Simultaneous Force and Tactile Sensing

In this additional experiment, our sensor is used to measure real-time force and tactile informa-
tion by attaching a flat surfaced object to the end-effector of Franka Emika Panda robot arm, as
is shown in Fig. 5.16 and Fig. 5.17. A normal force of 50 N was continuously applied to the
membrane of the sensor via a Franka Emika Panda robot arm. In this experiment, our sensor has

demonstrated its ability to measure the continuous and stable normal force over time, as well as

£

Testing Tool

Figure 5.16: A scene of measuring both force information and tactile information using 3D
printed object attached on a robot arm. A 3d printed object is attached on a Franka Emika Panda
robot arm and then exerted on the top of the sensor.
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Figure 5.17: User interface illustrating the sensor can measure the real-time normal force (bot-
tom left and middle section) and the pressure distribution (tactile information, shown in bottom
right section) simultaneously.

to visualise the pressure distribution applied to the elastomer membrane.

5.3.4 Summary

In this work, we propose a novel design of a force and tactile sensor CFTS1 using a soft structure
made form elastomeric material shaped into reflective pins to sense both force and tactile infor-
mation. The fabrication procedure uses different types of silicone materials, and other required
components are presented. Two sensor prototypes are presented. For the first sensor CFTSI1,
the experimental results demonstrate that the sensor can measure real-time normal forces over
a range from ON to 70 N. The pressure distribution can be visualised at the same time. In the
proposed configuration, the sensor can only measure force along one dimension. However, theo-
retically three-degrees-of-freedom force components can be calculated for the measurement (for
example, additional two moments in lateral directions, 7, and T) based on the force-sensitive
shell design. In the future, we intend to build a customized calibration device using a commer-

cial force sensor, as well as to apply deep learning methods for calibration. We also plan to
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improve and formally assess the sensor characteristics. As for the second sensor CFTS2, the
sensor uses an elastomer with transparent silicone to replace the reflective tactile pins, and we

use the transparency of the silicone to detect the texture of the object.

5.4 F-TOUCH Sensor — Force and Tactile Optically Unified

Coherent Haptics Sensor

The optical-based force and tactile sensor that is described above verifies the possibility of mea-
suring both force and tactile information within one housing device with the use of an elastomer
layer and an elastic structure. However, there is one issue with this sensor prototype, as men-
tioned in Sec. 4.5, namely that the sensing areas of the force and tactile information are separate,
as shown in Fig. 4.25(a). The result of this is that force and tactile information cannot be ef-
fectively measured from a specific sensing area. Therefore, we further proposed an improved
optical-based force and tactile sensor named F-TOUCH, as shown in Fig. 5.19, that also uses a
combination of an elastomer layer and an elastic structure within a unique configuration so that

the sensor can obtain both information at any location of the sensing medium.

Figure 5.18: The manufactured prototype of the proposed F-TOUCH sensor. The sensor is
connected via a USB webcam to capture the real-time image of the coated silicone surface,
which is illuminated by RGB LED arrays within the sensor. An internal spring-mechanism
structure with markers is used to measure force information.

The key contribution of the proposed F-TOUCH is the capability to concurrently and ef-
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Figure 5.19: Schematic design of the proposed sensor. There are in total of 10 components that
make up the device. Details of each component can be seen from Fig. 4.35.

fectively perceive dual modalities. In this sensor, a unitary force and tactile sensing capability
is integrated within a single sensor housing, with the signal acquisition being performed by a

single monocular camera acting as the transducer.

r >
\?4'_&_3/ |
@ ®) ©

Figure 5.20: Extracting force markers from the tactile image. (a) Bottom view of the CAD
spring-mechanism structure, where force markers are circularly attached beneath the coated
elastomeric component. (b) The raw captured image from the camera. (c) The binary image
after thresholding.

When the sensor is on, RGB lights are emitted from different directions to illuminate our
sensing system (for both coated elastomer surface and black markers within the spring structure).
When there is a contact occurring on the surface, the raw image is received by the camera at the

bottom, as is shown in Fig. 5.20. The procedure of segmenting force information and tactile
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Figure 5.21: Responses of the F-TOUCH sensor under different force/torque loads. The sensor
responses are in the form of depicting the motion of three marker centroids as a vector plot,
together with the corresponding marker area changes. Each marker’s movement vector is scaled
for better comprehension of the motions. Nine scenarios of force/torque loading conditions are
presented: (1) Shear force +F and torque —7,, are applied; (2) Shear force —Fj and torque —T
are applied; (3) Shear force —F; +F, and torque +7 +7; are applied; (4) Shear force —F, —F,
and torque —7 +7, are applied; (5) Normal force —F; and torque +7, are applied; (6) Normal
force —F;, and torque +7, are applied; (7) Normal force —F; and torque —7, —T, are applied,;
(8) Torque +T; is applied; (9) Torque —T, is applied.

information within the raw image can be fairly simple: there is a distinct colour difference
between the contact geometry (only red, green, blue colour can be seen) and the black marker,
as shown in Fig. 5.20 (b). We firstly transfer the raw image into a greyscale image and then
apply a gaussian filter. After the filtering, we apply a threshold to the filtered greyscale image

to segment the marker areas from the background and then do a colour reverse, as is shown in
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Fig. 5.20 (c).

As for tracking the markers, we calculate both the centroids positions and areas of each three
markers based on the reverse binary image. When under an unloaded status, we record both the
x,y coordinate values of the centroids (x;(0), y;(0), x2(0), y2(0), x3(0), y3(0)) and areas (a;(0),
a»(0), a3(0)) of three markers within the binary image. When applying a contact force, we calcu-
late the change of the X,y coordinate values of the centroids as well as the areas changes of each
markers at each frame j, as Ax;(j) = x;(j) —x;(0) , Ayi(j) = yi(j) — yi(0) and the areas Aa;(j) =
a;(j) —a;(0). With the obtained values of variables Ax;, Ay, Aay, Axp, Ayz, Aaz, Axz, Ays, Aas
from three markers, we can proceed to multi-axis force/torque calibration. Here, two calibration
processes are introduced: the first one is the calibration for three-axis force, and the second one

is for six-axis force and torques.

5.4.1 Three-Axis Forces Calibration and Evaluation
After the force-related information segmentation, a calibration process is needed for accurate
measurement of forces along 3 axes, including normal force in Z-axis and shear forces in X

and Y-axis. This process aims to obtain a relationship between the nine variables outputs of

Proposed Sensor (1)

Connector (2)

A

Figure 5.22: Experimental setup for calibration of the proposed three-axis forces. Nine force
conditions are applied on the elastomer surface of the sensor.
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our proposed sensing device (change of x,y coordinates of three markers’ centroids and the
corresponding area changes) and the sensor’s input forces. To set up the experiment, we use a
commercial force sensor (ATI Mini40 six-axis force/torque sensor) as the reference to precisely
measure the ground-truth force values. Then we mount our sensor on the sensing surface of ATI
Mini40 via a 3d printed connector. The connector is designed to fix with ATI Mini40 by bolts

and firmly hold our proposed sensor.

Table 5.2: Applied Force Conditions for Three-Axis Calibration

Applied force | Condition Applied force | Condition
1 —F, £F. £F, | 6 +F, —F,
2 +F 7 —Fy —F;
3 —F, 8 —F, +F,
4 +F 9 +Fy, +F;
5 —F

We apply a variety of different force conditions directly on the touch medium of our pro-
posed sensor with our hand applying different forces, as shown in Tab. 5.2 and Fig. 5.22. We
merge the data acquisition of ATT Mini40 into our sensor’s user interface so that we synchronize
both readings from our sensor and the ATI F/T sensor. We record a set of ground truths force
data of 8400 samples from ATI Mini40 and marker’s centroids, and areas change readings from
our sensor with 15 samples per second (due to the restriction of the camera frame rate). From
the recorded data, the calibration matrix can be calculated using the Least Squares Regression
method [129].

We assume that the nine-variables outputs of our sensor are independent, namely Axy, Ay,
Aay, Axo, Ays, Aay, Axz, Ays, Aas, and the applied force F; F, F, are dependent variables. We
can generate a 3-by-9 calibration matrix K based on the 2000 sets of synchronised data from
our sensor’s input and the ATI F/T sensor’s output. This matrix converts nine sensor readings to

three physical values of forces. The calculated calibration matrix K is presented in 5.3 and 5.4.
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Table 5.3: Three-Axis Forces Measurement Accuracy of the Proposed Sensor

Force | Measurement range | Maximum error | RMSE
Fx +/-1N 11.97% 0.04 N
Fy +/-1N 15.93% 0.05N
Fz 0-8N 8.77% 0.13N

As presented above, the estimated three-axis force Fy Fy F, can be obtained by multiplying

the calibration matrix K with the nine outputs of our sensor. To evaluate the calibration matrix,

external force components are applied on the membrane of our sensor under two force conditions

(apply a shear force to the elastomer with almost zero normal force and apply normal force plus

shear force to the elastomer). We compare our sensor force reading with the ground-truth values

from ATI Mini40, as is shown in Fig. 5.23 and Tab. 5.3. The root mean square errors (RMSE)
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Figure 5.23: Three-axis force comparison between ATI Mini40 sensor and our proposed sensor.
The first stage is applying a pure shear force to the elastomer (normal force is tiny and almost
to be zero, this can be achieved by the spring-structure) and the second stage is applying normal

force plus shear force.

Screwdriver head

Crocodile clips

/
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Figure 5.24: Three different testing objects are applied upon our proposed sensor: The first
column are weights and the corresponding captured raw image, filtered greyscale image and the
force measurement; In the second and third column, we applied screwdriver head and crocodile

clips with shear and normal forces.
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of F, F, F, are 0.04 N, 0.05 N, 0.13 N respectively.

To explore our proposed sensor’s response to different contact, we use different testing ob-
jects with different surface shapes. Some of the testing results (including the testing objects, raw
capture, filtered greyscale image and marker motions) are shown in Fig. 5.24 where we apply
different force condition with the object on our sensor. The proposed sensor has demonstrated
its ability to measure both three-axis force values and perceive the contact object geometry at

the same time within processing one camera capture.

5.4.2 Six-Axis Forces Calibration and Evaluation

Based on the three-axis calibration method described above, we then further develop a six-axis
calibration with the use of a different setup.

As introduced above, the sensor calibration is the process of determining the relationship be-
tween the sensor’s output variables to the six-axis force and torque input components (F; F,, F; T
T, T;). There are various studies [154] on force calibration of vision-based tactile sensors includ-
ing those using convolutional neural networks (CNNs), that are useful when dealing with images
[176, 154]. However, in our case, there are two sensing modalities (force and tactile) presented
in each image (for instance, in the force measurement, if we trained with the raw images, the
force measurement using CNNs could be influenced by the contact geometry [176], also a great
number of data that cover all situations are needed for the training process); hence we cannot use
the exact same method as above. Instead, we obtain the force-related numerical values (markers’
centriod displacements and area changes) from the image and, given the linearity of the sensor’s
spring mechanism structure, we apply a conventional force sensor calibration method [16, 108].
The aim is to calculate the calibration matrix K, where the regression coefficients matrix is used
to convert the output variables to force and moment loading data. A six-by-nine calibration ma-
trix multiplies the nine-by-one sensor output vector to give the decoupled output force/torque

values.
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Table 5.4: Force/Torque Exertion Conditions On The Sensor Tip

Numbering | F/T Condition | Numbering | F/T Condition
1 —F, T, 10 F. F T, T,

2 —F, T, -T, 11 F, —T,

3 —F, T, 12 F.—F —T, Ty
4 —F, -T, T, 13 —F, T

5 ~F, T, 14 —F —F, T, T,
6 -FT.T, 15 -F T,

7 —E T, 16 ~F R T, T,

8 —E T, —T, |17 T,

9 F, T,
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5.5

We set out to calibrate the six-axis force and torque component observations of the improved

optical-based force and tactile sensor against a high-grade commercial six-axis force/torque sen-

sor (ATI® Mini40 F/T sensor) as a source of reference values. As the sensing medium of the

proposed sensor is made of silicone elastomer which is a soft material, it is impossible to directly

mount the ATI® sensor atop the elastomer surface. Neither could we directly place the ATI®

sensor underneath our sensor as the torque readings of both sensors would diverge due to the in-

tervening distance between their respective contact surfaces. In order to fulfil the requirements
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Figure 5.25: Calibration of the F-TOUCH sensor, with the aid of a commercial six-axis
force/torque sensor ATI® Mini40 and a specially designed 3D-printed calibration connector.
(a) Experimental setup for six-axis force/torque calibration. (b) 3D-printed calibration connec-
tor (made of ABS material) that is used to firmly attach our sensor with the ATI force/torque
sensor for force calibration. (c) CAD view of the calibration setup. (d) CAD top-down view of
the calibration device for applying different force and torque conditions to both ATI® Mini40
sensor (regarded as the ground truth) and our sensor. Seventeen loading conditions (see Tab. 5.4)
are applied during the calibration process.

for calibration, a specially designed calibration interface is proposed, as shown in Fig. 5.25. The
commercialized ATI® Mini40 sensor provides the ground-truth force and torque magnitudes,
while a force/torque cap (3D-printed using polylactic acid (PLA)) is placed on top of it, and
a specially designed connector (3D-printed using acrylonitrile butadiene styrene (ABS)) is at-
tached to its underside. The reverse side of the connector attaches to the elastomer holder of the
proposed sensor. The force/torque cap enables different forces and torques to be applied to both

sensors through the same plane, as shown in Tab. 5.4.
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The connector (shown in Fig. 5.25 (b)) is designed to act as ‘connective tissue’ between
the two sensors. During the calibration process, we replaced the original elastomer component
with the specially designed connector, both having the same height. We deliberately chose the
connector to be of white colour so that the final binary images of the illuminated markers would
be as closely matched as possible while using either the elastomer or the connector.

The nine output variables returned by the sensor captured image data are synchronized at a
sampling rate of 30 samples per second with the six-axis force/torque readings from the ATI®
Mini 40 sensor under seventeen different loading conditions. We manually exert the force and
torque loads on the force/torque cap, as shown in Fig. 5.25 (d). The calibration matrix K is then

calculated with the least squares method (LSM).
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(5.6)

Fig. 5.26 compares the six-axis force/torque performance between the proposed sensor and
the ATI® Mini40 sensor when the connector is used. Due to the use of a camera, the response
time of our sensor is 30 Hz, or 33 ms. The RMSE (root mean square error), the corresponding
normalized RMSE and the coefficient of determination of fit, R?, of F/T components from both
our sensor and GelSight sensor are listed in Tab. 5.5. It can be seen from the table that our sensor
exhibits superior force and torque performance over GelSight when comparing with the ground
truth measured by the ATI F/T sensor.

As the proposed sensor can also perceive the geometry of the contact object’s surface, we
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Figure 5.26: Comparison of six-axis force/torque performance between ATI® Mini40 sensor
and our proposed sensor using a calibration connector.

Table 5.5: Proposed Sensor’s Force/Torque Calibration Accuracy

RMSE, normalized RMSE, normalized
F/T | Range of our sensor | RMSE and R-squared RMSE and R-squared
in our sensor in GelSight sensor
Fx | +/-1N 0.018 N (1.8%) R™2=0.99 0.187 N (4.7%) R™2=0.94
Fy | +-1N 0.016 N (1.6%) R™2=0.99 0.162 N (4.0%) R™2=0.93
Fz | 0-8N 0.094 N (1.2%) R™2=0.94 0.668 N (3.3%) R™2=0.97
Tx | +/-20N-mm 0.657 N -mm (3.3%) R"2=0.96 | -
Ty | +/-20N-mm 1.566 N - mm (7.8%) R"2=0.94 | -
Tz | +/-20N-mm 0.407 N -mm (2.0%) R™2=0.85 | 3.72 N -mm (2.5%) R™2=0.84

further explore the proposed sensor’s performance by investigating different contact conditions
with objects having different surface geometries, as shown in Fig. 5.27 below, where raw tactile
images and six-axis force/torque measurements are presented. In view of the above, we feel
justified in concluding that the proposed improved optical-based force and tactile sensor has the
capability concurrently to perceive two modalities: six-axis force/torque components measure-

ment and perception of contact surface geometry, all by processing a single captured image.
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Figure 5.27: The improved optical-based force and tactile sensor’s performance across dual
modalities (six-axis force/torque information and contact object’s surface geometry). Three
different objects are pressed against our sensor’s membrane surface. The first row presents
the sensor performance when a pen’s front tip is tested; the second row is testing with a wire
header; the third row is testing with a USB header.

5.4.3 Summary

In this work, we have introduced a unified vision-based sensor (F-TOUCH), that can concur-
rently sense two modalities: six-axis force/torque components and tactile information (in the
form of geometry and texture perception) using a single image capturing device. In other words,
the proposed sensor can be regarded as a unitary device combining the capabilities of both a
force sensor and a tactile sensor. The proposed sensor is designed to fit robot grippers and takes
inspiration from the fingertip GelSight tactile sensor. The novelty and original contribution of
the work are in the use of a coated transparent elastomer layer combined with spring-based
deformable structural elements to measure tactile and 6-axis force information within a single
sensor housing. We are able to extract translational and rotational force information (based on
the status of the markers integrated with the deformable structural elements) as well as tactile
information (based on the deformation of the illuminated elastomer surface) in real-time. More-

over, we have designed a specific implement to assist with the six-axis force/torque calibration
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of the F-TOUCH_3.2 sensor. Our experiments show an accuracy of force/torque measurements
(Fx, Fy, F,, T,, T,, T, with RMSE of 0.018 N, 0.016 N, 0.094 N, 0.657 N - mm, 1.566 N - mm
and 0.407 N - mm respectively) that is superior to the GelSight sensor’s force/torque sensing

performance.



Chapter 6

Conclusion and Future Work

This chapter presents a summary of the main contributions that have been achieved within the
thesis, that are:
1. Dual-modal sensor for force and tactile sensing in one sensor structure completed

2. The miniaturisation of dual-modality force/tactile sensor for integration with robot arm end

effector realised
3. Concurrent and real-time force and tactile sensing using a single camera sensor achieved

4. Extension from normal force measurement to three degrees of freedom forces measure-

ment, to six degrees of freedom forces/torques measurement

5. Experimental study conducted to validate the approach

Several sensor prototypes have been developed and tested to validate the above contributions.

151
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6.1 Summary

It is well accepted that the acquisition of high-quality force and tactile sensor signals during a
mechanical interaction between a robot and an object provides the opportunity to largely en-
hance the handling and manipulation capability of the robotic system. Currently, there is a clear
distinction between a typical force sensor and a tactile sensor. Multi-axis force sensors are de-
veloped to measure forces and torques that occur in more than one direction within the robotic
force and tactile sensing system. Force sensors usually include a mechanical structure, and
by sensing the deformation of the structure under external load, multi-axis force/torque (F/T)
quantities can be measured along with different directions. Chapter 2 presented an overview of
current popular sensing methods that include strain sensing technology (semiconductor strain
gauges, capacitive strain gauging, fibre Bragg gratings, electrical resistance strain gauges), and
optical-based sensing technology. Mechanical structures include cross-beam structure, Stewart
platform, cantilever structure and spring structure. There has been a surge of research interest in
tactile sensor development in recent decades. Different technologies have been explored to ac-
quire tactile information that includes mechanical stimulus detection of contact, slip, pressure,
and geometry. Typical technologies are electrical-based (piezoresistive, piezoelectric, capaci-
tive, and magnetic) and optical-based. To conclude, force sensors can only measure touchpoint
multi-axis force/torque components without tactile perception (for example geometry or pres-
sure distribution), while tactile sensors can perceive tactile information but cannot preciously
measure multi-axis F/T components.

Our contribution in this thesis is to integrate the capabilities of both a force sensor and a
tactile sensor into one sensor structure which uses a combination of an elastomer layer and an
elastic structure (as shown in Fig. 3.3). The sensing principle is based on an optical method that
uses a single vision transducer (a camera) to sense both force and tactile modalities according to
the deformation of the elastic structure and elastomer layer, as described in Chapter 3.

The sensor prototypes presented in Chapter 4 follow the same sensing methodology that is

introduced in Chapter 3. ICFTS (Initial Camera-based Force/Tactile Sensor) is presented with
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finite element analysis (FEA) of both the elastomer layer and the elastic structure. Then CTS
(Camera-based Tactile Sensor) that uses an elastomer layer with reflective feet and an elastic
structure with cantilever structure is presented. We improved on this sensor which can only de-
tect pressure, by developing CFTS1 (Camera-based Force/Tactile Sensor) with a different elas-
tomer layer component which can simultaneously measure the normal force and the pressure
distribution in real-time. CFTS was further improved on by developing the F-TOUCH (Force
and Tactile Optically Unified Coherent Haptics) sensor which use a combination of a coated
transparent elastomer layer and a spring-mechanism structure to measure multi-axis force/torque
information and perceive the contact geometry information at the same time. F-TOUCH re-
solved the issues of the CFTS design, namely its separate force and tactile sensing areas. In
addition, the size was also drastically reduced.

Chapter 5 shows the experimental results of the prototypes that are introduced in Chap-
ter 4. It is noted that the measurement of force/torque components using an elastomer-based
tactile sensor is complicated. In Sec. 5.4, we have developed a force and tactile sensor ar-
chitecture that integrates a coated transparent silicone elastomer with a six-degree-of-freedom
spring-mechanism force structure. Tracking a trio of markers within the force structure, using
a conventional force sensor calibration method, and a specially designed connector and com-
mercial force/torque sensor (ATI® Mini40 sensor), allows six-axis force/torque components to
be extracted, calibrated and measured. Moreover, the deformation of the illuminated elastomer
surface reflects the contact surface geometry in the same image capture containing the force in-
formation. Thus observation data for the two modalities can be acquired at the same time with an
integrated force and tactile sensing device. In our experiments, the positions of marker centroids
together with marker area changes were shown to effectively represent the net normal force,
shear force and torque. With the aid of a commercial F/T sensor and a specially designed con-
nector attached to our sensor, a 6-by-9 calibration matrix was computed using the least squares
regression method. However, there still remain deviations between the estimated force/torque

and ground truth (from the ATI® Mini40 sensor). A plausible explanation for the discrepancy
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may be that since we use both an elastomer component and springs in the sensor structure, hys-
teresis will inevitably creep in due to the responsiveness of these materials. Thus, the accuracy
of the calibration matrix may be affected. Moreover, using a high-quality camera with a higher
input rate can reduce image noise. These noises can also be improved with a more advanced

filtering algorithm. There is always a trade-off between image quality and sensor response rate.

6.2 Future Work and Directions

The proposed optical-based force and tactile sensing method has promising applications in the
field of robotic manipulations, especially in grasping. An outline of potential directions for

future work on this optical-based force and tactile sensor is listed as follows.

* Reduction of sensor size
The current sensor can be further miniaturised as it is still relatively large (it is designed for
a gripper end) when compared with a human or robot finger. To further reduce the sensor
prototype size, a smaller camera can be used (however, the image quality can be reduced),
and the illumination system shall be modified to save more space. Also, it is possible to
fabricate smaller elastomer layer with small 3D printed mould. The DIGIT sensor [86] can

be a good reference to move forwards.

* Integration of dense markers for local force measurement
Based on current F-TOUCH sensor, we also plan to integrate dense markers on the mem-
brane surface of the elastomer (as GelSight sensor) for local force measurement. There-
fore, the new sensor can have additional functionalities of local stress measurement and

slip detection.

* Hardness perception
As the current optical-based force and tactile sensor can obtain both multi-axis force quan-
tity and contact geometry information at the same time, it is possible to mount the sensor

to an end-effector to conduct active sensing, for example, estimating contact object proper-
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ties such as hardness. Objects with different hardness can produce a different tactile image
(different depth information) when the same forces are exerted on them. Furthermore, a
soft object can cause more deformation compared with the stiff one giving the same force
condition. Therefore, by observing and calculating the ratio between the force value and
the depth value (the depth value can be calculated from the colour intensity of the tactile

image), it is possible to distinguish between soft objects and stiff objects.

* Slip detection
Slip detection can also be achieved by observing the changes of both the force values and
the tactile image. When a slip occurs, there will be an apparent change between normal
and shear forces (there shall be an increase of the ratio between the shear force over the
normal force). At the same time, we can also observe a displacement of the object within
the tactile image due to the slip. Therefore, we can combine the calculations of the force

values and the detection of the object displacement to detect the slip effectively.

* Object shape recognition
The proposed force and tactile sensor can also be applied to detect the shape of an object
if mounted on a robot arm. Since there is a six-degree-of-freedom spring mechanism
structure within the sensor, it is possible to estimate the spatial pose of the sensor’s contact
surface (the rigid acrylic board surface) with the use of vision technique upon the markers.
With the obtained pose and force information, a robot arm can be controlled to adjust the
sensor’s pose to be consistently at a specific condition (for example, a steady pose) when
touching an unknown object. Therefore, we can track the pose of the end of the robot arm
to recognise the object’s shape while filling the shape with textures that are acquired from

the sensor’s tactile images.
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