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Abstract

This thesis presents research in design, fabrication and testing of magnetic resonance
(MR) compatible tactile array sensors based on light intensity modulation using opti-
cal fibres. The popularity of minimally invasive surgery (MIS) opens the field of tac-
tile sensing for medical use, especially in MR environment. The departure from con-
ventional sensing approaches (such as capacitive and piezoresistive) allows the devel-
opment of tactile sensors which are low cost, small in size, lightweight, free from
electromagnetic interference, water and corrosion resistant and capable to operate in
harsh environments. In the framework of this PhD study, a number of MR compatible
tactile array sensors have been developed, including uniaxial tactile array sensors and
an x- and y-axis lateral contact sensor. Mathematical models for these newly-devel-
oped tactile sensors have been created and verified. Force is measured through the
displacement of a flexible structure with a known stiffness, modulating in turn the
light intensity in the employed optical fibres. For the tactile array sensor, a 2D vision
system is applied to detect light signals from all sensing elements via the optical fibres
— this new approach provides a great potential for high density tactile array sensing,
employing a low-cost vision sensor. For the lateral sensor, high-speed/high-sensitivity
detectors are utilized to calculate contact force position and magnitude. Combined
with 3D printing technology, a miniature tactile probe head capable of palpation in
MIS has been designed and tested in ex vivo tissue palpation experiments. All sensor

systems developed in this thesis are MR compatible and immune to electromagnetic



noise. The proposed sensing structures and principles show high miniaturization and

resolution capabilities, making them suitable for integration with medical tools.
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Nomenclature 10
Nomenclature
MR Magnetic resonance
MRI Magnetic resonant imaging
ISO International Standard Organization
MIS Minimally invasive surgery
FDA Food and Drug Administration
CT Computerized tomography
ABS Acrylonitrile butadiene styrene
A% Voltage
I Current
R Electrical resistance
PVDF Polymer polyvinylidene fluoride
PDMS Polydimethylsiloxane
C Capacitance
A Size of overlap area between two plates
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& The permittivity of free space
& The relative permittivity of dielectric material
d. The distance between two plates

PPS Pressure profile systems

CCD Charge-coupled device

FBG Fibre Bragg gratings

fMRI Functional magnetic resonant imaging
d Distance between transmission fibre and receiving fibre
0 Angle between fibre and mirror
D Diameter of optical fibres
h Distance between the centre of the fibre and the mirror
L Distance between virtual fibres
S Projection diameter of light transmitted to the receiving fibre
a Radiation angle
X Downward shift distance of mirrors
S Projection diameter after mirror shifting
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Nmax

The light beam’s radial distance

The intensity of the beam

The beam’s maximum intensity

The mode-field radius

The total virtually transmitted light flux

The variation of maximum light intensity between virtual

transmitting and receiving fibres

The maximum intensity of the light projected at the tip of

virtual transmitting fibre

Divergence angle

The receiving fibre’s maximum collected light flux

The number of the activated pixels in the sensing area

Maximum value of the number of the activated pixels in the

sensing area

Light intensity

Red value of each pixel

Green value of each pixel
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I threshold

N

MEMS

CMOS

gx,y)

gr(x,y)

P1, P2, P3

01,07

Y1, Y2, V3

61' 62

RMSE

Blue value of each pixel

Numerical value of each pixel

Defined intensity threshold to eliminate ineffective pixels

The total numerical value of the pixels in each sensing area

The total number of the pixels in each sensing area

Force

Microelectromechanical systems

Complementary metal-oxide—semiconductor

The grey value of the pixel coordinated at (x, y) in the im-

age

The value of pixel at (x, y) after thresholding

Constant parameters

Constant parameters

Constant parameters

Constant parameters

Root mean square error
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SD

DAQ

Va, Vba VC

AD, BE, CG

Kla KZa K3

Ugs Up, U

AV, AV, AV,

dg,dp, d.

Ka: Kb: KC

dy,dy, d3

Kfaa bea Kfc

Eas €p» Ec

Standard deviation

Data acquisition

Outputs of the detectors

Displacement between fibres and mirrors

The transforming factors of detectors converting distance to

voltage

The location angle of applied force

The shifting distance of outer ring due to force applied

Constant parameters

The changes of voltage outputs of three sensing elements

The displacement changes at three points

Constant parameters

The displacement changes of the outer ring during three tests

Constant parameters

Constant parameters
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Chapter 1 Introduction

This chapter describes the overview, aim and objectives, summary of contributions

and the outline of this thesis.
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1.1. OVERVIEW

The word robot was first introduced in Rossum’s Universal Robots, a 1920s play by
Karel Capek. Since then robots of many types and different functions have been cre-
ated and have increasingly become important in humans’ everyday lives. For example,
many consumer goods from automobiles to electronic products such as computers and
mobile phones are assembled not by human hands but by an industrial automated as-
sembly line [1]. During medical procedures, where very accurate micro motions are
needed through small size incisions surgeons may need assistance from surgical ro-
bots [2]. Robots can carry out certain tasks in a repetitive and precise manner, but to
achieve more complex tasks, especially when changes occur, they also need to per-
ceive the external environment [3]. It is something humans take for granted but is a
difficult process for machines.

Many sensors have been developed to this end, such as sound sensors to serve as ro-
botic ears, contact and temperature sensors to act as skin and vision sensors to act as
eyes. While other sensors have been well explored and developed, the contact sensors,
especially force and tactile sensors, still need to be further investigated [4]. There are
several tactile sensing methods, such as piezoelectric-based sensing [5], strain gauges
sensing [6] and capacitive-based sensing [7]. However, the problem is that few of
them can satisfy medical requirements, such as magnetic resonant imaging (MRI)
compatibility, small size to fit through a trocar port in minimally invasive surgery,
and low cost so as to be disposable after a single surgery. One of the methods which

satisfies medical requirements such as high electromagnetic resonance capability is
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the light intensity modulation method which uses optical fibres [8]. Optical fibres al-
low the creation of tactile sensors which are low cost, small in size, lightweight, free
from electromagnetic interference, water and corrosion resistant and capable to oper-
ate in harsh environments. Existing intensity modulation fibre optic sensors [9] are
mostly based on a set of optoelectronics, where each optoelectronic receiver (consist-
ing of a photodiode, photoresistor or phototransistor and a signal conditioning circuit)
converts received light signals individually into voltage signals. However, the prob-
lem of using this detection method are high cost and entails some complex electronic
circuits involved when building a tactile array sensor. Also, in most of the medical
applications using optical fibre array sensors, force information in x- and y-directions
have not been addressed. This thesis proposes new low-cost tactile array sensing tech-

niques to provide tactile information during minimally invasive surgery (MIS) in MRL

1.2. AIM AND OBJECTIVES

Aim:

This research aims to develop tactile sensors for minimally invasive surgery. This
includes tactile array force detection in z-axis and contact force detection in x- and y-
directions.

Objectives:

e Investigate and develop an appropriate force sensing scheme that allows an

effective tactile array sensing structure to be designed for MIS.



1 Introduction 25

Miniaturization of a disposable tactile array probe head that can be integrated

with MIS instruments, and validate its usefulness of providing tactile feedback.

Develop a two axis tactile sensor providing force information in x- and y-di-

rections for the developed probe head.

1.3. SUMMARY OF CONTRIBUTIONS

The main contributions of the research are as follows:

The first contribution is the creation of a tactile array system using a 2D vision
system for the acquisition of sensory information from a tactile array. A math-
ematical model of light intensity modulation has been developed. The relation
between applied force and light intensity has been analysed and applied force
information can be detected by a camera through optical fibres. The camera
system reduces electronic complexity which characterizes conventional inten-
sity modulation schemes (such as photodiodes and photoresistors) and has

high potential for high density tactile array sensing (see Chapter 3).

The second contribution is the creation of a miniature tactile probe head sys-
tem for palpation use during MIS in MRI. The probe has high sensitivity and
spatial resolution with little crosstalk and hysteresis. Ex-vivo tests on silicone
phantoms and lamb kidneys demonstrated its capability of conducting accu-
rate and effective tissue palpation for tissue abnormality detection (see Chap-

ter 4).
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e The third contribution is the creation of a two axis ring-shaped tactile sensor
system based on a geometry-based algorithm. This sensor has a similar diam-
eter as the probe head developed in Chapter 4, equipping the tool with force

measurement capabilities in x- and y-directions (see Chapter 5).

1.4. THESIS OUTLINE

An overview of each chapter of the thesis is shown in the following:

Chapter 1 describes the overview, aim and objectives, summary of contributions and

the outline of this thesis.

Chapter 2 first introduces the importance of tactile sensing in robotics surgery, and
then describes commonly used tactile sensing methods: piezoresistance-based, piezo-
electric-based, strain gauges, capacitive-based, magnetic-based, vision-based and op-

tical-based sensing method.

Chapter 3 presents the development of a 3 x 3 tactile sensor prototype using optical
fibres. It first introduces the intensity modulation method, which is explained by a
mathematical model described. The hardware and software design of the proposed
sensor type is presented based on this model. After sensor calibration and hysteresis
analysis, tests of static and dynamic responses together with shape detection are car-

ried out.

Chapter 4 presents a miniaturized tactile probe head with 14 sensing elements to pro-
vide tactile information for palpation in minimally invasive surgery. It first introduces

existing sensing technologies for robot-assisted palpation and their limitations. Then
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the chapter proposes a method which addresses these issues. By using optical fibres
and acrylonitrile butadiene styrene (ABS) material for 3D printing, our tactile probe
head is designed to be MRI compatible. After sensor calibration, tests of dynamic
responses and shape detection are carried out. To validate the effectiveness of the
proposed probe head, hard nodules are embedded in both silicone phantom and lamb
kidney as tumours. The results from ex-vivo experiments show the tactile probe’s ef-

fectiveness in tumour detection.

Chapter 5 presents a two axis ring-shaped tactile sensor which provides information
of both magnitude of applied force and contact location. This tactile sensor is devel-
oped to equip the tactile probe in Chapter 4 with a sensation of force in x- and y-
directions. First the importance of tactile information in x- and y-directions is intro-
duced followed by the development of a mathematical model to illustrate the sensing
principle of the proposed sensor. Sensor design and silicone manufacture is presented.
Both the proposed sensor and the tactile probe are MRI compatible. After evaluating
the relationship between displacement/angle and force/voltage, the model of force cal-
culation based on 3 voltage outputs is established. During model validation tests, re-
sults from sensor outputs and simulation outputs are compared and analysed. Test
results show that the proposed sensor has an accuracy of 83.4985% for force magni-
tude measurement and an average error of 10.2301 degree for contact location meas-

urement.

Chapter 6 includes the conclusion and discussion of the thesis, together with future

work illustration.
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Chapter 2  Background on Tactile

Sensing

This chapter first introduces the importance of tactile sensing in robotics surgery, and
then provides an overview of commonly used tactile sensing methods: piezoresis-
tance-based sensing method, piezoelectric-based sensing method, strain gauges sens-
ing method, capacitive-based sensing method, magnetic-based sensing method, vi-

sion-based sensing method and optical-based sensing method.
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2.1. ROLE OF TACTILE FEEDBACK IN
ROBOTIC SURGERY

Robotics research has an increasing impact on daily life. Many robot devices have
been developed to imitate human behaviour in order to collaborate with humans or
conduct arduous and dangerous tasks such as industrial assembly line manufacturing
[10] or bomb dismantling. Based on the International Standard Organization (ISO) in
8373, a robot is defined as “an automatically controlled, reprogrammable, multipur-
pose manipulator programmable in three or more axes, which may be either fixed in
place or mobile for use in industrial automation applications.” With more advanced
robotics technology being developed, new application areas are becoming a reality:
new robot systems are introduced in the operating theatre and are capable of conduct-
ing MIS [11]. The efficacy and reliability of surgical applications have been enhanced
by advanced mechanisms design, control theory and sensing technology, which were
initially intended for industrial use. A successful surgical robotic system not only con-
sists of the surgical robot itself but also of the imaging systems, visualization equip-
ment, high-level controllers, end effecter tools, haptics controller devices, and, most
importantly, the surgeon [12]. Compared to humans, a surgical robot can provide
higher precision and accuracy, and can at the same time automatically carry out re-
petitive motions allowing the surgeon to focus on the essential aspects of the surgical
task. Furthermore, modern robotic surgery tools can be designed and fabricated at a
small size thus enabling surgeons to carry out minimally invasively procedures

through much smaller incisions than the ones used in traditional open surgery [13].
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Minimally invasive surgery is a type of surgery where the operation is performed
through small incisions employing specially designed medical tools such as laparo-
scopic instruments or miniature manipulators [14]. The instruments usually include a
viewing instrument known as an endoscopic or laparoscopic camera. During the pro-
cedure, these tools are inserted through narrow openings, anatomical openings or nat-
ural orifices, allowing the surgeon to view the inside of the patient and to conduct
procedures such as suturing, ablation and generally, to manipulate the patient’s or-
gans. MIS can be performed with robot assistance due to the difficulty of handling
surgical tools and the limited view of the surgical area. Master-slave configuration
robots like the da Vinci system [15] have revolutionized minimally invasive surgery
over the past decade. The da Vinci system consists of two main parts: robotic appa-
ratus with manipulator arms and a control console. Also, it is the only master-slave
MIS system approved by US Food and Drug Administration (FDA). Despite some
controversy concerning the clear benefits of the da Vinci system, there is a clear trend
towards extensive use of robotic systems in the operating theatre [11]. This is mainly
due to the advantages of MIS, namely reduced pain and blood loss, decreased rates of
infection, and shorter patient recovery periods as well as shorter learning curves for

surgeons.

Early robotic surgery focused on orthopaedics as the shape of bones stays the same
during surgery. Soft tissue surgery is comparably difficult to perform as surgical tools
need to adapt to the mobility and deformability of soft tissues. There are several meth-

ods to investigate the mechanical properties of soft tissue: indentation, imaging,
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boundary condition methods, and mathematical modelling [12]. CT-scans taken be-
fore the operation provide the surgeon with a good view of the patient’s anatomy and
the target area. However, eliminating radiation exposure to patients and medics while
providing much higher soft tissue details, Magnetic Resonance Imaging (MRI) has
established itself as an alternative pre-operative imaging tool for operation planning.
Due to the recent advances in the field of MRI scanner technology and associated MR
image processing methods, MRI scanning has now real-time or near real-time capa-
bility and is suitable for intra-operative image guidance [16]. One of the main limita-
tions of MRI scanners is that any tool to be used inside the scanner bore or in its close
vicinity needs to be MR compatible [17], i.e. any instrument or device used near the
scanner needs to avoid usage of magnetic material in order not to be affected by the

MR signals and not to distort the images [18].

Vision and imaging, in form of internally-applied laparoscopic cameras or external
imaging techniques including CT and to a lesser extent MRI, have found wide-spread
application in the modern operating theatre. However, the incorporation of other sens-
ing modalities, such as force and tactile sensing, into medical devices and as a means
to provide the surgeon with relevant information about the surgical site has been ne-
glected. Signals from force and tactile sensors, especially in combination with visual
information [19], are considered a powerful method to provide the surgeon with a
better insight into and assessment of the geometrical and mechanical properties of the

patient’s organs, such as shape, friction and stiffness.
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2.2. TACTILE SENSING METHODS

Based on [4] “any device which senses information such as shape, texture, softness,
temperature, vibration or shear and normal forces, by physical contact or touch, can
be termed a tactile sensor”. The ultimate goal for a tactile sensor is, to achieve the
function of human skin, which is distributed all over the human body and consists of
four types of tactile receptors which are: Pacinian corpuscles, Ruffini endings, Merkel
cells and Meissner corpuscles [20]. Different from traditional force and torque sen-
sors, tactile sensors give more information than only measuring the total force due to
the contact with object. A tactile sensor can not only measure the spatial distribution
of force to an area, but is also capable of interpreting the corresponding information

when in contact with an object.

The tactile sensing plays an important role in various applications over many areas.
With tactile sensors embedded [21], the industrial assembly line can make flawless
assembly and precise part fitting possible. For the dexterous robotic hand with multi-
fingers, tactile sensors are needed on its fingertips and palm [22] [23] to convey the
contact force and position of the objects, thus making grasping and manipulation pos-
sible. Other than putting force sensors only on the hand, researchers have tried to equip
the whole robot skin with high resolution tactile sensors [24]. In the medical field,
such as MIS in which the operation is carried through a small incision, a force sensor
embedded on the tip of surgical tools could help the surgeon gain a better understand-
ing of how much force has been applied on the tissue during the operation without

damaging it.
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Research has been conducted by John Hopkins University [25] on the comparison of
human and robotic tactile sensing for lumps detection in soft tissue. A standard tactile
sensor and human index finger are placed on a platform to perform passive palpation
tasks. The platform consists of a vertical actuator, force sensor, gripper and a soft
tissue model with a lump embedded, shown in Figure 2-1. Test results show that the
tactile sensor outperforms the human finger in palpation tasks with lower indentation
depths and lower pressures applied. Also similar work has been done by Liu and Li

[26].

Vertical Actuator Vertical Actuator

Force Sensor Force Sensor

1 Gripper Gripper

Model Model
= Sensor Array
Hand / Finger
Rest Stage / Platform
(a) (b)

Figure 2-1 Experimental setup for lump detection by: (a) human finger, (b) tactile

array sensor [25].

Research into tactile sensing reaches nearly as far back as research into vision, but has
developed at a lower rate [27]. The main reasons for this are that the tactile sensors
have to be in physical contact with the probed object all the time in order to perceive
tactile information. In addition, the acquisition of force and tactile sensor data is gen-

erally complex with numerous design requirements for the sensor, which needs to be
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capable of robustly acquiring sensor information during repeated physical interaction

with objects [28].

There are many non-medical application fields where a tactile sensor can play an im-
portant role in. The most popular one would be the touch screen [29] on smart phones
or touch pads, which falls into the category of human-machine interface. In robotic
applications, the two main research areas for tactile sensors are lifting/grasping/re-
grasping objects and characterizing surface textures. Tactile sensors are gradually be-
coming popular in hospitals, such as in minimally invasive and remote surgeries, and
tissue characterization [30] [31]. There are a number of force sensing methods [32]

[33] [34] that have been incorporated in tactile sensing systems.

2.2.1. PIEZORESISTIVE-BASED SENSING

Piezoresistive-based sensing is based on Ohm’s Law, and the magnitude of the force
is a function of the measured resistance value [35] [36] [37]. This method can be de-

scribed as

V=IR, (2.1)

where V is the voltage, I is the current and R is the electrical resistance. In principle
this method works by fixing the voltage/current and calculating the change of re-
sistance by monitoring the change of current/voltage. Normally, the sensor contains a
conductive material which is also pressure sensitive between or in touch with two
electrodes (Figure 2-2 taken from [38]). The conductive material is usually conductive

rubber, foam or ink laid in a mesh configuration.
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Figure 2-2 Resistive tactile sensors [38].

Wettels et al. [39] developed a robust tactile sensor array using piezoresistive-based
sensing method with conductive fluid, shown in Figure 2-3. The system mainly con-
sists of a rigid core, conductive fluids, electrodes and elastomeric skin. When force is
applied on the deformable skin, the fluid path of conductive fluid around the elec-
trodes changes. The resistance of electrode is determined by the thickness of conduc-
tive fluid between electrode and skin, thus the change of fluid path will cause the
change of the distributed pattern of electrode resistance. These changes contain infor-
mation regarding the point of contact, force magnitude and direction. Spatial resolu-
tion and frequency response are limited by the viscoelastic properties of the elasto-

meric skin [40].
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Figure 2-3 (A) Cross-sectional drawing of BioTac showing various components

used for each sensing modality. (B) Photo of an assembled BioTac [41].

Another commercial tactile sensor using piezoresistive-based sensing method is de-
veloped by the company Tekscan [22], shown in Figure 2-4. It consists of two thin
polyster sheets attached to each other in the non-sensing area. The conductive traces
which are placed to form a grid in the sensing area are covered by semi conductive
ink. Each cross section of the grid in the sensing area is an individual force sensor at

the spatial resolution of 0.5 mm.
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Figure 2-4 Tekscan resistive sensor [22].

Resistive based sensing requires few electronic components and is easy to manufac-
ture at a small scale. However, it is sensitive to temperature variations and suffers
from hysteresis effect. Although it is less susceptible to noise, its relatively low pre-

cision and has a limited use.

2.2.2. PIEZOELECTRIC-BASED SENSING

Piezoelectric-based sensing makes use of the piezoelectric effect (electricity generated
by pressure) to measure force and acceleration [42] [43] [44]. Some materials such as
certain crystals, ceramics and polymers have this piezoelectric effect. Polymer poly-

vinylidene fluoride (PVDF) is mostly used in many measurement tasks.

Dargahi et al. [45] developed a piezoelectric tactile sensor which can be integrated
with commercial endoscopic graspers. The sensor consists of three layers: a tooth-like
silicone on top, PDVF electrodes and film in between and a Plexiglass substrate at the

bottom, shown in Figure 2-5. When a force is applied on the silicon, it will cause a
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polarization charge in the PVDF. The magnitude of the force can be determined by
the amplitude of the signal and the contact point can be identified by comparing the
slope of the signals between four electrodes. The sensor is easy to fabricate and

demonstrates small crosstalk issues as there are only four outputs.

4 3 2

Tooth
Silicon

Upper PVDF electrod

// ___ 4
Lower PVDF i
-’Z// ]
Vi

electrode
Figure 2-5 Different layer of the tactile sensor [45].

Plexiglass
Substrate

Chuang et al. [46] introduced structural electrodes on the sensing material in order to
improve the sensitivity of the traditional piezoelectric tactile sensor, shown in Figure
2-6. A traditional PVDF-based tactile sensor usually has a sandwich structure: the
piezoelectric thin film made of PVDF is placed between two soft substrates made of
Polystyrene. By adding a Polydimethylsiloxane (PDMS) microstructures array, con-
tact force is transmitted through the PDMS rather than through direct contact with the
sensing material. The reduced contact area makes for an increase of the induced
charge of the piezoelectric material. Chuang et al. claim that the sensitivity is in-

creased by 30%.
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Figure 2-6 Cross-sectional structure of (a) traditional PVDF-based tactile sensor

with thin-film electrode array; (b) new type of PVDF-based tactile sensor with struc-

tural electrode by adding a layer of PDMS microstructures array [46].

The piezoelectric-based sensing method exhibits excellent high frequency responses,
which make it suitable for vibration measurement. Its feature of nearly zero deflection
has brought it into widespread industrial use; however, it is not suitable for static

measurements [47].

2.2.3. STRAIN GAUGES

Strain gauge sensing has been widely used in many applications, such as stress anal-
ysis and durability testing [48] [49] [50]. It measures force by translating the strain of

the sensor structure caused by an applied force into electrical resistance.

Hwang et al. [51] developed a flexible 8 x 8 tactile sensor with a size of 35 x 35 mm?
and a thickness of 70 um by using strain gauges, shown in Figure 2-7. Each sensing

unit consists of four strain gauges for normal and shear load detections in the x- and
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y-directions. The substrates will deform when force is applied on the sensor, and in-
duce strains on all four strain gauges. If the four strains are equal, then it is a normal
force which causes only tensile stress. If not, it is the shear force which contributes to
both tensile and compressive stress. The normal/shear force can then be determined

by calculating these outputs from four strain gauges.

(a) (b)

Figure 2-7 Photo of flexible tactile sensor. (a) One sensing unit. (b) The flexible

sensor array [51].

Strain gauges are very sensitive and has been used in the market for so long that its
usefulness has been well established. However, it is sensitive to temperature and has

high hysteresis, and cannot be recovered once overloaded.

2.2.4. CAPACITIVE-BASED SENSING

Capacitive-based sensing is widely used at present due to its low cost, easy fabrication
and insensitivity to high temperature [52] [53] [54]. The operation principle of this

sensor is a capacitance change in accordance to either the distance between the two
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capacitor plates or the amount of overlap between them. The equation to calculate

capacitance is

__ Agoer
C ==, (2.2)

where C is the capacitance, A is the size of overlap area between two plates, & is the
permittivity of free space and ¢, is the relative permittivity of dielectric material, d,

is the distance between two plates.

One of the commercial capacitive-based tactile sensors is RoboTouch, shown in Fig-
ure 2-8 (a) from pressure profile systems (PPS) [55]. It consists of 20-24 sensing ele-
ments with the size of 25 — 100 mm each. The whole set includes: an interface module,
a USB Bluetooth adapter and an expansion board, shown in Figure 2-8. The PPS sen-
sor is using Chameleon software to run three sensors at the same time. Data from each
sensor is available in direct format via USB using PPS’ interface electronics. The

pressure range is 0 — 20 psi and the sensitivity is 0.1 psi, with a sample rate is 35 Hz.

-
A
. h"']

Figure 2-8 PPS sensor on the finger of Barrett Hand [55].
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Lee et al. [56] presented a flexible capacitive tactile array sensor which is capable of
measuring both normal and shear force. This tactile sensor is an 8 x 8 array with the
size of 22 x 22 mm, the size of each sensing cell is 2 x 2 mm, shown in Figure 2-9 (a)
(b). Each cell consists of four electrodes, an air gap and a pillar between two thick
PDMS layers. The capacitance will change when force is applied on the bump causing
the air gap to deform. If it is a normal force, the air gap between top and bottom
electrodes will decrease and all four capacitances will increase. A shear force will
result in two increased capacitances and two decreased capacitances. The sensing
range of one single sensor is 0-10 mN and the sensitivities in x-, y-, and z-directions
are 2.5%/mN, 3.0%/mN, and 2.9%/mN respectively. The issue of crosstalk between

each cell, however, is not addressed.

Figure 2-9 Photo of the three-axis capacitive tactile sensor (a) 8 x 8 tactile array,
(b) close view of sensing cells, (c¢) structure of a single cell, (d) top electrode pattern

illustrating the sensing principle [56].
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Though the capacitive-based sensing provides good frequency response and large dy-
namic range, it suffers from sudden electrostatic discharge introducing noise which
requires complex electronics to filter out. Also there is the likelihood that the dis-

charge damages other electronic components in the vicinity.

2.2.5. MAGNETIC-BASED SENSING

Magnetic-based sensing involves the use of on magneto-elastic materials [57] [58],
which affect the magnetic transduction by the movement of a magnet or deformation
of the core of a transformer or inductor caused by an applied force. To measure the
magnetic flux, devices with force dependent magnetic properties are used (e.g. mag-
neto-resistance). Then force is calculated by the detection of the inductor’s electrical

parameters change (e.g. voltage, current) [59].

Takenawa [60] proposed a soft three-axis tactile sensor based on the magnetic sensing
method, shown in Figure 2-10. A permanent magnet is embedded in an elastic medium
located on a rigid substrate. Inductors are placed under the magnet and substrate gen-
erating individual induction voltage in response to the movement of the permanent
magnet caused by the loaded force and deformation of elastic medium. The sensor
utilized four inductors in a way that it is able to detect both vertical and tangential

force.
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Figure 2-10 Proposed magnetic-based sensor: (a) sensing principle, (b) photo of sen-

sor prototype. [60].

Magnetic-based sensing is physically robust with virtually no mechanical hysteresis
[61]. However, it has low repeatability, is bulky in size, and requires more complex
electronics than normal resistive tactile sensors, making it unsuitable for tactile array

SENSors.

2.2.6. VISION-BASED SENSING

Vision-based sensing [62] [63] has caught many researchers’ interest due to the avail-
ability of well-established computer vision systems and techniques [64]. Vision-based
tactile sensing systems make use of small-sized cameras integrated within the tip of

the probing tool and allow force or stiffness detecting via image processing [65] [66].

Kamiyama et al. developed a vision-based sensor for measuring surface traction fields
called Gelforce technology, shown in Figure 2-11 [67]. When force is applied on the
transparent elastic body, the movement of both blue and red markers in two layers is

captured by a CCD (charge-coupled device) camera. This technology is capable of
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detecting force magnitude, distribution and vector by calculating the movement and

displacement change between blue and red markers.
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Figure 2-11 Illustration of markers movements caused by force applied on the elastic

body [67].

Based on Gelforce technology [68], Sato et al. developed a vision-based finger-shaped

tactile sensor which enables robot arms to perform grasping tasks [69]. As shown in

Figure 2-12, both blue and red markers are distributed according to the shape of a

fingertip instead of a flat surface. A wide-angle lens CCD camera is attached to the

plastic base of a robot hand to capture the movement of all markers. The surface of

the sensor is covered by a black sheet of silicone rubber to block out light noise from

the outside environment. The total size of this finger-shaped tactile sensor is

18%23x%36 mm?3, which is close to the size of a real human finger.
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Figure 2-12 Configuration diagram of the finger-shaped vision-based sensor [69].

However, vision-based sensing involves considerable computational complexity and

could be widely used if its precision was increased.

2.2.7. OPTICAL-BASED SENSING

Fibre optic-based sensing [70] [71] [72] is an area of great interest, as it allows the
creation of small-sized and light-weight sensors, capable of operating in harsh envi-
ronments. In addition, sensors based on this principle can be used in MR scanners. In
the four main types of fibre optics sensing approaches currently employed the modu-
lation of the sensor signal is based on the wavelength, the phase, the polarization and
the intensity. Fibre Bragg gratings (FBG) sensor [73], the most commonly used wave-
length modulated sensor, reflects light of a particular wavelength depending on the
placing of a periodic variation of the refractive index within a fibre core. It is sensitive
to temperature and the associated measurement system may be expensive or complex.
Using phase modulation, applied forces are determined interferometerically by com-

paring the phase of a signal fibre and reference fibre using an interferometer, such as
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those based on Mach-Zehnder and Fabry-Perot principles [74]. This approach is usu-
ally highly sensitive and accurate; however, sophisticated manufacturing is required
to build the sensor system in its entirety. The main types of polarization-based sensing
[75] include linear, elliptical and circular polarization methods. The output signal is
detected by the polarization state change due to stress or strain. Polarization modu-
lated sensors are usually more expensive and difficult to use compared to other sensor
types. Intensity modulated sensors make use of the light intensity which is altered
depending on the reflection, transmission or micro fibre bend which in turn is affected
by the magnitude of the causing variable, such as applied force. Its versatility, simple
design, inexpensiveness and insensitiveness to temperature changes make it a strong

contender for many applications.

Yussof et al. [76] developed an optical three-axis tactile sensor based on the optical
waveguide transduction method, shown in Figure 2-13. This sensor is mounted on a
robot hand to improve the sensitivity of the robot hand system by providing tactile
feedback for actuators. The system consists of a light source, a fibre scope, a CCD
camera and 41 sensing elements made of silicone rubber. When force is applied on
the sensing elements, the rubber will come in contact with the acrylic dome causing
light to diffuse as the rubber has a higher reflective index. The diffused light, which
appears as bright spots, is captured by the optical fibre scope connected to the CCD
camera as image data. This data is then processed by the computer to provide infor-

mation on the contact force.
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Figure 2-13 (a) Optical three-axis tactile sensor mounted on robot arm, (b) hardware

structure of the proposed sensor [76].

Heo et al. [77] developed two types of flexible tactile sensor arrays based on FBG
method, shown in Figure 2-14: the first is a large area sensor which has a low spatial
resolution (25 mm), while the other one provides a better spatial resolution (5 mm).
The first one is designed in a diaphragm type and the second one is a bridge type. 9
FBGs with their own Bragg wavelengths are embedded in a sensor array, with each
FBG generating different peak points detected by a photodiode. The signal is meas-

ured by Fabry-Perot filter, interfaced with LabVIEW to calculate the applied force

information.

(b)
Figure 2-14 Flexible FBG tactile sensor: (a) diaphragm type, (b) bridge type [78].
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2.3. CONCLUSION

To sum up, several main sensing methods have been explored in the literature. Piezo-
resistive based sensing needs few electronic components and easy to fabricate, how-
ever, it is sensitive to temperature variations as well as hysteresis effect. Piezoelectric
based sensing is not suitable for static measurements. Strain gauge is a direct meas-
urement method but there is a trade-off between sensitivity and stiffness of the struc-
ture. Capacitive based suffers from sudden electrostatic discharge introducing noise,
required complex electronics to filter out. The physically robust magnetic based sens-
ing is bulky in size with low repeatability. Vision based sensing requires complex

image processing technique and the sensor size is limited by the size of the camera.

More importantly, in MRI environment, none of these sensing methods above can be
employed as they all involve metallic components which will distort MR images and
be disturbed by the MR environment. Optical based sensing is one of the few methods
that can be applied [14] as it requires no metallic parts for sensing. Also, its nature of
low cost, small in size, lightweight, water and corrosion resistant makes it suitable for

MIS applications.
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Chapter 3  MR-Compatible Tactile
Array Sensor using Optical Fibres and 2D

Vision Sensor

This chapter presents the development of a 3 * 3 tactile sensor prototype using optical
fibres. It first introduces intensity modulation method, and then describes a mathe-
matical model to further explain this method. Based on the model, hardware and soft-
ware designs of the proposed sensor type are developed. After sensor calibration and
hysteresis analysis, tests of static and dynamic responses together with shape detec-

tion are carried out.
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3.1. INTRODUCTION TO LIGHT INTENSITY
MODULATION

Previous work on intensity modulated fibre optic sensors uses a pair of parallel optical
fibres [79] with one projecting light into the other fibre via a reflecting surface. Once
the distance between the fibres and the surface changed in response to external envi-
ronment changes, the variation of the light intensity received will be detected to meas-
ure the related physical factor, such as force. The use of a coupler to couple two indi-
vidual fibres into one single fibre [80] is one of the popular ways to design a fibre
optic sensor. In such a design, the light is transmitted and received in the same fibre
thus more light can be collected compared to parallel displaced fibre optic sensors.
The disadvantage of using a coupler is the high cost and manufacturing difficulties in
displacing the fibres and connecting them. Another approach is using a pair of bent-
tip optical fibres [81] to augment the performance by avoiding the loss of light during
transmitting and receiving in the transduction procedure. The comparison of bent-tip
optical fibres and parallel optical fibres has been presented by Puangmali [82], in
which force is calibrated by voltage generated from the light intensity through an op-
toelectronic circuit. Puangmali et al. conclude that bent-tip optical fibres are more
sensitive than parallel displaced optical fibres whether laterally or longitudinally mov-
ing and provide a wider working range. However, this approach suffers from light loss

caused by fibre tip bending. The approach adopted for the tactile sensor presented in



3 MR-Compatible Tactile Array Sensor using Optical Fibres and 2D Vision Sensor 52

this chapter took advantage of the bent-tip method to reduce light loss during trans-
mitting and receiving, together with no light loss caused by fibre tip bending thanks

to the microstructure of parallel fibres and mirror system, as shown in Figure 3-1.

The aim is to create a general-purpose tactile array sensor that can be employed in the
MR environment to obtain organ properties that cannot be estimated using vision only.
Acknowledging the potential of intra-operative MR imaging, a force sensing para-
digm based on fibre optics and the principles of light modulation and capable of aug-
menting images from MR scanners is proposed. This approach requires a complete
design of the sensor system to ensure appropriate miniaturisation and MR compatibil-
ity. Commercial tactile and force sensors, such as the PPS TactArray and ATI Nano17,

are not suitable because they are not MRI compatible.

MRI has become popular in many areas, ranging from medical surgery to brain sci-
ence due to its advantage of being non-invasive and providing high resolution images
[83]. Compared to the conventional imaging method, CT, MRI emits lower radiation
thus it is a safer method to use for both patients and doctors. In the medical field, the
MR scanner mainly functions as a diagnostic equipment of automatic palpation and
elasticity quantification in deep tissues [84]. Nevertheless, the lack of force feedback
limits its usefulness in detection of abnormal tissues whose stiffness is higher than
that of their surrounding tissues. For brain research, functional MRI (fMRI) in con-
junction with haptics interface has become an important tool to enable neuroscientists

to investigate brain functions [85].
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As MR compatible surgical-assist robots [86] are more frequently used in hospitals,
efficiency and safety during operation can be significantly improved by providing
force feedback to the surgeons [87]. However, MRI requires homogeneous and high
static magnetic field together with strong RF pulse generated by the MR scanner. Thus
the sensors need to be electromagnetically compatible so as not to distort MR images
and stay undisturbed by the MR environment. Thus most of the conventional force
sensors, such as resistive-based and capacitive-based sensors, are not suitable for use
in an MRI environment. Piezoelectric-based sensing [88] is one of the MR compatible
sensing method. However, it is only sensitive to time-varying forces and lacks multi-

axis measurement capabilities.

This chapter introduces a novel, MRI compatible, fibre optic tactile sensing concept
employing a 2D vision system for the acquisition of force information. The actual
sensing elements at the tip are envisaged to contain an array of 3 X 3 force sensing
tactels integrated with hand-held laparoscopic tools or remotely-operated surgical ma-
nipulators and to provide tactile information from the surface of probed organs, in
particular soft-tissue organs. The schematic design of the presented sensor is shown
in Figure 3-1. Aspects related to the design and fabrication of the array sensor will be

addressed and tactile sensor signal acquisition will be investigated.
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22 ) Light
) ) ) Source

Figure 3-1 Schematic of light intensity based tactile force sensor using camera.

3.2. MATHEMATICAL MODEL

A geometrical representation of the light intensity modulation fibre optic based mech-
anism is shown in Figure 3-2. Two fibres (a transmission fibre and a receiving fibre)
distance d apart, face a 90° double-mirror assembly at an angle of 8 = 45° with re-
gards to the mirror. Virtual transmitting and receiving fibres are introduced to simplify
the mathematical derivations; however, the light path between the virtual fibres is ex-
actly the same as between the real fibres, assuming that the employed mirrors are

perfectly reflecting the transmitted light. All fibres have the same diameter, D.
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Figure 3-2 Geometry of the light intensity modulation mechanism using prismatic

mirror and a pair of parallel optical fibre.

The shortest distance between the centre of the fibre and the mirror is h. The virtual
fibres are facing each other directly and their tips are distance L apart, i.e. the length
of the light path between the tips of the real fibres is the same as the length of the light

path between the virtual fibres,

2h
L=——+D+d, 3.1)

where D is 1 mm and d is 2 mm. The light transmitted to the receiving fibre (virtual

and real) has a projection diameter S,

S=2-L-tana+D =2tana (—=+D+d)+D, (3.2)
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where «a is the radiation angle. S is the maximum projection diameter. When a force
is applied, the mirror shifts downwards by distance x: this is equivalent to the trans-
mitting and receiving fibres shifting upwards by the same distance of x, also shown

in Figure 3-2. Hence, the projection diameter is changing to

2h'
S' = 2tana<_—+D +d)+D
sin @

2(h—x-cos8)

29 + D +d|+D. (3.3)

= 2tana [

The Gaussian form of the light intensity distribution model proposed in [89] is used

for this sensor design, and modelled as follows:

(_ZL

2
)
I(T‘) = IOe WO2 , (34)

where r is the light beam’s radial distance, [,y is the intensity of the beam, [, is the

beam’s maximum intensity and w, is the mode-field radius, the Gaussian width of the

light transmitted out of the fibre, which is a constant parameter close to 0.4D [82].

There is no boundary on the Gaussian curve and the light is theoretically distributed
up to infinity, so it is assumed that the mode-field diameter is the boundary for calcu-

lation. Then the total light flux of the virtually transmitting fibre can be estimated as

212 2
IoTtw,

Cwo? 2mrdr = e, (3.5)

S
Gyr = [Z Iiry2nrdr ~ fooo I,e

where @y is the total virtually transmitted light flux. When distance S decreases, the

light intensity I increases, while the total light flux stays the same. The change of light
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intensity is in accordance with mode-field radius w,. Further explanation is demon-
strated in Figure 3-3: by defining I/ and Al, as the maximum intensity of the light
projected at the tip of the virtual transmitting fibre and the variation of maximum light

intensity between virtual transmitting and receiving fibres, we obtain the following

relations:
, 40 40 40 1 1
Al,=1,—1, = ”WVOZ —— === Gz~ w2 (3.6)
where
_ [2(h—x"cos0)
w=[2E220 4 D+ d tang + w, (3.7)

and where S is the divergence angle which is 3.56°. It is noted that the light flux trans-
mitted to the receiving fibre is the light in the circular area with diameter d, which is

the size of the receiving fibre, not the total light flux @y,.

Light Intensity Distribution
at the Virtual Transmitting
Fibre Endface

Light Intensity
Distribution at
Distance CB

Figure 3-3 Comparison of light intensity distribution profiles [82].
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Then the maximum light flux collected by the receiving fibre can be calculated as

D2
Iomw2(1—e 2w?2)

d
@, = [2[(y2mrdr = .

, (3.8)

where @, is the receiving fibre’s maximum collected light flux as the minimum dis-
tance between optical fibre and reflective surface. Therefore, the light information

“seen” at the site of the camera placed at the end of receiving fibre is

D2
KIpnmw?(1—e 2w?)

N =kd, = -

, (3.9)

where N is the number of the activated pixels in the sensing area, k is the conversion
factor that relates the light flux to the number of activated pixels; hence, we call our
approach pixel-based force sensing method. The normalized output can be represented

as the ratio between the numerical value and its maximum value N,,,, as follows:

D2
klgnw?(1-e 2w?)
N 2

Nmax _p?
klonw2(1—e 2w?)
max|—————=

(3.10)

2

Two optical fibres (core diameter Imm, reflective index 1.49 and numerical aperture
0.53) are placed parallel to each other and with a distance of 2 mm between them -
one for transmitting light from a 4 Watt LED torch and the other for receiving light
that is coupled into a Microsoft VX-800 camera. The 90° double-mirror attached to
an ABS (acrylonitrile butadiene styrene) support is mounted on a linear motion plat-

form. The test is conducted 3 times and the responses from the camera are recorded
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corresponding to the distance change between mirror and fibre at increments of 0.1

mm from 0 to 1.7 mm. A comparison of experimental data and simulated curve is

shown in Figure 3-4.

O Experimenal Data
—Simulated Curve

-

o
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T

|
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> o

o
[N

% 05 1 15
Distance (mm)

Figure 3-4 Normalized experimental data and output from light intensity modulation

model (the simulated curve was calculated using Equation 3.10 with model constant

k=1.94 x 10%).

3.3. SENSOR DESIGN

A 3 x 3 tactile sensor is built based on the principle of light intensity modulation. The
main structure of a fibre optic force sensor includes light source, transduction element
and optical detector. Existing intensity modulation fibre optic sensors [9] are mostly
based on a set of optoelectronics, where each optoelectronic receiver (consisting of a
photodiode, photoresistor or phototransistor and a signal conditioning circuit) con-

verts the received individual light signals into voltage signals. It provides a sensitive
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response with low noise but is limited to high resolution tactile arrays as the high cost
and complexity of detection electronic circuits. To overcome this problem, a fibre
optic sensor employing a 2D vision sensor (camera system) has been developed. The
developed sensor is different from previously described vision-based sensors in that
it uses a vision sensor to detect only the light intensity at the end of a receiving fibre
rather than attaching it to the sensing tip. Thus, it achieves simplicity, high resolution

and low cost in one go.

3.3.1. SENSOR HARDWARE

The tactile sensor structure was developed in SolidWorks based on the schematic de-
sign in Figure 3-5 and printed by a rapid prototyping machine using ABS as shown in
Figure 3-6. On top of the supporting material, silicone made of RTV6166 (General
Electric Corp., CT, US) (ratio: 30/70, density: 1100 kg/ m3 , attenuation:
3.45Np/m/MHz, Young’s modulus: 15.3 kPa [90] [91]) is used as the flexible struc-
ture. Its thickness decreases when forces are applied. The contact area used by the
sensor to detect applied forces is a cylinder-like sensing element; inside the contact
area two mirrors are placed at a 45 degree angle to reflect light as introduced in the
mathematical model section. As the sensor is designed to detect z-axis force infor-
mation, any x and y movements which would affect the sensor performance should be
avoided. In this case, a top layer was designed to restrict the x and y movements of

the sensing elements.
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Figure 3-6 (a) SolidWorks drawing of the sensor, (b) sensor tip without constraint.

3.3.2. SENSOR SOFTWARE

The change of light intensity of each reflected fibre is used to determine the force

applied to the sensor array. The methodology in Figure 3-7 illustrates the sequence
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followed from capturing the real-time image to finally deriving the amount of force.

The algorithm is implemented in a Simulink/MATLAB model which follows the rou-

tine detailed below:

1.

Capturing the real-time video images.

The RGB image is transformed into a greyscale image. The following equation
was used in the algorithm to convert the intensity image from the three layered

RGB image enabling the detection of light changes:
[ = 0.2989R + 0.5870 G + 0.1140 B. (3.11)

where [ is the light intensity, R, G and B represents red, green and blue value of

each pixel.

The intensity image is then transferred to a binary image using a sufficient thresh-
old which is calculated by the algorithm to eliminate the light noise from the out-

side environment.

(3.12)

n;

— {O' IL' < Ithreshold
1: Ii > Ithreshold’

where n is the numerical value of each pixel, Iy esn01q 1S the defined intensity

threshold to eliminate ineffective pixels.

As the tactile array sensor contains different force information for specific areas
of the sensor, the real-time video data is divided into 9 parts, each representing

one sensing element, shown in Figure 3-8.

The quantity of black and white pixels detected for each section is calculated:
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1ni7

(3.13)

where N and K are the total numerical value and total number of the pixels in

each sensing area.

6. Viaa calibration algorithm which is introduced in the following section, the force

information applied on each sensing element is calculated.

F <N,

(3.14)

where F is the force. The MATLAB/Simulink model is shown in Appendix A

and the relation between F and N is further investigated and demonstrated in the

calibration process below.

Real-Time
Image Capturing @
v
RGB2Grayscale (\g/\]
)
Division into 9 i
Elements _,)
|
Y v
r: . Numerical
Video Display Display
Y
Calibration

Firgure 3-7 Simulink Flowchart.
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(@) (®)

() (d)
Figure 3-8 Sequence of Image Processing: (a) Capturing images, (b)

RGB2Greyscale conversion, (c) Binary image, (d) Division into 9 elements.

3.4. TEST SETUP AND RESULTS

A 4 Watt LED torch (Duracell Daylite) with light intensity of 160 lumens is used as
the light source. A total of 18 optical fibres with the core diameter of 1mm are used.
The core reflective index is 1.49 and the numerical aperture is 0.53. A high speed,
low-cost USB camera (Microsoft VX-800) is installed to detect the light intensity
changes, which are then transferred to a PC for further analysis. An ATI Mini 40
Force/Torque sensor attached to a National Instruments Data Acquisition Card is used
to calibrate and test the static and dynamic response of the proposed sensor. The ex-

perimental set up is shown in Figure 3-9.
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Figure 3-9 Experimental set-up.

3.4.1. VIDEO OUTPUT

Once the sensing system has been switched on, the light information will be trans-
ferred from the light source to the unloaded sensing tip and then back to the camera.
After the image processing (explained earlier), the binary light intensity images re-
ceived from the nine sensor elements are displayed, as shown by the camera images
of Figure 3-10 (a). Each of the white blobs represents the light intensity projected into
the camera by one sensing element. Once a force is applied, the distance between
mirror and transmission fibre and receiving fibre is decreased, resulting in an increase
of the light intensity. Hence, the number of pixels of the camera image area corre-

sponding to a sensing element will increase as an increased light intensity is received,
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as can be observed in the central blob of Figure 3-10 (b). A further light intensity

display map with different force applied is shown in Appendix B.

(2) (b)

Figure 3-10 (a) Unload status, (b) Force applied to sensing element that corresponds

to the central element of the camera image.

This approach lends itself to a straightforward way of visualizing applied forces. By
analysing the number of activated pixels using MATLAB, the relationship between

the number of activated pixels and force applied can be used to calibrate the sensor.

3.4.2. CALIBRATION

When forces are applied, the real-time data will be detected and recorded in Simulink.
Figure 3-11 below shows the calibration results between applied force and average
activated pixel numbers during 10 tests of one single element. Linear and quadratic
fitting are also shown in the figure. The same calibration process is applied to all other

sensing elements and the coefficients of the quadratic equation (f = p;N? + p,N +
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ps, f is force, N is the total numerical value of the pixels in each sensing area) and

the linear fitting curve (f = oy N + 03) are shown in Table 3-1 and Table 3-2.
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Figure 3-11 Calibration data of the element 5.

Table 3-1 Coefficient of Quadratic Fitting Curve

Sensor Coefficients

Number p1 P2 P3 R?
1 7x 107> | -0.2885 | 309.3 | 0.9895
2 2x107> | -0.1052 | 111.41 | 0.9944
3 2x107* | -0.6379 | 536.28 | 0.9796
4 4x107% |-0.2439 | 332.66 | 0.9934
5 2x107% | -0.0121 | 22.497 | 0.9971
6 1x 107> | -0.0814 | 120.42 | 0.9943
7 1x 107> | -0.0679 | 93.697 | 0.9808
8 5x107° | -0.3643 | 625.67 | 0.9956
9 —1x107*| 0.6784 | -1179.2 | 0.9410
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Table 3-2 Coefficient of Linear Fitting Curve

Sensor Coefficients
Number oy o R'?
1 0.0293 -66.83 0.9707
2 0.0229 -57.911 0.9884
3 0.0313 -52.773 0.9295
4 0.0292 -87.029 0.9856
5 0.0033 -13.683 0.9558
6 0.0081 -23.987 0.9347
7 0.0126 -39.138 0.9698
8 0.0236 -83.946 0.9873
9 0.026 -84.209 0.9323
S
S
E 0.9 ©R square (Table 3-1)
2 £:R square (Table 3-2)
o
0.8-
07 2 3 4 5 6 7

Figure 3-12 Comparison of R-square value between Table 3-1 and Table 3-2.

Sensor Number
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By comparing the R-squared values between Table 3-1 and 3-2 in Figure 3-12, it can
be concluded that the R-squared values of quadratic fitting for each sensing element
are higher than those obtained by linear fitting. However, as most of the R-squared
values for linear fitting are close to 1 and the offsets from the actual sensor response
and the linear response caused by flexible material are within 0.5 N, the system has a

reasonable linearity.

3.4.3. STATIC RESPONSE AND HYSTERESIS ANALYSIS

3.4.3.1. Static Response

Using the ATI Mini 40 Force/Torque Sensor to test one element of the developed
sensor after the calibration process, we obtain the data shown in Figure 3-13. While
some errors exist due to the hysteresis of the silicone material and the noise that is
introduced into our experimental system via the transmission and detection procedure,
it still can be concluded that the pixel-based sensing principle is a suitable way of
detecting tactile information and developing high resolution tactile sensors. For the
other 8 sensing elements, shown in Figure 3-14, the same calibration equations with
slightly different coefficients are established and further investigated in the following
shape detection section. The standard deviation of all sensing elements is shown in

Figure 3-15.
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Figure 3-13 Measured static response of a single element during loading and unload-

ing. The hysteresis of the sensor is caused by the silicone.
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Figure 3-14 Accuracy of all sensing elements, where red line is the median and

boxes represent the inter-quartile range.
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Figure 3-15 Standard deviation of all sensing elements.

3.4.3.2. Hysteresis Analysis

To understand the repeatability and accuracy of the sensor, an analysis on the hyste-
resis effects on the silicon layer was performed, as shown in Figure 3-16. Only the
silicon layer was tested as it is the sensor’s sole moving component. Three different
areas of the silicon layer were tested: the centre node, bottom centre, and the bottom
left corner. The test was performed by indenting the flexible material 2 mm using 10
steps, with a 2 second pause between each step. After a 5 second pause, the motion is
reversed and the indenter returned to its original position. An ATI Nanol7 force sen-
sor attached to the indenter measured the force resulting from the indentation. Figure
3-16 shows that the amount of hysteresis is 41-42%. It should be noted that the sili-
cone continues to exert a force until the indenter has returned to the zero position,
where the indenter is just touching the silicon. Additionally, as seen by the error bars,

the standard deviations up to a 0.5 mm indentation are 0.18, 0.20, and 0.25 N for the
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centre, bottom centre, and bottom left corner, respectively. This indicates that the sil-
icon also has a low amount of hysteresis when the test is repeated. Thus, the results
from this analysis suggest that the tactile sensor has a high amount of repeatability as
the material is behaving elastically and demonstrates a low amount of change between
tests. At greater indentation distances, the standard deviations are larger, which indi-
cates a lower accuracy at high indentations. Overall, the standard deviations are 0.34,
0.45, and 0.55 N for the centre, bottom centre, and bottom left corner, respectively.
The results show that even though the stiffness varies depending on the location of
the sensor unit, the hysteresis changes only by a small amount (2%). The peak force
measured for the centre, bottom centre, and left corner is 6.15, 8.16, and 9.99 N, re-
spectively. Other than the hysteresis effect, sensor signal uncertainty is possibly also
caused by other factors, such as crosstalk between sensing elements, light signal loss
especially in the connecting parts and mechanical misalignment between fibres. These

aspects will be analysed and alleviated as part of future research and development.
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Figure 3-16 Indentation hysteresis testing set-up and results of the silicon layer for

the centre, bottom centre, and bottom left corner.

3.4.4. SHAPE DETECTION TEST

To investigate the feasibility of this developed tactile sensor, it was mounted on an
industrial robot arm (FANUC M-6iB), which controlled the sensor’s position, rotation
and movement, as shown in Figure 3-17. After the sensor was recalibrated using the
standard force sensor, the robot arm gradually moved down towards the testing plat-
form until it reached the overall output of the tactile sensor around 10 N. Different
shapes of the object were attached to the platform and tested by the same procedure
and the individual output of each sensing element was recorded and shown in Figure

3-18.
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Figure 3-17 Integration of optical fibre tactile sensor with robot arm (A: tactile force

sensor, B: Robot manipulator, C: Testing platform).

During the test, the sensor started contacting the object at t=3s and left the object at
t=12s, then the average output of each sensing element was calculated and displayed
in a tactile image, as shown in Figure 3-19. For the first test, Figure 3-18 (a), forces
applied on elements 3, 6 and 9 were successfully detected with a force of about 2.7 N.
It can be noted that the noise increases as the applied force increases on each sensing
element. Also there exists small crosstalk values (less than 10%), in which the closer
to the forces applied area, the bigger the value are (0.2 N-0.5 N). However, both are

kept in an acceptable range thus not affecting the usefulness of the sensor in detecting
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contact area and force, which can also be seen from the following two tests, Figure 3-
18 (b), (c). On the contrary, the crosstalk values between the fibres can be used to
further expand the resolution of the sensor [92], which is where future work is leading,

together with sensor miniaturization.

ONONG
ONONQ,
@

(a) (b)

(d (© (H

Figure 3-18 Response of each individual sensing element during testing with differ-
ent shapes and displacements (a), (d) a rectangular-shaped object placed on the right
side of the sensor, (b), (¢) a “U’-shaped object placed on the top of the sensor, (c), (f)

a rectangular-shaped object diagonally placed in the middle of the sensor.
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Figure 3-19 Response of each individual sensing element during testing.
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3.5. CONCLUSIONS

This chapter presented the design of the laboratory prototype of a tactile array sensor
using fibre optics and a 2D vision sensor. In contrast to conventional sensing ap-
proaches, such as resistive or capacitive-based sensing methods, which strongly rely
on the generation and transmission of electronics signals, here electromagnetically
inert optical fibres were utilized to develop the tactile array sensor. The individual
sensing elements of the proposed sensor detect normal forces, fusing the information
from the individual elements allows the perception of the shape of probed objects.
Applied forces deform a micro-flexure inside each sensor tactel, displacing a minia-
ture mirror which, in turn, modulates the light intensity introduced by a transmitting
fibre connected to a light source at its proximal end. For each tactel, the light intensity
is read by a receiving fibre connected directly to a 2D vision sensor. Computer soft-
ware, here MATLAB, is used to process the images received by the vision sensor. The
calibration process was conducted by relating the applied forces to the number of ac-
tivated pixels for each image received from a receiving fibre. The proposed approach
allows the concurrent acquisition of data from multiple tactile sensor elements using
a vision sensor such as a standard video camera. Test results of force responses and

shape detection have proven the viability of this sensing concept.

In the following chapter, the issues of size, spatial resolution, hysteresis and crosstalk
will be addressed further exploring the proposed sensing concept. Also, the tactile
sensor in Chapter 4 is improved further to conduct palpation procedure in MIS and

provide tactile feedback information.
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Chapter 4  Miniaturized Tactile Probe
Head for Palpation in MIS

This chapter presents a miniaturized tactile probe head with 14 sensing elements to
provide tactile information for palpation in minimally invasive surgery. It first intro-
duces existing sensing technologies for robot assist palpation and their limitations,
and then proposes the method based on Chapter 3 to address these issues. By using
optical fibres and ABS material to create sensor structure, our tactile probe head is
designed to be MRI compatible. After sensor calibration, tests of dynamic responses
and shape detection have been carried out. For validation of the usefulness of pro-
posed probe head, hard nodules have been embedded in both silicone phantom and
lamb kidney as tumours, and such soft-tissue imitating phantoms have been used in
palpation experiments involving the proposed tactile array sensor. The results from

ex-vivo experiments have shown the tactile probe’s effectiveness in tumour detection.
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4.1. INTRODUCTION

During open surgery, palpation — a process where the clinicians press their fingers on
the patient’s soft tissue organs to assess tool-tissue interaction forces — is a powerful
tool in locating subsurface anatomical structures and assessing tissue properties [93].
The detection of tumours in breast [94] and prostate [95] are good examples. As cer-
tain solid tumours are harder than the surrounding tissue, their presence, sizes, and
locations can be obtained through tactile feedback. Effective palpation will increase
the chance of performing the surgery successfully whilst reducing the error margins.
However, direct manual palpation is prohibited by the small incisions used in MIS
[26]. Compared to the traditional open surgery, MIS offers many advantages [96] in-
cluding lower risks, reduced tissue trauma, and accelerated postoperative recovery
due to its small incisions. Nevertheless, all these advantages come at the price of the

absence of direct tissue interaction and the loss of tactile feedback [97] [28].

In order to provide an alternative to palpation to the surgeons during MIS, a popular
approach is to develop surgical instruments with force sensing capability to indent, or
grasp of a soft tissue [98]. Based on mechanical soft tissue modelling and measure-
ments of force and tissue local deformation, tissue properties (e.g., size, shape, stiff-
ness and depth) can be identified [99], providing the surgeon with a better under-
standing of internal organs during the operation [100]. Numerous force and tactile
sensing technologies for instrumenting the surgical devices of MIS have been devel-
oped [14] [101]. Tholey et al. [102] investigated current-based sensing methods in the

framework of a specially designed laparoscopic grasper, which proposed a simple way
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to measure force in MIS. Tadano et al. developed a 4 degree-of-freedom pneumatic-
driven forceps providing force sensing capabilities based on the measurement of air
pressure. In [103], a force-sensitive probe has been created to localize lung tumours
by analysing tissue stiffness. In [104], a robotic palpation system equipped with the
force/torque sensor has been developed for examining the prostate gland. Further-
more, a rolling palpation probe, which measures the stiffness of soft tissue by rolling

over it, was proposed for tissue abnormality localization [105] [26].

The aforementioned instruments are able to measure the local mechanical tissue prop-
erties. However, it is time consuming to investigate the tissue properties of a large
area using these devices [106]. To provide a surgeon with the ability to rapidly inves-
tigate a large tissue area, various palpation tools have been developed using tactile
array sensors to mechanically image the interested tissue area. Based on resistive sens-
ing, Schostek et al. [107] developed a prototype of a MIS grasper which provides both
the spatial distribution and magnitudes of the applied forces. Among certain sensing
principles, capacitive-based sensing is comparably efficient for measuring the applied
forces and it has been widely applied for palpation. A capacitive tactile array remote
palpation system was developed by Howe et al. [ 108]; this palpation system can meas-
ure forces with a high resolution over a range of 0 to 2 N. Rajamani’s group [109] has
developed a microelectromechanical systems (MEMS) tactile sensor by using two ca-
pacitive force gauges, which are integrated under a pair of bumps with different stiff-
ness. This sensor can quickly detect elasticity change and is capable of measuring

tissue elasticity in-vivo. Commercial capacitive-based tactile array sensors have also
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been implemented for surgical palpation to localize prostate tumours [110] and to lo-
cate lung tumours [111] [13]. The main drawbacks [112] of the resistive-based and
the capacitive-based tactile array sensor are associated with the sensor sterilization.
Based on [113], the electronic components of these sensors could be damaged
through the sterilization procedure. In addition, these types of sensors are generally
not MRI compatible, since their metallic components can introduce severe MR image
distortion, and thus limiting the sensors’ applications in MRI environments. Since
electrical power is not required by the sensing elements, the operations of the piezoe-
lectric-based sensors are considered more reliable and have a wide range of applica-
tions. As an application in MIS, Dargahi ef al. [73] developed a micro-machined tac-
tile sensor that can be integrated with a jaw of endoscopic graspers. The drawbacks
of piezoelectric materials are that they can only detect time-varying forces and are

sensitive to changes in temperature [114].

The fibre optic based tactile sensing method is an effective way to equip medical tools
with the force measurement capability within a high intensity electromagnetic field.
An optical fibre sensor uses four main sensing mechanisms, which are wavelength,
phase, polarization and intensity modulation [115]. All of these mechanisms consist
of a light source, transduction and detection parts. Here the light intensity modulation
method [116] [117] is used as it is versatile, inexpensive, temperature insensitive and
easy to fabricate. Most of the existing intensity modulation fibre optic force sensors
[118] [119] use individual phototransistors or photodiodes to convert light intensity

into voltage signals, which are converted into force information through calibrations.
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A different method of light intensity modulation is proposed [120]. Instead of using
one optoelectronic receiver for each sensing element, only one low cost CMOS (com-
plementary metal-oxide—semiconductor) USB camera is employed to capture and de-
tect the light intensity changes of all sensing elements. The signals are then processed
in MATLAB/Simulink and converted to a tactile map. Previous research work [121]
[122] [66] on camera-based tactile sensors focused on analysing image pattern from
the small-sized camera integrated at the tip of tactile sensors. In the proposed method
the detection camera can be placed away from the tip by using optical fibres to trans-
mit the light signals. It allows the tactile sensor to be further miniaturized regardless
of the integrated camera size, and renders it able to work in MR environments by

placing the detection camera outside the MR range.
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Figure 4-1 (a) Application area of proposed tactile probe head, (b) Real size of the

developed MRI-compatible tactile probe head, (c) Force feedback from the tactile

probe head.
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In this chapter, an optical tactile array probe head for tissue palpation during mini-
mally invasive surgery is presented, shown in Figure 4-1. The sensing system devel-
oped in this paper is low cost, small in size, lightweight, free from electromagnetic
interference, water and corrosion resistant and capable to operate in harsh environ-
ments. Advancing from previous work [120], the proposed sensing system is further
miniaturized, has increased sensor sensitivity and achieves effective crosstalk elimi-
nation. This optical fibre based sensing system is suitable for medical applications
because it can be sterilized and is MRI compatible. The developed probe head can be
integrated with various types of medical tools during operations. Because of its low
manufacturing cost, it can even be disposed after single surgery. The probe head has
a diameter of 14 mm thus it can be used through a 15 mm trocar port during MIS
[123]. Due to the design simplicity, the proposed tactile probe-head can be readily
miniaturized further to fit in smaller trocar ports or even provide tactile force feedback
from a catheter-tip (4-8 mm). This probe head advances from previous research work
on fibre optic based palpation probe, which is presented in [124]. The relationship
between the optimal light response and the displacement change has been investi-
gated, together with the dynamic response of the tactile sensor. Experiments were
carried out on silicone phantom and lamb kidney with simulated tumours in order to
produce stiffness map. The results demonstrate that the probe head is able to produce

a high resolution stiffness map which can clearly indicate tumour locations.
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4.2. METHODOLOGY

The schematic design of the presented sensor to explain the sensing methodology is
shown in Figure 4-2. The light source transmits the light to the sensing area, which is
14 mm in diameter with 14 sensing elements. When force is applied to a sensing ele-
ment, the displacement change of the flexible material varies the light intensity ob-
served by the receiving fibre. The image of the light intensity distribution is captured
by the camera attached at the end of the receiving fibre, and converted to spatial con-

tact forces through image processing.
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Figure 4-2 Schematic design of proposed tactile sensor using camera.
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4.2.1. PROCESSING OF LIGHT INTENSITY IMAGE

In order to extract useful information together with removing background noise of the
light intensity image, the greyscale image was converted into binary image (Figure 4-
3). A variety of thresholding methods have been proposed in the past, such as point-
dependent and region-dependent method [125], where the threshold value is deter-
mined either by the grey level of each individual pixel or the local grey level neigh-
bouring each pixel. A global thresholding method [126] is giving one threshold value
to the entire picture, while a local one [127] provides different values to sub-images.
Due to high contrast of background and object in the light intensity image, a thresh-
olding method is used by defining the valley of the histogram as the threshold value
[128]. Compared to previous described thresholding methods, this is more straight-
forward with less computational complexity. We define g(x,y) as the grey value of

the pixel coordinate at (x, y) in the image with a size of X4 BY Ymax-

g(x,y) €{0,1,2...,255}, 4.1)

where 1 < X < Xpax, 1 £V < Ymax» 0 stands for the darkest pixel and 255 for the
brightest pixel. Each pixel value is converted from greyscale (0-255) to either 0 or 1

utilizing the following equation:

0,if g(x,¥) < lthreshoia (4.2)

X, = . )
gr(y) {1; if 9(,¥) > Itnresnota
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where Iipresnoia 18 the threshold value to eliminate ineffective pixels from the back-
ground, g(x,y) is the value of pixel at (x, y) after thresholding. The real-time image
is divided into 14 sections, each representing one single sensing element. The seg-
mentation is processed via MATLAB using coordinates of pixels, which are prede-

fined. The activated pixel number N of each section is given by:

N=2X9gr(xy), (4.3)

where N is the total value of the pixels in each sensing area, the size of the section is
Xmax DY Ymax- The relation between force f and pixel value N is further investigated

and demonstrated in sections below.

4.2.2. PROBE HEAD DESIGN

The proposed probe head design consists of two plastic optical fibre bundles (SH1016,
Mitsubishi Rayon Co., Ltd., Tokyo, Japan). Each bundle has 16 individual optical
fibres inside with a core diameter of 0.23 1mm to 0.279mm. The core refractive index
of each fibre is 1.49 and the numerical aperture is 0.50. One fibre bundle is used for
transmitting light from the light source and the other one for receiving light to the
camera. The individual fibres are fixed on the supporting base (Figure 4-4). The de-
veloped sensor prototype, shown in Figure 4-5, was designed in Solidworks (Solid-
works Corp., MA, US) and printed by a rapid prototype machine (ProJet HD 3000,

3D-Systems, SC, US). The sensor is fabricated using ABS (acrylonitrile butadiene
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styrene) material which is lightweight, free from the chemical corrosion and MRI

compatible.

(a) (b)

(©) (d)

Figure 4-3 Sequence of Image Processing before and after thresholding: (a) grey-
scale images captured by camera, (b) binary image after thresholding, (c) intensity

map of greyscale picture, (d) intensity map after thresholding.

Latex rubber is used as the flexible structure between the supporting material and

sensing tip. The supporting structure is designed with 14 separate grids to isolate the
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deforming area of each individual sensing element from the adjacent elements, pre-
venting crosstalk. There are 14 cylindrical sensing units each with ball shape tip. Be-
low each unit, a concave aluminium surface (mirror) is attached to reflect light from
the transmitting fibre to the receiving fibre, enabling more effective light transmission
between fibres. As the sensor detects z-axis force information only, a top layer is de-

signed to constrain the x and y-axis movements of the sensing units.
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Figure 4-4 Detailed sensor design and assemblies.
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(b)
Figure 4-5 (a) SolidWorks drawing of proposed sensor, (b) photograph of proposed

Sensor.
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Four different patterns of the reflective surface have been investigated as shown in
Figure 4-6. One reflective surface is flat while the other three have an ellipsoidal con-
cave shape with same minor radius of 1 mm but different major radius » (0.5 mm, 1
mm and 2 mm). A pair of transmitting and receiving fibres (core diameter 0.25mm,
refractive index 1.49 and numerical aperture 0.50) is placed in parallel with a distance
of Imm between them. A fibre optic illuminator (Fibre-Lite 3100, Dolan-Jenner In-
dustries, MA, US) is used to provide a stable light source at a wavelength of 560 nm;
a low-cost CMOS HD camera (Microsoft LifeCam Studio, Microsoft, WA, US) is
used as the receiver and controlled by MATLAB (Mathworks Inc., MA, US). All pa-
rameters of the camera (e.g. autofocus, zoom, white balance and aperture) were kept
constant during the test. The aluminium tape (Maplin Electronics Ltd, UK) is used as

reflective surface attached to ABS support.

To evaluate different reflective surface, the light intensity images are recorded while
the distance between the reflector and fibre changes in increments of 0.1mm from 0
to 2.5mm. For each reflective surface, tests are repeated 10 times. The results are
shown in Figure 4-7. It was found that the flat reflector introduced a high level of error
and no light signal can be detected after 1.5 mm which may be caused by the scattering
of the light. In contrast, with a concave reflector the error is relatively low and the
light signal starts to decrease significantly at 1.5 mm until 2-2.5 mm. The proposed
sensor achieves a relatively linear response within a displacement range of at least 0.5
mm, allowing the flexible structure to deform to detect forces. From the test results,

the concave reflector with medium radius (7=1 mm) is chosen, utilizing its response
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range of 2-2.5 mm. The variance of the results in Figure 4-7 is caused by fibre misa-

lignment and the light noise from environment.

L

N

(a) (b) (©) (d)

Figure 4-6 Different patterns of reflection shape for testing the relationship between

displacement and light intensity change: (a) reflector with small major radius (r =
0.5 mm), (b) reflector with medium radius ( r = 1 mm), (c) reflector with big radius

(r = 2 mm), (d) flat reflective surface (r = o). r is the major radius of the ellipse.
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Figure 4-7 Relationship between light intensity (activated pixel numbers) and dis-

placement change.
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4.3. EXPERIMENTAL RESULTS

The experimental set-up for tactile probe head testing is shown in Figure 4-8. The
same light source (Fibre-Lite 3100 Dolan-Jenner Industries, MA, US) is used during
the test. A USB camera with high-definition is used to transfer the image of light
intensity to the computer for further analysis. An ATI Nano 17 Force/Torque sensor
together with a data acquisition card (NI USB-6341, National Instruments, TX, US)

is used for calibrating the proposed tactile probe head.

.

Light Source
¥

= “| National Instrument
=t w Data Acquisition Card

o i E: 3
Data Output g

ATl Nano 17
F/T Sensor

Sensor Tip

Camera

Figure 4-8 Equipment Set-up.

In order to find the appropriate light intensity from light source and camera brightness
compensation level, the noise level of three different brightness compensation levels

and three different intensities of light from the light source were investigated on the
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proposed sensor. The results of all 9 tests are shown in Appendix D. As can be seen
from Table 4-1, low light intensity with medium brightness compensation demon-
strates the minimum noise level. However, during tests, low light intensity is accom-
panied with low sensitivity. In this case, we choose medium scale light intensity from
light source and medium brightness compensation from the camera to achieve both

low noise and high sensitivity.

Table 4-1 Noise Level

Light Intensity Brightness Compensation
High Medium Low
High 25.5358% 6.293% 3.454%
Medium 8.4086% 1.053% 3.737%
Low 0.7154% 0.478% 17.539%

4.3.1. CALIBRATION

Before using the tactile probe for palpation, calibration is essential. To conduct cali-
bration, the tactile sensor was mounted on a rigid static support, as shown in Figure
4-9, and the 14 sensing elements were loaded individually using the ATI Nano 17
Force/Torque sensor. Each sensing element has been tested 10 times at increments of
0.05 N from 0 N to 0.4 N. The real-time image data is recorded by the camera and
converted to distributed force information through the image processing procedure
elaborated in Section II.A. Figure 4-10 shows the relations between activated pixels

and applied forces of sensing element 14 for both linear and quadratic fitting, while
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the other 13 sensing elements are shown in Appendix C. The quadratic and linear
relationship between the sensor output, which is the pixel number and applied force,

is represented by

N=yf2+v.f +v3, (4.4)

N = 6.f + 65, (4.5)

where N is the output of the sensor, f is the force on individual sensing element and
¥1,Y2, V3,01, 0, are the calibration coefficients, which are listed in Table 4-1 and Ta-

ble 4-2 together with respective R-squared values.

ATI Nano 17
Force Sensor

‘8.
.a

Individual Sensing Elements

Test Platform

Figure 4-9 Sensor calibration set-up.
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Figure 4-10 Measured output responses of sensing element 14.

Table 4-2 Coefficient of Linear Fitting Curve

Sensor Coefficients
Number 51 5, R2
1 18.559 3206.7 0.9435
2 14.995 3548.8 0.8814
3 8.4941 3022.7 0.688
4 19.297 3721.5 0.9735
5 9.1086 3246.1 0.963
6 8.2409 3349.8 0.7241
7 37.468 3423.1 0.9797
8 24.012 3662.2 0.8967
9 55.899 3443.9 0.924
10 34.74 3065.4 0.7354
11 47.833 3202.1 0.9246
12 46.17 3544.8 0.8083
13 48.63 3114.2 0.9386
14 13.612 3088.4 0.9301
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Table 4-3 Coefficient of Quadratic Fitting Curve

Sensor Coefficients
Number V1 V2 V3 R?

1 -1.6259 | 34.817 | 3176.9 | 0.9807
2 -1.3906 | 28.901 | 3523.3 | 0.9203
3 -1.997 | 28.464 | 2986.1 | 0.8832
4 0.1055 | 18.242 | 3723.4 | 0.9737
5 -0.399 | 13.099 | 3238.8 | 0.9724
6 -1.8894 | 27.135 | 3315.2 | 0.9195
7 -1.0061 | 47.529 | 3404.6 | 0.9833
8 -2.84 | 52.412 | 3610.1 | 0.961

9 -2.3967 | 79.866 | 3400 | 0.9328
10 7.6529 | 41.789 | 3205.7 | 0.9186
11 -2.7513 | 75.346 | 3151.6 | 0.9403
12 -8.2542 | 128.71 | 3393.5 | 0.9409
13 -0.5315 | 53.945 | 3104.4 | 0.9392
14 0.9179 | 4.4338 | 3105.3 | 0.9518

—R square (Table I) | |
—R square (Table II)

| 1 | | 1 | | | | | | |
01 2 3 4 5 6 7 8 9 10 11 12 13 14

Sensor Number

R-Squared
Value
o
[$))

Figure 4-11 Comparison of R-square value between Table 4-1 and Table 4-2.

By comparing the R-squared values between Table 4-1 and 4-2 in Figure 4-11, it can
be concluded that quadratic fitting for each sensing element have higher R-squared

values than linear fitting. However, as shown in Table 4-3 the sensor has a reasonable
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linearity between sensor output and applied force with most of the R-squared values

close to 1.

4.3.2. ACCURACY AND SHAPE DETECTION

After calibration, the accuracy of the proposed sensor is investigated. As for the static
calibration procedure, the sensor is placed onto the linear actuator controlled manually
and is in contact with the Force/Torque Nanol7 sensor. The responses of one single
sensing element and Nanol7 sensor are illustrated in Figure 4-12. The test results
demonstrate that the proposed sensor is capable of providing accurate measurements
with a frequency of up to 10 Hz. In addition, it can be seen that the crosstalk between
sensing elements is relatively small by using the particular mechanical design of the
sensor. The root mean square error (RMSE) is 0.0184 N (less than 5% of total ampli-
tude range). The accuracy of all sensing elements is presented in Figure 4-13, with the
minimum value of 90%. The error is mostly due to the hysteresis effect of the rubber
and light signal loss by fibre bending and connection [129], which will be considered

in the future research related to both hardware and software.
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Figure 4-12 Proposed sensor responses under inputs with variable amplitudes from

commercial force sensor.

After evaluating individual sensing elements of the probe head, shape detection tests
are conducted using a cylindrical plastic object with flat round tip fixed on the plat-
form. Then the probe head is placed vertically downward to the object until a firm
contact with the object occurs, shown in Figure 4-14. To intuitively view the test re-
sults, the responses of all sensing elements are displayed according to their placement
shape on the probe head, as shown in Figure 4-15. From the results, it can be seen that
the four sensing elements which are in contact with the object detect forces larger than
0.05 N, while the other 10 sensing elements’ responses are measured within the noise
range of + 0.03 N. The uneven force distribution on four contacting sensing elements

may be caused by different contact angles between sensor and object, mechanical
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misalignment and the hysteresis effect. However, the detecting forces are all

within0.05-0.15 N which guarantees the usefulness of shape detection.
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Figure 4-13 The accuracy of each sensing element on the tactile array probe head,

where red line is the median and boxes represent the inter-quartile range.

Probe head

Figure 4-14 Shape detection test; a cylindrical object with flat round tip is in contact

with four central sensing elements on the probe head.
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Figure 4-15 Displacements of the output of each sensing element on the probe head.

4.3.3. EXPERIMENTAL RESULTS OF TISSUE PALPATION

The tissue palpation experiment was conducted by mounting the tactile probe head on
arobot arm (Mitsubishi RV-6SL). The connector between tactile probe head and robot
arm is designed in SolidWorks shown in Figure 4-16. It consists of two parts: the top
part with three M2 screw holes connects to the platform on the robot arm, the bottom
part in two pieces connects the probe head and top part. The bottom part has a hollow

structure enabling optical fibres to go through.
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Figure 4-16 SolidWorks design of the connector between the tactile probe head and
the robot arm.
During the tests, the probe head palpated on a planar surface silicone phantom tissue
made of RTV6166 (General Electric Corp., CT, US) (ratio: 30/70, density: 1100
kg/m3, attenuation: 3.45Np/m/MHz, Young’s modulus: 15.3 kPa [90] [91]), shown
in Figure 4-17. The silicone phantom has two spherical nodules (Staedtler Mars plastic
526-50, Staedtler Mars GmbH, Nurnberg, Germany) with the hardness of 47-50 Shore
A, which are embedded at a depth of 6mm, as shown in Figure 4-18 (a). The tactile
probe head was used to conduct a series of indentations on the phantom tissue surface
to cover the area A where the 2 nodules were located (Figure 4-17). The indentation
depth was 2mm; the lateral distance between two adjacent indentations was 14 mm
which is the size of the probe head. Considering the light loss due to fibre bending,
the tactile sensing units of the probe head were recalibrated after mounting on the
robot arm. The palpation tests were repeated ten times, during which the bend radius
of fibres was approximately constant. By fusing the palpating locations of the probe
head and the locally measured force distributions by the probe, a force map was gen-

erated after palpating area A, as shown in Figure 4-18 (b), together with the standard
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deviation of each sensing element, shown in Figure 4-18 (c). Through a force map,
locations of the hard nodules can be easily visualized. It was found from the tests that
the interaction forces measured by the sensing elements exceeded the value 0.4 N
when the probe was in contact with the nodule. Also, it can be seen that force meas-
ured on the left nodule is higher than on the right one, which is mainly due to the size
of the nodule [26]. In the nodule free area, outputs of each sensing element varied
mostly in the range of 0.15-0.25 N within which the noise level is of an acceptable
range compared to the interaction force level. By increasing the spatial resolution of

the tactile sensor, the shape of the nodule can also be detected.

Figure 4-17 Integration of fibre optics tactile probe head with robot arm (A: Robot

manipulator, B: Tactile probe head, C: Silicone phantom).
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Figure 4-18 (a) Palpation test in area A on silicone phantom tissue with two nodules

Standard Deviation

embedded (diameter: left: 10 mm, right: 8 mm), (b) Test results of area A, (c) Standard

deviation of each sensing element.

After evaluating the performance on silicone phantom tissue, a lamb kidney with an
embedded nodule was tested. The nodule is made of rubber with the elastic modulus
of 79.5 kPa tested by Instron 5565 (Instron, Canton, MA, US) [130]. The diameter of
the nodule is 8mm and it is much stiffer than the lamb kidney, with a Young’s modulus

of 5.9+0.7 kPa [131]. It was buried close to the kidney surface, shown in Figure 4-19
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(a). As uneven tissue surface will influence the effectiveness of the stiffness map [132]
generated by the developed tactile probe head, the hard nodule was embedded beneath
a relatively flat area B for palpation testing. During tests, the probe palpated the kid-
ney following the same procedure of palpating the silicone phantom to cover the area
B. The test result for kidney palpation is shown in Figure 4-19 (b) (c). By combining
sensor outputs and the palpating positions of the probe head, the force map of area B
is created. It can be clearly seen from the force map that the forces concentrate in the
central area of B which coincides with the location of the hidden nodule. The uneven
force distribution from the rest of this stiffness map and the standard deviation of each
sensing element during the repeated tests may be caused by the non-flat property of
the tissue, together with the noise from shear force and fibre bending. Nevertheless,
these values were kept in the range of 0—0.1 N which did not affect the effectiveness
of tumour localization accuracy by using the tactile probe head. Compared to the sil-
icone phantom tissue, lamb kidney is softer and can be easily damaged. This requires
the palpation device to be flexible and sensitive, and the proposed one shows its ca-
pability of conducting accurate and effective tissue palpation for tissue abnormality

detection.
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Figure 4-19 (a) Lamb kidney sample with invisible nodule buried in area B, (b) Test

results of the tactile sensor, (c) Standard deviation of each sensing element.
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4.4. CONCLUSIONS

The proposed laboratory prototype tactile probe head can measure the normal force
and its spatial distribution over the sensor’s surface based on light intensity modula-
tion, and shows potential for detecting abnormal tissue during palpation both in an
open surgery and during MIS. Each tactile element has a micro-structure inside con-
verting tissue reaction force applied to sensing nodes into a circular image pattern
through transmitting and receiving fibres. The image patterns of all the sensing ele-
ments are captured by a camera attached at the proximal end of receiving fibres and
are converted to tactile force feedback through image processing. Validation tests
showed that each sensing element of the tactile probe head can measure forces from
0 to 0.5 N with a resolution of 0.05 N. Experiments were performed for testing the
probe’s capability of detecting the tissue abnormality through spatial distribution of
tactile force feedback. Results show that the proposed tactile probe head can accu-
rately and effectively detect a nodule embedded inside soft tissue. The proposed sens-
ing probe is low cost, lightweight, sterilizable and easy to be miniaturized. As no me-
tallic material and no electrical signals are used in the sensing area, this sensor could
be used in an MRI environment. As the current tactile probe head provides only uni-
axial force feedback, the missing force information in x- and y-directions will be ad-

dressed in the following chapter.
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Chapter 5 A Two Axis Ring-Shaped

Tactile Sensor using Optical Fibres

This chapter presents a two dimensional ring-shaped tactile sensor to provide the
information of both magnitude of applied force and contact location. This tactile sen-
sor is developed to equip the tactile probe in Chapter 4 with a sensation of force in x-
and y-directions. The chapter first introduces the importance of tactile information in
x- and y-directions. Then a mathematical model is developed to illustrate the sensing
principle of the proposed sensor. Sensor design and silicone manufacturing is pre-
sented. It is worth mentioning that the proposed sensor is also MRI compatible, as is
the tactile probe presented in earlier chapters. After evaluating the relationship be-
tween displacement/angle and force/voltage, the model of force calculation based on
3 voltage outputs is established. During model validation tests, results from sensor

outputs and simulation outputs are compared and analysed.
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5.1. INTRODUCTION

In the previous chapter the development of a uniaxial tactile array probe head was
presented and tested. However, the proposed tactile probe head lacks the capability of
force measurement in x- and y-directions. As the currently designed sensing elements
are constrained by a structure to avoid shear forces, this information, can be further
utilized for understanding tissue properties. There are several multi-axis sensors meas-
uring tool-tissue contact force during MIS [133] [134] [135]. However, they are

mostly single point sensors and not MRI compatible.

In the context of minimally invasive surgery, it is necessary to consider the medical
equipment used and the forces introduced. Apart from the tip area of medical instru-
ments which comes into contact with human tissues, there are many other contact
points between instruments and environment that need to be carefully optimized [87].
A description of forces applied to the medical instruments in MIS is shown in Figure
5-1[136]. Those interference factors are: friction between trocar and instrument shaft,
the resistance of the abdominal wall during a lever movement; scaling and mirroring
of tip forces and inefficiency of the instruments mechanism [31]. In a continuum ro-
botic instrument, such as a catheter, forces applied along the access channel also need
to be considered. In Figure 5-1, surgeons apply force directly or through a master-
slave system at the handle and this force is influenced by the internal structure and
friction of the instruments. Normally the force at the handle is two to six times bigger
than the force at the tip [137]. At the trocar port location, other than the friction on the

trocar, the force applied on the instrument is also caused by the movements of the
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instrument, such as tilting, against the abdominal wall [138]. At the instrument shaft,
forces from nearby organs or tissues may be introduced to the system, especially to
flexible instruments in natural orifice and catheter-based procedures [136]. The meas-
urement of friction force generated between surgical instruments and the inner part of
the trocars have been achieved by several researchers [139] [ 140]. However, the meas-
urement of forces along the instrument shaft caused by surrounding tissues is yet to

be investigated.

Forces from
nearby organs

Figure 5-1 Forces acting on minimally invasive instruments [136].
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This chapter presents a two axis contact sensor that can be incorporated into medical
instruments along the shaft for use in minimally invasive surgery. As force at the in-
strument tip can be easily affected or masked by other forces applied on the instrument
[141], it is important to equip the uniaxial tactile probe head in Chapter 4 with addi-
tional sense of touch on x- and y-directions. The fibre optic sensing system has been
explored as it is small in size, lightweight, free from electromagnetic interference,
water and corrosion resistant and capable of operating in harsh environment. When
only a small number of optical fibres is employed in this system, the previously de-
scribed camera system loses its advantage in multi-elements detection. Thus in this
case, Keyence (FS-N11MN, KEYENCE CO., Japan) was used due to its advantage
in high sensitivity, high frequency and less noise. By detecting the intensity change
of three pairs of optical fibres, contact location together with force magnitude can be
determined. In contrast to conventional sensing principles, the proposed sensor is ca-
pable of working in the highly electromagnetic MRI environments by utilizing fibre-

optics sensing.

5.2. METHODOLOGY

5.2.1. SENSING PRINCIPLE

An optical fibre-based force sensor consists of a light source, transduction element
and optical detector. It is small in size, lightweight, has low power consumption and
is capable of working in high electromagnetic noise environment. There are four main

modulations of optical fibre, which are wavelength, phase, polarization and intensity.
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The light intensity modulation mechanism is being used due to its low-cost, easy fab-
rication and temperature insensitivity. The schematic design of the proposed sensor is

shown in Figure 5-2.

The sensor comprises three main parts, namely, the outer ring, inner cylinder, and
flexible material in between. Six optical fibres are embedded in the inner ring, of
which three are light transmitting fibres and three are light receiving fibres. Light is
transmitted from light source to the tip of the transmitting fibre, and it is then received
by the receiving fibre by the reflection of a mirror placed against them. The angle
between transmitting and receiving fibres is 60° as it is able to achieve good sensitiv-
ity without too much bending of fibre tips [129]. When force is applied along the x-y
directions, the flexible material will deform causing the stiff outer ring to shift. The
three mirrors attached to the outer ring will shift accordingly changing the displace-
ment between the fibre tips and the mirrors. Based on the optical fibre-based intensity
modulation model [82], this displacement change is observed by the light intensity
change of the receiving fibre, which is then detected by an optical detector. The de-
tector, coupled at the end of each receiving fibre, transforms the light signal into volt-
age data. The data is collected by a DAQ (Data Acquisition) card and sent to the com-
puter for analysis. By applying a geometry-based algorithm, which will be further
explained in the following section, the contact point and the magnitude of force ap-

plied can be determined.
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Figure 5-2 Schematic design of proposed tactile sensor.

5.2.2. SENSOR DESIGN & FABRICATION

Based on the schematic design shown in Figure 5-2, a 3-D drawing of the proposed
sensor is created in SolidWorks 2013 (Dassault Systems, MA, US), exported as an
STL-file, and manufactured by a 3D printer (ProJet HD 3000 Plus, 3D-Systems, SC,
US), shown in Figure 5-3. Using acrylonitrile butadiene styrene (ABS) material which
is lightweight and compatible with MRI, the 3D objects are sliced horizontally by the
printer based on the STL file and created via the additive process which deposits ABS
material layer by layer on a bed of supporting material [142]. Afterwards, the support-
ing material was removed from the prototype by putting it into an oven at a tempera-

ture of 75 degrees.



5 A Two Axis Ring-Shaped Tactile Sensor using Optical Fibres 114

The section view together with the size description of the design is shown in Figure
5-3. The diameter of the inner cylinder is 7 mm with a hole in the middle, allowing
the sensor to be fixed by a M2 thread on the calibration platform. Three pairs of optical
fibres are embedded in the cylinder at an angle of 120, while fibre tips of each pair
are facing each other at 60° as explained earlier. The outer ring is 14 mm in diameter
and 1.5 mm in thickness, with three reflective surfaces (aluminium foil tape, Maplin
Electronics Ltd, UK) attached inside to transmit light from three pairs of optical fibre.
The optical fibre (SH1001, Mitsubishi Rayon Co., Ltd., Tokyo, Japan) chosen for this

prototype has a diameter of 1 mm (with jacket), shown in Figure 5-3.

In order to make the appropriate flexible structure for the proposed sensor, a mould is
designed in SolidWorks and printed by the 3D printer, shown in Figure 5-4 (a) (b). To
successfully remove the silicone after moulding, the mould consists of three parts
which can be easily disassembled, base, inner cylinder, and is constrained with three
inner protrusions. The protrusions are designed to allow the silicone to have three
rectangular holes, which are the same size as the mirror on the outer ring. The holes
enable light to be freely transmitted from transmitting fibres to receiving fibres, and
without being blocked by any silicone material. The silicone is fabricated by mixing
Ecoflex 0050 (Smooth-on Inc., PA, US) at a ratio of A: B=1: 1 (Shore Hardness = 00-
50 Tensile Modulus = 83 kPa) and pouring it into the mould. After the silicone is
cured, the mould is disassembled. The silicone prototype is shown in Figure 5-4 (c).

The silicone has an outer diameter of 11 mm and an inner diameter of 7 mm. The size
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of each of the three interspaces on the side of silicone is 2Zmm X 4mm, allowing the

reflection of light from transmitting fibre to receiving fibre.

The tips of optical fibres are cut using a fibre cutter (POF Cutter Block, Industrial
Fibre Optics Inc., AZ, US) and inserted into the inner cylinder. The sensor prototype

is shown in Figure 5-5.

(2) (b)

(©) (d)

Figure 5-3 3D model of developed tactile sensor: (a) before assembly, (b) assem-

Silicon

bled, (c) top view, (d) side view.
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(2) (b) (c)

Figure 5-4 Manufacturing process of silicone model: (a) 3D mould design, (b)

mould after 3D printed, (c) flexible silicone structure.

(a) (b)

Figure 5-5 Sensor realization: (a) before assembly, (b) assembled.

5.2.3. MATHEMATICAL MODEL

To further illustrate the sensing principle of the proposed tactile sensor, a geometric
model is established using three sensing elements, shown in Figure 5-6. The inner
circle represents the inner cylinder which is used for fixing fibres and the outer circle
represents the outer ring which has three mirrors attached. The optical fibres are as-
sembled in a way that the centres of their tips are fixed at points D, E and G. The

mirrors (marked in red) on the outer ring are perpendicular to the fibres and their



5 A Two Axis Ring-Shaped Tactile Sensor using Optical Fibres 117

middle points on x-y axis are marked as A, B and C. When force is applied on the
sensor, the outer ring will shift causing a position change of the three mirrors (marked
in dashed red). The light intensity modulation mechanism is based on the light inten-
sity change caused by distance changes between mirrors and fibres - AD, BE and CG
in this model. The light transmitted to the detector is converted into an electrical sig-
nal, in this case into voltage. By utilizing the linear range of the light intensity model
[82], the relation between outputs of the detectors (V,, V,, and V..) and displacement

between fibres and mirrors (AD, BE and CG) are defined as

V, « —K, - |AD|, 5.1
Ve < =K - |CGl, (5.3)

where K, K, K, are the transforming factors of detectors converting distance to volt-
age. Due to the symmetric structure of the ring shaped sensor, the distances from the

tip of fibres to mirrors are

|AD| = |BE| = |CG|. (5.4)

Considering the different properties of individual detectors and the errors during fibre
assembly, it is assumed that the factors are different and will be determined individu-

ally during the calibration process in the following section.
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Force F

Figure 5-6 Geometric model of tactile sensor.

The sensing area is divided into 6 sections (Figure 5-7), and the relationship between

distance changes of each sensing element and contact location is analysed, Table 5-1.
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Figure 5-7 Geometric Segmentation.

Table 5-1 Relation between contact location and displacement change of three sens-

ing points

Displacement Htol ItoJ JtoK | KtoL | LtoM | MtoH
change

|AD| — |A"D| + - - N T T

|IBE| — |B"E| - - + + + -

[CG| — |C"G| + + + - - -

where ‘+’ means positive and ‘-’ means negative. Due to the inverse relation between
displacement and voltage (Equation 5.1-5.3), the relation between voltage and contact

location are shown in Table 5-2.
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Table 5-2 Relation between voltage change and contact location

Voltage Htol ItoJ Jto K KtoL | LtoM | MtoH
V,-V,’ - + + + - -
vV, — V' + + - - - +
\/AA A - - - + + +

The direction of the force can be detected between those six sections only by looking
into the positive/negative changes of the voltages from the three detectors (i.e.
increase/decrease of voltage outputs compared to no-load voltage). For example, if
the voltage from the detector B decreases while the voltage from the other two

increases, it can be concluded that the force is applied in the area of K to L.

In the presented model, the inner cylinder is fixed while the outer ring is capable of
x-y axis movements. When a force F is applied on the sensor at point P with an angle
of o (Figure 5-6), in respect to the x-axis, the outer ring shifts with a distance of d
while the inner cylinder stays the same. The centre point of the outer ring shifts from
O to O’ according to the vector of F, together with the centre points of three mirrors

A, Band Cto A’, B’ and C’ with the same distance d and angle «a,
|AA'| = |BB'| = |CC'| = |00'| = dq, (5.5)
ZANA" =a, ZBBB" = Z—a, ZCCC" =T —a. (5.6)

The distances of points D, E and G to their relevant mirrors then changes from L to

|A"”D|, |B"E| and |C"'G| accordingly,
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|A"D| =|AD| — |AA"|, (5.7)
|B"E|=|BE| — |BB"|, (5.8)
|C"G|=|CG| + |CC"]. (5.9)
By analysing the geometric model, they can be expressed as
|AA"|=|AA’| - sin ZAA'A", (5.10)
|BB”|=|BB’| - sin/BB'B"”, (5.11)
|CC”|=|CC’| - sinLCC'C". (5.12)
Then the outputs of detectors are changed accordingly to
V," « —K, - |A"D|, (5.13)
W' « =Ky - |B"E|, (5.14)
V. < —K. - |C"G]. (5.15)
Substituting (5.1) to (5.12) into (5.13), (5.14) and (5.15), we get
d, o AV,  AVy AV, (5.16)

where AV, = V; — V,, AV, = V|, — W, AV, = V! — V. Thus

3Ky AV,

a =arctan —————
Kp'AVa+2Ka-AVy

V3(Kp'AVe—KcAVy)
KpAVe+KeAVy

= arctan

Ka'sina Kb-sin(g—a) Kc-sin(z?n—a)'
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V3K AV,
= arctan ——————— .1
arct nKC-AVa+2Ka-AVC’ G.17)

2/ (Kp'AV,+Kqa'AVE)2—K, KAV, AV

d
s \/§Ka'Kb

2y (Kp'AV—KAVE)2+Kp KAV AV
N \/§Kb'Kc

2 (Ka'AV+Ko'AVR)2—K KAV, AV
B ‘/EKa'Kc

(5.18)

In this model, K,, Ky, K. and V,, V},, V. are known parameters, V,', V,’, V', are the
outputs of the sensor, thus the angle and displacement a and d which are caused by
the force can be calculated. The validation of this model and the relation between the
magnitude of applied force and the displacement change will be further discussed in

the following section.

5.3. EXPERIMENTAL RESULTS

5.3.1. TEST SET-UP

The experimental set-up for tactile sensor testing is shown in Figure 5-8. A standard
Force/Torque sensor (Nano 17, ATI Industrial Automation, NC, US) together with a
data acquisition card (NI USB-6341, National Instruments, TX, US) is used for cali-
brating the proposed tactile sensor. Another data acquisition card (NI USB-6341, Na-
tional Instruments, TX, US) is used for controlling and collecting movement data from
a linear actuator powered by a brushless motor (Maxon EC-30, Switzerland). Three

pairs of optical fibres (core diameter 0.25 mm, 1 mm with jacket, reflective index
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1.49, and numerical aperture 0.50) are used for transmitting and receiving light. Three
Keyence (FS-N11MN, KEYENCE CO., Japan) are used as both light sources and

detectors.

Figure 5-8 Equipment set-up.

5.3.2. SENSOR CALIBRATION

To determine the parameters from the above mathematical model, a series of tests has
been conducted. The proposed sensor was mounted on a rigid static base which has
12 marked points at its circular edge, at the angle of 30 degrees. The base is fixed at
the end of the linear actuator, which has a resolution of 1.5 um. The Nano 17 sensor

is connected to the linear rail with a probe fixed at its tip. By moving the probe towards
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the proposed sensor on the x-y directions, shown in Figure 5-9, real-time data from

the proposed sensor and the ATI sensor are acquired and sent to the computer.

Figure 5-9 Calibration procedure.

In order to find out the relationship between the magnitude of applied force and sili-
cone deformation, the experiment is conducted on the points A, B and C, shown in
Figure 5-6. At these three points, the displacement change of silicone is equal to the
displacement change (voltage) from one of the three mirrors and its corresponding
fibre tips, thus the relationship between force and silicone deformation can be deter-
mined. The tests are conducted 3 times and the data from the linear actuator, Nano 17
sensor and Keyence are recorded at a sampling rate of 100Hz. Figure 5-10 demon-
strates the experiment results of point A, including the movement of linear actuator,
optical sensor response at point A, point B, point C and the response force measured

using the Nano 17.
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Figure 5-10 Experiment results at point A. Displacement indicate the linear rail’s

movement, Delta Va, Delta Vb, Delta Vc denote the voltage changes at A, B and C.

The relationship between distance change (between fibre tip and mirror) and voltage
output is shown in Figure 5-11. The linear relationship of point A, B and C between

displacement change and voltage output are represented by

AV, = K, - dgy + g, (5.19)
AVb = Kb ' db + Up, (520)
AVe =K+ dc + pe, (5.21)

where AV, AV, AV, are the changes of voltage outputs of three sensing elements,
d,, dp, d. are the displacements at three points, K,, K}, K., U4, Up, U are the calibra-

tion coefficients, which listed in Table 5-3 together with respective R-squared values.
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Figure 5-11 Relationship between displacements and voltage outputs at the point A.

Table 5-3 Coefficient of Linear Fitting Curve Between Voltage and Displacement

Point Coefficients Variance
KV U R?
a 8.25 0.044 0.995 0.0152
b 3.19 -0.09 0.9418 0.0832
c 0.88 -0.1 0.5608 0.0181

The relationship between silicone deformation and magnitude of applied force is

shown in Figure 5-12. The linear relationship of the points A, B and C between the

displacement and a magnitude of applied force are represented by

f:Kfa'd1+€a,

f=Kfp-dy + &,

(5.22)

(5.23)
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f=Kf-ds+&., (5.24)

where f is the magnitude of applied force, d, d,, d3 are the displacements of the
outer ring during three tests and Kf,, Kfy, Kf;, &4, €, €. are the calibration coeffi-

cients, which are listed in Table 5-4 together with respective R-squared values.

0.7

—applied force
—linear fittin
06- 9
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=04
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o
03
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Displacement (mm)

Figure 5-12 Relationship between displacements and magnitude of applied force at

point A.

Table 5-4 Coefficient Linear Fitting Curve Between Force and Displacement

Point Coefficients Variance
Kf £ R?
a 242 0.1 0.9231 0.0037
b 3.41 0.024 0.9875 0.0128
c 2.64 0.036 0.991 0.0145
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5.3.3. MODEL VALIDATION

As explained in the previous section, d; = d, at point A, d, = d; at point B, and

d; = d. at point C. Substituting (5.19) to (5.24) into (5.16), we get

Thus

From Table 5-1 and Table

calculated as

f _ AV, _ AVy _ AV,
KK_El.sina I;(Tsm( a) KI,(f sm(——a)
\/_ —Db. AVa

Kp
\/(— AVa+— AVb)2 - F . F AV4AVy

Ka  Kp

Kfa Kfp

J( AV— KC AVb)2+ -Kf -AVpAV

Kp
\/EKf K

\/ (& AV +— AVa)2— 2 Iff" AVaAV,

= Ka Kc

3_._

Kfa Kfc

(5.25)

(5.26)

(5.27)

5-2, the parameters between force and voltage can be
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Table 5-5 Parameters between the force and voltage

Parameter Value
Ka 3.4091
Kfa
Ko 0.9355
Kfp
Ke 0.3333
Kf¢

Using above parameters and given a force applied with the angle of « = 0 and a =

309, the comparisons of experimental data and simulated curve are shown in Figure

5-13 and Figure 5-14.

Voltage(V)

o 200 400 600 800 1000 1200 1400 1600
Samples

Figure 5-13 Experimental data (data 1-3: a-c) and output from the mathematical

model (data 4-6: a-c) at @ = 0.
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Figure 5-14 Experimental data (data 1-3: a-c) and output from mathematical model

(data 4-6: a-c) at « = 30°.

The RMSE error and accuracy data are listed in Table 5-6 and Table 5-7 below. From
the data, it can be concluded that the mathematical model is verified based on the
similarity between the simulation data and experimental data. At certain locations, the
accuracies are lower caused by the misalignment of fibres and different stiffness

through the flexible material.
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Table 5-6 RMSE between experimental data and simulated data

Angle | RMSE (a) | RMSE (b) | RMSE (¢) | RMSE (average)
0 0.0143 0.1398 0.0526 0.0689
30° 0.1300 0.0447 0.1530 0.1092
60° 0.2011 0.0336 0.2864 0.1737
90° 0.1824 0.0409 0.2386 0.1539
120° 0.5309 0.1058 0.0937 0.2434
150° 0.1084 0.0693 0.2855 0.1544
180° 0.0407 0.1711 0.1309 0.1142
210° 0.2274 0.1612 0.0842 0.1576
240° 0.2703 0.0420 0.3155 0.2093
270° 0.2634 0.0502 0.2552 0.1896
300° 0.8258 0.1096 0.0385 0.3246
330° 0.1469 0.1210 0.4417 0.2365

Table 5-7 Accuracy [%]

Angle | Accuracy (a) | Accuracy (b) | Accuracy (c) | Accuracy (average)
0 64.30 72.55 79.68 72.18
30° 90.37 88.84 66.77 81.99
60° 91.25 45.66 54.88 63.93
90° 90.04 79.70 60.99 76.91
120° 42.25 86.29 47.60 58.71
150° 91.97 86.41 58.45 78.95
180° 41.00 54.45 73.18 56.21
210° 69.75 73.21 60.68 67.88
240° 83.71 60.06 65.82 69.86
270° 88.03 83.62 66.52 79.39
300° 21.24 88.25 59.57 56.35
330° 90.18 87.73 33.56 70.49
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Figure 5-15 Average RMSE for different angles.

The root mean square error (RMSE) between experimental data and simulated data is
shown in Table 5-6. The average RMSE of sensing element a, b and ¢ are presented
in Figure 5-15 and the average of all RMSE is 0.1780 V. The accuracy between ex-
perimental data and simulated data is shown in Table 5-7. The average of all RMSE

15 69.4048%.
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5.3.4. TEST RESULTS - FORCE AND ANGLE

Figure 5-16 Test rig.

After calibration, the force and angle measurements of the proposed sensor are inves-
tigated using the same procedure as during calibration, shown in Figure 5-16. Tests
were carried out on 12 points on the outer ring of proposed sensor, with a 30-degree
gap between each point. The linear actuator drives the Nano 17 sensor into contact
with the proposed sensor at a speed of 0.15mm/s at increments of 1.5 pm. The re-
sponses of the proposed sensor and the Nano 17 sensor are recorded on all 12 contact
points. Figure 5-17 demonstrates the force measurements at @ = 90°; 11 more results
are shown in Figure 5-18. The root mean square error (RMSE) of force in this test is

0.0533 N (less than 10% of the total amplitude range), shown in Figure 5-19, and the
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standard deviation of the angle is 2.5652° (with an angle error of 4.5769°). Figure

5-20 shows the angle output from proposed sensor compared with input angle.

06 [ [

0 200 400 600 800 1000 1200 1400 1600 1800

Samples

Figure 5-17 Force input measured by Nano 17 (blue) and force output measured by

proposed sensor (green) at & = 90°.
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Figure 5-18 Force input measured by Nano 17 (blue) and force output measured by

0.2-

proposed sensor (green) at different locations.
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Figure 5-19 RMSE of force measurement at different angle locations.
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Figure 5-20 Experimental data of angle output.
Table 5-8 Force and Angle Accuracy and error
Angle Force Force Angle Angle Angle
RMSE (N) | Accuracy (%) | Output (°) Error (°) SD (°)

0 0.1694 79.5686 1.8756 1.8756 1.3507
30° 0.0830 86.5691 27.3416 2.6584 2.5846
60° 0.0691 89.0327 85.0790 25.0790 5.9230
90° 0.0533 90.5541 94.5769 4.5769 2.5652
120° 0.0884 86.1612 124.1403 4.1403 0.9328
150° 0.0714 89.5652 146.4925 3.4925 10.0281
180° 0.2159 74.9152 197.3262 17.3262 3.6130

210° 0.0832 88.3707 230.5393 20.5393 12.6458
240° 0.1927 79.7043 243.3032 3.3032 25.5472
270° 0.1388 76.3589 254.2484 15.7516 3.5551
300° 0.1082 88.5627 298.1597 1.8403 9.0543
330° 0.2725 72.6195 352.1775 22.1775 1.4584
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The RMSE and accuracy of force magnitude in 12 tested points are presented in Table
5-8 column 2&3, with the average RMSE value of 0.1288 N and average accuracy
value of 83.4985 %. The error and SD of angle in 12 tested points are presented in
Table 5-8 column 5&6, with the average error of 10.2301 degree and average SD
value of 6.6048 degrees. At certain positions of the contact sensor, the standard devi-
ation or accuracy is low compared to the overall performance (angle input at 240 de-
gree for example). It is mostly due to the mechanical inconsistency of silicone caused
by the manufacturing process, together with hysteresis effect of the silicone and light
signal loss by fibre bending and connection [129]. The test results demonstrate that
the proposed sensor is capable of providing accurate measurement of both force and

contact point (angle).

5.4. CONCLUSIONS

In this section, a new two axis contact sensor that can detect force in x- and y-direc-
tions was presented. Because optical fibres are used, the sensor is able to work in MRI
environments. A mathematical model is developed to illustrate the sensing principle
of the proposed sensor. Sensor design and silicone manufacturing is presented. After
evaluating the relationship between displacement/angle and force/voltage, the model
of force calculation based on 3 voltage outputs is established. It is worth mentioning
that a camera system previously described can be applied to the proposed sensor. In-
stead of voltage outputs, activated pixel numbers can be calculated via the camera
system to obtain the applied force and angle information. During model validation

tests, results from sensor outputs and simulation outputs are compared and analysed.
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Test results have shown the proposed sensor has an accuracy of 83.4985% for force
magnitude measurement and an average error of 10.2 degrees for contact location
measurement. In addition, it can be integrated with the developed tactile probe head

described in Chapter 4. The details can be found in appendix F.
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Chapter 6  Conclusions & Future
Work

This study investigated tactile sensing concepts based on optical fibres and developed
sensor systems for MIS. The sensing concepts were verified mathematically and val-
idated using developed sensor prototypes. This chapter provides the conclusion of the

thesis and a discussion on future work.
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6.1. CONCLUSIONS

The thesis presents research in tactile sensor design, fabrication and testing based on
light intensity modulation using optical fibres. The aim of this study has been achieved
by the creation of tactile sensors for minimally invasive surgeries, including tactile

force detection in z-axis and contact force detection in x- and y-directions.

Basing the development of a tactile array sensor on light intensity modulation using
optical fibres, the construction of a sensing system is able to achieve low cost, small
in size, lightweight, free from electromagnetic interference, water and corrosion re-
sistant and able to operate in harsh environments. A mathematical model has been
developed to illustrate the translation from force information to light intensity infor-
mation. A 3 x 3 tactile sensor prototype is developed in SolidWorks and manufactured
using a 3D printer. Applied forces deform a micro-flexure inside each sensor tactel,
displacing a miniature mirror which, in turn, modulates the light intensity introduced
by a transmitting fibre connected to a light source at its proximal end. For each tactel,
the light intensity is read by a receiving fibre connected directly to a 2D vision sensor.
MATLAB is used both to control the camera and to process the images received by
the vision sensor. The calibration process was conducted by relating the applied forces
to the number of activated pixels for each image received from a receiving fibre. The
proposed approach has allowed the concurrent acquisition of data from multiple tactile

sensor elements using a vision sensor such as a standard video camera.



6 Conclusions & Future Work 142

The miniaturized tactile probe head developed thereafter experienced the following
improvements when compared to the first sensor prototypes (as described in Chapter
3): increased spatial resolution, and decreased tactile sensor size, hysteresis effect and
crosstalk. The tactile probe head has a diameter of 14 mm using 14 sensing elements,
2.5 mm spaced apart. The replacement of the thick silicone material used previously
with a thin latex rubber was found to reduce the hysteresis effect from which the ear-
lier 3x3 tactel sensor prototype suffered. The design of separate grids in the micro-
structure isolated the deformation area of each individual sensing element and thus
prevented crosstalk. It was found that the manufacturing process can be simplified by
choosing an appropriate shape mirror with an acceptable linear response range. The
sensitivity of this tactile probe head is 0.05 N with a sensing range from 0 to 0.5 N.
Observer error may be caused by internal friction, the stiffness variation caused by
the used rubber and the hysteresis effect. Experiments were performed for testing the
probe’s capability of detecting the tissue abnormality through spatial distribution of
tactile force feedback. The results from ex-vivo experiments have shown that the pro-
posed tactile probe head can accurately and effectively detect nodules embedded in-
side soft tissue, when probing the tissue in axial direction, demonstrating the promis-

ing application of this probe head for surgical palpation during MIS.

Advancing in the direction of creating a probe that can measure axial and lateral
forces, a two-axis ring-shaped tactile sensor with a similar diameter as the probe head
has been created. This sensor is capable of measuring the magnitude of lateral force

and the contact location. A mathematical model based on a geometry-based algorithm
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is developed to illustrate the sensing principle of the proposed sensor. The sensor has
three main parts: an outer ring, silicone as flexible material, and an inner cylinder.
Three pairs of optical fibres are embedded in the inner cylinder to detect displacement
change caused by applied force, utilizing light intensity modulation. After evaluating
the relationship between displacement/angle and force/voltage, a model of determin-
ing the force and its direction based on the three voltage outputs is established. During
model validation tests, results from sensor outputs and simulation outputs are com-
pared and analysed. Test results have shown the proposed sensor has an accuracy of
83.5% for force magnitude measurements and an average error of 10.2 degree for

contact location measurement.

In general, single-point force sensors have reached maturity while multiple, tactile
array sensors are still in their infancy. However, there is high market demand for the
latter, especially in the field of robotic surgery [4] [25]. For surgical use, tactile sen-
sors need to be low cost because they are usually disposed off after single use — by
utilizing optical fibres this requirement can be achieved. The 2D vision system allows
the acquisition of signals from all sensing elements, together with providing a poten-
tial for high density tactile array sensing, employing a low-cost vision sensor. Com-
bined with 3D printing technology, a miniature tactile probe head was designed - ca-
pable of palpation in MIS. Additional sense of touch on x- and y-directions is provided
to the tactile probe head by a ring-shaped contact sensor. All sensor systems devel-
oped in this thesis are MRI compatible and immune to electromagnetic noise. The

proposed sensing structures and principles indicate that the proposed sensors can be
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further miniaturized and achieve a high resolution, and thus are suitable to be inte-

grated with medical tools.

6.2. FUTURE WORK

The tactile sensing methods proposed in the thesis have many potential applications,
not only in robotics surgery, but also in humanoid robot manipulation, bomb diffusion
in a confined space, disaster response and rescue operations. Future research can be

focused on the following aspects:

e Further miniaturization: The proposed sensing structures and principles allow
further miniaturization by using advanced 3D printing technology, thinner op-
tical fibres and smaller reflective surface. The size can be significantly de-
creased if fibre couplers (effectively using one fibre per tactel only to transmit
and receive light) are used, reducing the number of fibres to half of what it is
currently. However, it is worth noticing that there is a trade-off between size
and force sensing range and sensitivity due to the loss of light intensity during
miniaturization, which is likely to be caused by sub-standard connections and

misalignments of fibres.

e Rapidness of palpation: The developed tactile probe head has addressed the
issue of time consuming investigation of large tissue areas. To further improve
the rapidness of soft tissue abnormality identification, rollers can be developed
to replace the cylinder shape contact feeler of each sensing element. Instead of

a discrete process of indenting and lifting the probe head, a continuous and
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time saving process of rolling action can be carried out to construct a stiffness

map of a large continuous tissue area.

e Integration of tactile array probe head and 2-axis tactile sensor: These two
sensor systems are developed separately in this thesis. Future work can be fo-
cused on two aspects: the modification of the mechanical structure of both
sensor systems, and the detection of light intensity information of all optical

fibres using one camera.

e Sensitivity: Currently the force information is detected by analysing activated
pixel numbers of the tactile array sensor. In future studies, a further analysis
of the image information from the camera system, such as the individual pixel
values (i.e., the light intensity of pixels), could improve the sensitivity of the

proposed tactile array sensor.
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APPENDIX

A.MATLAB/SIMULINK MODEL
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B. LIGHT INTENSITY DISPLAY WITH
DIFFERENT FORCE APPLIED

Relative
Intensity

Relative
Intensity

Relative

Intensity
Relative
Intensity

(c) (d)
Figure B. 1 (a) Sensor Unloaded, (b) Force applied upper three elements, (c)

Force applied lower left corner, (d) ‘U’ shape force applied lower part.
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C. INDIVIDUAL CALIBRATION CURVE OF

ALL SENSING ELEMENTS
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Figure C. 1 Calibration curves of all sensing elements.
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D. NOISE ANALYSIS
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Figure D. 1 Noise analysis of different light source intensity (high-medium-low/1-2-

3) at brightness=200.
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Figure D. 2 Noise analysis of different light source intensity (high-medium-low/1-2-

3) at brightness=140.
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Figure D. 3 Noise analysis of different light source intensity (high-medium-low/1-2-

3) at brightness=80.
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E. PSEUDO MATLAB CODE:

E.1 CODE FOR PALPATION

fori=1:14

a(i)=ScopeDatal .signals.values(2,1,:);

%% comment: read the activated pixel number data of all 14 sensing elements from
image data collected in MATLAB

S=10;T=20; ....... Q=270;R=280;
%% comment: define time nodes when palpation is conducted

c(i)=[mean(a(i)(A:B)) ...... mean(a(i)(Q:R)) ;

d(i)=[std2(a(i)(A:B)) ...... mean(a(i)(Q:R)) ];

%% comment: obtain the average force magnitude and standard deviation during
each palpation procedure of all 14 sensing elements

cc(i)(1:9)=mean(a(i)(S:T));

cce(i)=c(i)-cc(i);

ccc(i)=ccc(i)/K(1);

%% comment: calibration process of all sensing elements by first deducting the
value unloaded, then linear fitting equation is utilized to calibrate the pixel infor-
mation to force information

subplot(4,4,1); plot(ccci)
%% comment: plot outputs of all sensing elements

E.2 CODE FOR FORCE/ANGLE SIMULATION

kf=1;

k1=3.4;

k2=58/62;

k3=1/3;

%% comment: define system parameters based on previous experiment data

for i=1:12
%% comment: same data processing is conducted at all other locations

f(D)=c(1)(:,5);

apha(i)=pi/2;

a(i)=-f(i)/kf*k1*sin(apha(i));
b(i)=-1(1)/kf*k2*sin(3.1415926/3-apha(i));
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d(i)=-f(i)/kf*k3*sin(apha(i)-3.1415926/1.5);
%% comment: simulated voltage outputs of three sensing elements based on the
same force input

RMSE(i)a=sqrt(sum((a(i)-c(i) (:,2))."2)/1603);

RMSE(1)b=sqrt(sum((b(1)-c(1) (:,4)).”2)/1603);

RMSE(i)c=sqrt(sum((d(i)-c(i) (:,3)).*2)/1603);

%% comment: RMSE value between simulated voltage outputs and voltage outputs
during the experiments

accuracy(i)a=100-sqrt(sum((a(i)-c(i) (:,2)).*2)/1603)/max(abs(c(i) (:,2)))*100;
accuracy(i)b=100-sqrt(sum((b(i)-c(i) (:,4)).”2)/1603)/max(abs(c(i) (:,4)))*100;
accuracy(i)c=100-sqrt(sum((d(i)-c(i) (:,3)).”2)/1603)/max(abs(c(i) (:,3)))*100;

%% comment: accuracy data between simulated voltage outputs and voltage outputs
during the experiments

x(i)=mean([RMSE(i)a,RMSE(i)b,RMSE(i)c]);
xaccuracy(i)=mean([accuracy(i)a,accuracy(i)b,accuracy(i)c]);

%% comment: average RMSE value and average accuracy of three sensing elements
at one location

xx=mean([x(1)]);

xxaccuracy=mean([xaccuracy(i));

%% comment: average RMSE value and average accuracy of three sensing elements
at all location

E.3 CODE FOR FORCE/ANGLE OUTPUTS:

kt=1;
k1=3.4;
k2=58/62;
k3=1/3;

%% comment: define system parameters based on previous experiment data

for i=1:12

%% comment: same data processing is conducted at all other locations

vl=c(1)(:,2);

v2=c(i) (:,4);

v3=c(i) (:,3);

%% comment: obtain voltage data from the experiment
f1=2*sqrt(abs((k2.*v1+k1.*¥v2).*(k2.*v1+k1.*v2)-k1*k2.*v1.*v2))/(sqrt(3)*k1*k2);
2=2*sqrt(abs((k2.*v3-k3.*v2).*(k2.*v3-k3.*v2)+k2*k3.*v2.*v3))/(sqrt(3) *k2*k3);
3=2*sqrt(abs((k1.*v3+k3.*v1).*(k1.*v3+k3.*v1)-k1*k3.*v1.*v3))/(sqrt(3)*k1*k3);
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%% comment: force magnitude calculation based on the Equation 5-27

f=(f1+12+1£3)/3;
%% comment: average force magnitude using all three outputs of sensing elements

RMSE=sqrt(sum((f+c(i) (:,5)).72)/1580);

accuracy=100-sqrt(sum((f+c(1) (:,5))."2)/1580)/max(abs(c(i) (:,5)))*100;

%% comment: RMSE and accuracy data between calculated force magnitude based
on sensor outputs and applied force during the experiments

plot(-c(i) (:,5),'LineWidth',2);
xlabel("Smaples','fontsize',30)
ylabel('Force(N)','fontsize',30)
set(gca,'fontsize',30)

hold all

%% comment: plot applied force information

plot(f,'DisplayName','experimental results',"Y DataSource','f"); figure(gcf)
%% comment: plot simulated force magnitude outputs

aphal=180*atan((sqrt(3)*k2.*v1)./(k2.*v1+2*k1.*v2));
apha2=180*atan((sqrt(3)*(k2.*v3-k3.*v2))./(k2.*v3+k3.*v2));
apha3=180*atan((sqrt(3)*k3.*v1)./(k3.*v1+2*k1.*v3));

%% comment: angle calculation based on the Equation 5-26

apha=(aphal+apha2+apha3)/3;
%% comment: average angle output using all three outputs of sensing elements

avapha=mean(apha);

stdapha=std(apha);

%% comment: accuracy and standard deviation between calculated angle based on
sensor outputs and input angle during the experiments and the results are presented
in Section 5.3.4.
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F. FUTURE INTEGRATION

Both tactile probe head and lateral contact sensor are designed with similar diameter
in order to conduct surgeries in MIS, shown in Figure F. 1. However, there are still
some mechanical issues exist for the integration, which are bonding problem between
these two sensors, extra space needed for fibres going through and uniformity of size

(fibres, etc.).

(2) (b)
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(©)

Figure F. 1 Future work on the integration of two axis tactile sensor with tactile

probe head: (a) CAD drawing, (b) side view, (c) assembling view.

On the software side of light intensity detection method, the future schematic design
is shown in Figure F. 2. After modifying the mechanical design, all optical fibres from
both tactile sensors can be placed in a way that a camera can detect all light intensity
in one go. By separating and analysing the light intensity information of the contact
sensor and the array sensor, both lateral and vertical contact forces can be calculated

and displayed.
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Light Source

Figure F. 2 Schematic design of the integration of two axis tactile sensor with tactile

probe head.
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