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Abstract

Minimally Invasive Surgery (MIS) has been limited from its inception by insufficient haptic feedback to

surgeons. The loss of haptic information threatens patient’s safety and results in longer operation times. To

address this problem, various force sensing systems have been developed to provide information about tool–

tissue interaction forces. However, the provided results for axial and grasping forces have been inaccurate in

most of these studies due to considerable amount of error and uncertainty in their force acquisition method.

Furthermore, sterilizability of the sensorized instruments plays a pivotal role in accurate measurement of

forces inside a patient’s body. Nonetheless, none of the force sensing devices described in the literature can

be fully cleaned or sterilized for use inside a patient’s body during a surgery.

The objective of this thesis was to develop a sterilizable needle-driver type grasper using fibre Bragg

gratings. In order to measure more accurate and reliable tool–tissue interaction forces, optical force sensors

were integrated in the grasper jaw to measure axial and grasping forces directly at their exertion point on

the tool tip. Two sets of sensor prototypes were developed to prove the feasibility of the proposed concept.

Implementation of this concept into a needle-driver instrument resulted in the final proposed model of the

sensorized laparoscopic instrument. Fibre Bragg gratings were used for measuring forces due to their many

advantages for this application such as small size, sterilizability and high sensitivity. Visual force feedback

was provided for users based on the acquired real-time force data. Improvement and consideration points

related to the current work were identified and potential areas to continue this project in the future are

discussed.

Keywords: Sterilizable force sensing instrument, minimally invasive surgery; force sensing; fibre

Bragg gratings.
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Chapter 1

Introduction

1.1 Motivation

Minimally Invasive Surgery (MIS) is a modern method of surgery performed via small incisions on a

patient’s body. MIS has been proven to be a desirable alternative to traditional open surgery due to its con-

siderable benefits. The advantages of MIS for patients are less trauma, faster recovery, shorter hospital stay,

better cosmesis and less post-operative pain [1]. However, all of these benefits come at the cost of signifi-

cant difficulties for surgeons during surgical operations. Disadvantages of this method are the complexity

and difficulty of conducting MIS, caused by the challenging removal of bulky organs, the degraded dexter-

ity, the reversal of hand movements and the loss of the sense of touch (diminished haptic feedback). These

drawbacks result in longer operation times, make it difficult for novice surgeons to learn, and cause discom-

fort for expert surgeons [2]. In particular, the lack of kinesthetic and tactile information significantly impairs

the performance of surgeons [3]. For instance, the absence of proper force information makes it difficult

to assess anatomical structures of body organs to detect abnormalities, such as tumours. Excessive force

exertion during MIS can cause tissue trauma and internal bleeding [2, 4]. On the other hand, applying in-

sufficient force can cause needle slippage during suturing and tissue slippage during tissue dissection [2,5].

Therefore, providing information on tool–tissue interaction forces can notably increase patient safety and

make MIS easier for surgeons [6]. In addition, the availability of force information may be used to develop

automated surgical robots and virtual reality simulators for training and skills assessment [3, 5, 7].

1



www.manaraa.com

1.2 Research Objectives 2

1.2 Research Objectives

Over the past few decades, several researchers have investigated sensorization of MIS instruments to pro-

vide tool–tissue interaction force information to users. Although clinical studies to determine what force

information is required in different MIS procedures have yet to be performed, it is recognized that the

main degrees of freedom (DOF) to sensorize are grasping, the three Cartesian forces (axial and the two

lateral forces) and torsion about the instrument axis. However, information on grasping and axial forces

play a pivotal role to make MIS operations easier for surgeons [8]. Grasping force information may be

used for tissue dissection and palpation purposes. For the suturing and knot tying tasks, integrating ax-

ial and grasping force sensors into needle drivers would help surgeons to ensure that knots are tightened

properly, and prevent suture breakage and needle slippage [9]. The specific size constraint of the entry

port for MIS instruments, the trocar, limits the size of the sensors that can be used for this application. In

addition, sterilizability requirements, such as those needed to autoclave sterilization, should be considered

in sensor selection. Furthermore, the location of the sensors on the instrument affects the authenticity of

the measured force information. The internal friction inside the instruments, friction between the tool and

the trocar, and forces and torques generated by the surrounding organs and the abdominal wall affect any

force measurement outside of the trocar. Any force measurement acquired from outside of a patient’s body

is an inaccurate indicator of the real tool–tissue interaction forces. As a result, integrating force sensors on

the tool tip is necessary to achieve the most accurate results. However, size constraints on the instrument

tip make the fabrication process of the instrument very complex and challenging. By taking into account

the aforementioned issues, the objectives of this thesis are as follows:

• To design and develop a sterilizable laparoscopic grasper capable of measuring axial and grasping

forces at the tool tip.

• To use optical fibre force sensors for the instrument sensorization due to their high sensitivity, small

size and sterilizability.

• To test the developed prototypes in order to evaluate their performance in providing accurate force

information and to identify areas of improvement and points of consideration regarding the concept

of direct force measurement.
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• To develop a user-friendly interface for sensor calibration and performance assessment.

• To implement the novel direct force sensing concept into a complete laparoscopic instrument.

1.3 Scope of Research

Current research projects at Canadian Surgical Technologies and Advanced Robotics (CSTAR) are scru-

tinizing the importance of presence of haptic feedback in surgical operations. It has been identified that

providing tool–tissue interaction forces notably enhances surgeons’ performance during MIS operations.

Moreover, the acquired force information is used to develop surgical simulators and skill assessment met-

rics. This thesis however investigates the possibility of acquiring grasping and axial force information

at their exertion point. The specific focus of this thesis is on mechanically development of a sensorized

laparoscopic needle-driver to provide real-time grasping and axial force information. In this work, de-

sign and fabrication limitations regarding the integration of force sensors inside a restricted needle-driver

grasper have been studied and solved. In previous projects conducted in CSTAR, laparoscopic instruments

were sensorized using strain gauge sensors [8]. However, implementation of strain gauges on the tool tip

was not possible due to their bulky size. As a result, this thesis investigates the development process for a

5-DOF laparoscopic needle-driver equipped with Fibre Bragg Grating (FBG) sensors. Although this work

relies on literature that providing force information on axial and grasping directions is of a great importance

for surgeons [8], upon the completion of this instrument further trials could be conducted to elaborate the

impact of the presence of this information on surgeons’ performance.

1.4 Overview of the Thesis

The structure of this thesis is summarized in the outline below:

Chapter 1 Introduction: The introductory chapter.

Chapter 2 Literature Review: Introduces the state-of-the-art in sensorized laparoscopic instruments and

background work on optical fibre-based sensing systems.
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Chapter 3 First Generation of Sensing Prototype: Presents the mechanical development of the first partial

prototype and its performance evaluation, as well as calibration process.

Chapter 4 Second Generation of Sensing Prototype: Presents the mechanical development of the second

partial prototype and its performance evaluation, as well as calibration process.

Chapter 5 Final Generation of Sensing Prototype: Presents the mechanical modeling of the final 5-DOF

instrument.

Chapter 6 Concluding Remarks: Highlights the contributions of this work and the expected developments

and modifications as future work.

Appendix I CAD Modeling and Evaluated Design Concepts

Appendix II Permissions and Approvals
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Chapter 2

Literature Review

2.1 Introduction

Since the dawn of surgical operations, bleeding, infection and pain have been an inevitable part of every

surgical procedure. Conventional open surgery requires a large incision to provide enough space for the

surgery to take place. Large wounds that result from open surgery cause a great deal of post-operative pain

and longer healing time for the patients. Furthermore, there is a greater possibility of infection caused by

the exposure of the internal organs and tissue to the surrounding air [10].

In recent decades, new surgical techniques have been developed to address these issues and to decrease

the side-effects of surgical operations. The focus of the new generation of surgeries has been to reduce

the size and number of incisions made on a patient’s body [11]. Hence, Minimally Invasive Surgery (MIS)

has been introduced as a method of accessing internal body organs through several small incisions, Figure

2.1. In general, 3 to 5 small incisions (5 or 10 mm diameter), based on the nature of the surgery, are

made on a patient’s body and long slender surgical instruments are used to conduct surgical operations. An

endoscopic camera is inserted through one of the openings to provide visual feedback from the operative

site inside the patient’s body. The resulting images are displayed to surgeons on monitors in operating

rooms. In this method, surgical tools such as laparoscopic instruments are used for dissecting, grasping and

cutting tissues to access internal features and organs and to diagnose diseases [12].

MIS has been accepted as a favorable alternative to open surgery for most types of surgeries [1]. Due

to the smaller incisions, this method reduces the infection rate and decreases blood loss during surgery.

5
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Figure 2.1: MIS incisions made by PSS (Percutaneous Surgical Set) vs. Open surgery (used with permis-
sion) [11]

Moreover, patients experience less postoperative pain, faster healing time and better cosmesis. While MIS

has all of these advantages, it also faces several obstacles that have affected MIS from its infancy, such as

longer operating times, difficulty in removing bulky organs, reduction in dexterity, reversal of hand motion,

steep learning curves for novice surgeons, and reduced haptic feedback [2, 4, 13]. Haptics is the sense of

touch, which helps surgeons to feel the body organs and tissue they are operating on and to determine

their features. From a scientific point of view, haptics has three main components: kinesthetic, tactile and

proprioception. The two main categories that help surgeons in effectively performing a conventional surgery

are the ability to sense force and position using muscle receptors (kinesthetic) and the ability of the human

skin to recognize the shapes and textures of touched objects (tactile). The absence of sufficient tactile and

kinesthetic information in MIS significantly affects the efficiency and performance of surgeons [14]. In

open surgery, surgeons identify the abnormalities of tissue based on the sensed stiffness differences. For

instance, they can localize and extract a tumor buried under the tissue surface by palpating it [15]. However,

due to the absence of tactile sensation in MIS, it is no longer possible to feel the hardness or stiffness of

tissues or to evaluate anatomical structures such as nerves, vessels, and ducts. Furthermore, applying

excessive amounts of force in MIS can cause tissue trauma. In contrast, insufficient force exertion leads to

needle slippage during grasping, loose knots and the inability to perform specific tasks such as driving a

needle during suturing [2, 16]. Consequently, laparoscopic suturing demands complex surgical techniques
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and longer operating times compared to open procedures [5]. Therefore, providing haptic feedback in an

MIS suturing task may significantly impact needle grasp control and patient safety [6, 17].

Additionally, the lack of proper haptic feedback is a significant barrier to develop surgical robots and

telerobotic technologies. Providing force information about tool–tissue interaction is necessary to prevent

potential damage in a robotic master–slave surgery and it is essential for successfully conducting tasks such

as tissue manipulation, retraction, and dissection. Apart from surgical applications, force information can

be used to develop virtual reality simulators for training and skills assessment purposes [3, 5, 7].

2.2 Force Sensing in MIS

In the last few years, researchers have tried to address the haptic deficiency problem by implementing force

sensors into surgical instruments [18, 19]. In a work by Trejos et al., a sensorized instrument capable of

measuring force and torque in 5 degrees of freedom (DOF) was developed for MIS, as is shown in Figure

2.2 (a). The developed instrument is able to track the position in 6-DOF using an electromagnetic tracking

system. Additionally, it provides all of the acquired force and position information to users through a

computer user-interface. The provided information was used for training purposes and to evaluate the skill

level of novice surgeons [20–22]. In [23], a 6-DOF force/torque sensor was developed for acquiring force

and torque data in minimally invasive robotic surgery applications. This sensor is suitable for measuring

forces in cable driven manipulators such as daVinci master–slave robot, as it is illustrated in Figure 2.2 (b).

A miniaturized 6-DOF optical force/torque sensor was also presented in [24], as shown in Figure 2.2 (c). A

theoretical model of this sensor was developed to study its usability in MIS applications. Yurkewich et al.

designed a low-cost arthroscopic grasper, which is capable of measuring axial and bending forces on the

instrument shaft and the grasping force at the instrument handle. Fibre optic sensors were used for sensor

development due to their high sensitivity and ease of installation [13,25]. As depicted in Figures 2.2 (d) and

(e), multiple work have done in developing force-sensing instruments for retinal surgery applications [26–

30]. For example, a 2-DOF force sensing micro-forceps was developed for robot assisted retinal surgery

by Kuru et al.. This instrument measures applied forces on the retina directly at the tool tip. Therefore,

it aims to prevent the exertion of excessive forces on the retina and its potential damages [26]. A 3-DOF

force sensing micro-forceps obtains lateral and axial force information at the distal end of the instrument
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developed in [28], as depicted in Figure 2.2 (e). Figure 2.2 (f) illustrates a 3-DOF force sensor, which was

designed and developed in [31] for tissue palpation in MIS. This sensor is capable of identifying tissue

stiffness variations in the axial and radial directions. This Magnetic Resonance Imaging (MRI) compatible

instrument is used to localize relatively stiff tissue lesions such as tumors. Peirs et al., has equipped a

laparoscopic needle-driver with strain gauges in order to record exerted forces in an in-vivo test, as shown

in Figure 2.2 (g). An optical version of the sensor was developed to acquire force data in axial and radial

directions. The developed sensor was planned to be mounted on a laparoscopic robot to provide force

feedback [32]. In [33], a multi-axial contact force sensor was proposed for robotic surgery graspers. The

capacitive sensor is able to measure normal and shear forces exerted on a grasping plate in 3-DOF, as shown

in Figure 2.2 (h).

Although, various work aimed to measure forces in different DOFs, consideration must be given to

determine what force information can best meet the clinical applications requirements of the designed

instrument.

2.3 Required Force Information in MIS

Several factors determine the required force information in MIS. First, different force information is needed

based on the type of surgical tasks being conducted [9]. For instance, providing grasping force information

in needle-based tasks is necessary to prevent needle slippage. Likewise, axial force information is needed

in a knot tying task to ensure tight knots [8]. Similarly, palpation and other identical tasks require force

information in different directions to help users in identifying tissue properties and stiffness differences

[34–36]. Therefore, the requirements of force information in MIS are very much task dependent.

Second, the type of the MIS surgery, i.e. robotic or laparoscopic, determines the need for providing

force information in different DOFs. In a work by Bholt et al., it was indicated that although the haptic

feedback in laparoscopic surgery is altered, it is not completely eliminated [37]. Although the existing

sense of touch in laparoscopic instruments is not the exact indicator of tool–tissue interaction forces, it is

still helpful enough to conduct some tasks [38]. In contrast, there is absolutely no sense of touch in robotic

master–slave surgery. Therefore, incorporating haptic feedback technologies into surgical robotic systems

can significantly influence the performance and efficiency of users [39].
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 2.2: a) A 5-DOF sensorized laparoscopic needle-driver [22]; b) A 6-DOF force/torque sensor for
minimally invasive robotic surgery [23]; c) A miniaturized 6-DOF optical force/torque sensor
[24]; d) A force-sensing instrument for retinal surgery [27]; e) A 3-DOF force sensing micro-
forceps [28]; f) A 3-DOF force sensor for tissue palpation [19]; g) A laparoscopic needle-
driver sensorized using strain gauges [32]; h) A 3-DOF capacitive force sensor for surgical
graspers [33] (used with permission).
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As it is discussed in [40], 6 out of 15 subjects claimed that they performed better with a conventional

laparoscopic instrument rather than the developed sensorized instrument and only 40% of the operators

found the developed sensorized laparoscopic instrument in this work more efficient. Likewise, in a study

by Delft Institute of Technology, more than 70% of investigated laparoscopic surgeons have indicated the

need for providing haptic feedback for the sake of surgical performance improvement [41]. Thus, the

effectiveness of the provided force feedback varies for different subjects.

In conclusion, different surgeries and different tasks require force feedback in various directions. The

instruments and devices used determine the users’ need for different force data. Moreover, providing haptic

information in surgical operations does not essentially improve the performance of all operators.

After assessing the need to measure force information in MIS, it is important to determine what is the

best location on the instrument to locate force sensors. Measuring tool–tissue interaction forces inside of

a patient’s body is more challenging and at the same time more accurate compared to force measurements

conducted outside of a patient’s body. Therefore, the next section outlines the advantages and disadvantages

of measuring forces on different locations on an instrument.

2.3.1 The sensor location

Placement of force sensors in proper locations on the instrument has a pivotal role in increasing mea-

surement accuracy. In a laparoscopic surgery, casual interactions of surgical instruments with the surgical

environment affect the haptic perception of operators. As illustrated in Figure 2.3, the forces acting on MIS

instruments result from the interactions of the tool with the abdominal wall, the trocar, and the organs [38].

For this reason, the perceived haptic sensation at the handle of the instrument is an inaccurate indicator

of the real tool–tissue interaction forces. The work presented in [42] indicates that the average values of

forces sensed at an instrument handle are approximately 4 times greater than their actual value at the tool

tip. The magnitude of kinetic friction in different trocars has been studied in [38,43]. Results show that the

amount of friction can exceed 3 N in some trocars and that it depends on both the movement velocity and

the movement direction of the utilized instrument. In addition, torque values of up to 0.7 Nm are generated

in instruments as a result of interactions between the trocar and the abdominal wall while tilting the surgical

instrument [4, 38, 43].

The internal friction in an instrument’s mechanism considerably affects the amount of haptic feedback
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Figure 2.3: Forces acting on minimally invasive instruments (used with permission) [4].

experienced by users. According to [44–46], the average efficiency of force transfer for commercialized

laparoscopic instruments is 33% while it can considerably be different for various instruments, as presented

in Table 2.1. Therefore, an instrument with a low-friction actuation system, e.g. a roller link mechanism,

can transfer more realistic haptic feedback to an operator’s hands [47]. Furthermore, in most surgical

instruments, driving cables or rods are responsible for opening and closing the grasper by transferring

actuation forces from the handle of the instrument to its jaws. Grasping forces not only cause tension in

these cables/rods but also cause lateral forces at the jaw joint. These lateral forces are dependent on the

location and surface properties (coefficient of friction) of the grasped objects. The axial portion of these

undesired forces impairs any axial force measurement conducted on the instrument shaft. As a consequence

of these two issues, decoupling the acquired axial forces on the instrument shaft from the exerted grasping

forces on the instrument jaws is not possible.
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Considering the effects of the aforementioned factors that affect force measurements, it is important to

place force sensors at the most proper location on the instrument. To determine the best location, researchers

have measured grasping forces on different locations on surgical dissectors. In [13, 48], the force sensor

was located at the handle of the instrument in order to acquire grasping force data outside of the patient

body; whereas [4, 49] incorporated force sensors on the instrument shaft to measure forces inside of the

body. In addition, some studies focused on measuring grasping forces at the tool tip in order to achieve

more accurate measurements [19, 33, 50–60]. In order to obtain desired force information, the pros and

cons of placing force sensors on different locations should be studied. The advantages and drawbacks of

measuring forces outside of a patient’s body include:

• Sterilization is not necessary.

• There is no size constraint.

• Measurements are affected by friction at the insertion point (trocar) and the internal friction of the

mechanism.

• The created torque due to the trocar–abdominal wall interactions impair the accuracy of the acquired

torque data on the shaft outside of the entry port.

• The obtained force information is not the exact indicator of the tool–tissue interaction forces or the

grasping force.

On the other hand, force measurement on the instrument shaft after the entry port (inside a patient’s body)

comes with its own pros and cons as listed here:

• Kinesthetic force information at the instrument tip is correctly measurable.

• The sensor must be sterilizable and cleanable.

• Since the size of the instrument is limited to the size of the trocar, the sensor should comply with the

same size restrictions.

Table 2.1: Average mechanical efficiency (ME) of four commercialized laparoscopic instruments

Instrument Wilmerr 5-mm reusable 10-mm reusable 5-mm disposable
ME 96% 33% 28% 8%
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• Measurements are affected by the internal friction in the instrument mechanism.

• Adapting the sensor to a non-planar tool shape is possible.

• Applied forces on the tool tip affect the measured force information on the instrument shaft. Conse-

quently, decoupling is required for all DOFs.

• Inertial and actuation forces generated by the actuation cables or rods impair sensor measurements.

Similarly, locating force sensors on the tip of the instrument has its own challenges and benefits, as follows:

• Both kinesthetic and tactile force information are obtainable.

• Mechanism internal friction or other disturbance forces do not affect the acquired information.

• The sensor size needs to be miniaturized with respect to the grasper dimension.

• Shape and geometry of the instrument should be considered in designing the sensor.

• More complicated fabrication process is needed for building the sensor.

• The sensor must be sterilizable and cleanable.

In order to obtain the most accurate and realistic data, the literature has suggested placement of force

sensors as close as possible to the exertion point of actual forces. Based on this assumption, the most ideal

location for force measurement in MIS is the tip of the instrument [56, 61–63].

2.3.2 Essential force directions in MIS

The requisite for force information in different DOFs depends on several factors including the surgical task,

the type of the instrument, and personal preferences of users. Considering different mechanical designs for

surgical instruments, further force/torque information might be required to decouple the measured forces.

For instance, in an ideal case, the bending sensor should have been isolated from effects of torsion; whereas

applying toque during a needle driving task affects bending measurements notably [20]. Therefore, it

is important to have access to all of the required force data in order to decouple the obtained forces in

different DOFs.
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In general, providing force/torque information in 7-DOF is sufficient for most laparoscopic operations.

7-DOFs include information on three orthogonal forces, three orthogonal moments and actuation force

at the grasper [20]. However, in some publications 6 or even less DOFs have been considered sufficient

[4, 13, 32, 61]. Depending on the task, the required force information may vary. For instance, grasping

information is required in gripping and cutting tissues. Axial force information is needed for preventing

stitch breakage while tightening the knot or for palpation purposes. Torque and bending moments are

needed when driving a needle for suturing purposes. Finally, all force and torque data could be used for

skills assessment and training purposes. Thus, force and torque data in 5-DOF— three orthogonal forces,

torsion and actuation force at the grasper— can satisfy force requirements of all of these tasks [4]. It is

possible to theoretically calculate lateral forces from the obtained bending moments by taking into account

the distance between the force sensor and the location of the exerted forces. The following four sections

present the literature on the 5-DOF force and torque measurements.

2.3.2.1 Grasping force sensing in MIS

Measurement of grasping forces on any location rather than tool tip comes with a considerable amount of

error due to the presence of disturbance variables such as inertia, internal friction, backlash and gravity.

In contrast, the direct measurement of exerted forces at the tool tip reduces the influence of these error

sources. Therefore, many researchers have integrated force sensors at the tip of surgical instruments in

order to improve sensing accuracy. Hong et al., designed a 2-DOF compliant forceps with circular flexure

hinges capable of measuring pulling and grasping forces at the instrument tip. A half Wheatstone bridge,

type II, was formed by locating two strain gauges on the top and bottom surfaces of the jaw hinges of the

instrument for measuring the exerted forces. Bending strain generated at the hinges was measured using

sensors mounted on the tool. Measured strain values were implemented in screw-based Jacobian theory

to calculate the pulling and grasping forces. A Finite Element Analysis (FEA) method was employed to

validate the proposed design concept. The conclusion was that locating the force sensor on the tool tip

enabled more precise measurement of applied forces [64].

In [59, 65] piezoresistive force sensors were integrated into the jaws of an MIS instrument to measure

the exerted forces. The overall appearance and functionality of the designed instruments are quite different

compared to conventional laparoscopic tools, calling into question their practical usage. King et al. has
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developed a multielement tactile feedback system, which can be mounted onto the grasping manipulators

of the daVinci surgical robot. The designed system transfers grip force information from the robot end

effector to a surgeon’s hands. They showed that the developed system is capable of transferring static or

dynamic force distribution applied at the grasper to the fingers of the operators [59]. Similarly, in a work by

Vakili et al., a paper-thin piezoresistive force sensor was integrated on one of grasper jaws at the instrument

tip to minimize the risk of tissue trauma during dissecting tasks. The jaws of the grasper were designed in

a parallel structure in order to facilitate gripping of tissues and distributing exerted forces equally all over

the surface of grasper jaws [65].

A Polyvinylidene fluoride (PVDF)-based tactile sensor capable of measuring the magnitude of forces

and their position on the grasper surface was designed and developed by Qasaimeh et al. [66]. The micro-

fabricated sensor has a corrugated shape, which prevents slippage during grasping, handling, twisting, and

lifting soft slippery tissues.

Capacitive sensors are used in some studies to develop multi-axis force-sensing forceps for MIS; how-

ever, their ability to withstand sterilization has not been presented. In [67], a 4-DOF force sensor was de-

signed and fabricated. By utilizing capacitive transducers, the sensor was able to measure 3 DOFs pulling

forces and 1 DOF grasping force at the instrument tip. The fabricated sensor was mounted on the Raven

II surgical platform for test experiments. The obtained results show that the RMS errors are around 0.1

N. Moreover, the sensor has shown good repeatability and low hysteresis throughout the experiments. In a

similar work by Lee et al., a new film-like capacitive-type sensor was used to measure 2-DOFs shear forces

and a single DOF normal force on the jaws of the forceps. The prototyped sensor is adoptable based on

the shape and functionality of the utilized surgical grasper. It is concluded that a more delicate fabrication

process will improve the sensitivity of the sensor and the accuracy of the acquired data [68].

Due to their small size and high sensitivity, optical fibre-based sensors have recently been investigated

for measuring grasping forces on the tip of surgical instruments. As presented in [53], a soft material tactile

array was designed and 3D printed for a surgical grasper. A multi-core optic fibre cable was located at

the end of the flexible material to capture light intensity changes caused by the exerted forces onto the

soft material channel and to send it back to an optical interrogator. The deformable silicone channel was

designed based on the Bernoulli pipe structure to increase the sensitivity of the system through diameter

differences at the input and output of the channel. In order to simplify the manufacturing complex, they
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have employed rapid fabrication methods such as 3D printing and soft material casting. Although the sensor

is adaptable to different MIS instruments, the force measurement range of the sensor is limited to 0 to 1.622

N. In a similar work by Callaghan et al., FBG sensors were mounted on the upper surface of laparoscopic

scissor blades to measure friction and cutting forces between scissor blades. The optical sensor is capable

of measuring strain changes caused by applied forces on the grasper. In this work, it is assumed that all

the exerted loads to the sensorized blades are either lateral loads or direct loads. Based on this assumption,

basic equations of beam theory were implemented to decouple these forces theoretically. Moreover, the

author studied the effect of exerting forces with an offset with respect to the neutral axis of the blades. It is

indicated that there is no distinguishable error in assuming concentric (not eccentric) loads on blades. As a

result, implementation of the basic beam theory, with respect to the assumption that all forces are applied at

the neutral axis of the blades, is reasonable. The average resolution of the designed sensor is 0.5 N over a 30

N load range. In addition, an evaluation platform was designed and developed for sensor characterization

purposes [55]. The strain gauge-based test-bed was utilized to validate measured force information by the

FBG sensor and to provide real-time force feedback. Obtained force information from the test-bed were

compared to a theoretical analysis for decoupling recorded forces. Subsequently, it is demonstrated that

there is a close correlation between forces measured directly by the FBG and forces acquired from a load

cell on the test-bed [54–57]. In [51,52], an MRI-compatible optical fibre-based tactile sensor was developed

and fabricated for minimally invasive robotic surgery. The sensor is capable of measuring both static and

dynamic loads and it consists of a moving part. The moving part of the sensor is a beam shape structure

that behaves with respect to the Euler/Bernoulli beam theory. The sensor measures deflection of this beam

in three points along the jaw. In order to provide this unique measurement characteristic along the beam,

three optical fibres with single FBGs were embedded inside the surgical jaw. One side of the optical fibres

was fixed to the support material, while the other side was connected to a laser light source. Eventually, a

prototype of the sensor was manufactured to prove the feasibility of the concept to provide force feedback

for MIS graspers. Both the theoretical model of the sensor and its FEA were studied to validate acquired

force information. Results of the study illustrate that the sensor shows linear behavior in the range of 0 – 4

N. Moreover, the delicate design of the sensor makes implementation of this concept in miniature surgical

graspers possible through a microfabrication processes. Furthermore, the size and the material of the sensor

beam can be altered based on the use of the sensor in different surgical instruments. Besides, the resolution
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of the sensor in characterizing discrete force distribution can be tuned based on the required information

for different tasks.

2.3.2.2 Axial force sensing in MIS

Fundamentally, force sensors rely on measuring micro deflections in components created by applied loads.

Hence, the ability of sensors to measure these deformations not only depends on their sensitivity, but also on

the flexibility and deformability of the structure onto which they are integrated. For instance, in a work by

Trejos et al., strain gauges were integrated into the shaft of a surgical instrument to measure strain generated

in the shaft by axial forces [22]. Since the obtained results in the axial direction for the first prototype of

this sensor were unsatisfactory, they developed a novel structural element for the second generation of the

device which deforms when exposed to external axial loads. Moreover, two holes were drilled through the

instrument shaft in order to locally increase the generated axial strain. Strain gauge-based force sensors

were located on the structural element to measure strain values created by axial forces. To maximize the

signal to noise ratio, strain gauges were connected in a Type III full-bridge configuration. It is mentioned

that opening and closing the grasping actuator generates tension in the inner shaft, which disturbs the axial

measurements. Consequently, it was not possible to decouple the axial force sensor and the grasping sensor.

As expected, the study showed that there is a trade-off between the rigidity of the flexible structure and its

ability to adequately deflect for measuring axial forces. Therefore, it is important to keep the balance

between these two terms in order to achieve the best outcome.

In the study presented in [69], a 3-axis distal force sensor was developed for tissue palpation in MIS.

The system is capable of measuring all three orthogonal forces acting on the tip of the instrument. In this

design, strain gauges were located on a flexible tripod design to differentiate strain values generated by

external loads in different directions. Subsequently, optimization methods were implemented to obtain the

best balance between maximizing the sensitivity of the flexible structure and its stiffness. The flexible tripod

structure consisted of lower and upper platforms connected through three cross beams. Both applied axial

and radial forces cause deformation in the tripod structure. However, it is assumed that the generated axial

deformation dominated the structural motions and therefore the influence of radial forces was neglected.

In addition, this paper discussed three main types of flexible structures including: the tubular structure, the

cross beam structure and the Stewart platform. The tubular structure did not provide high sensitivity in
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the axial direction. On the other hand, the cross beam structure offered good sensitivity and high stiffness.

However, it required a complex fabrication process of its hollow section. Similarly, the Stewart platform

also required a complex manufacturing process. Nevertheless, it had many advantages to offer such as high

sensitivity, high stiffness, scalability and adaptability. The developed tripod in this work was a modification

of the cross beam structure, which is able to provide axial force information in a range of ± 3.0 N and

radial force data in a range of ± 1.5 N.

In [70], a 3 axis FBG-based force sensor was developed to measure lateral and axial forces in MIS. A

tubular structure was chosen for the flexible part of the sensor to provide sufficient room for the axial sensor

placement in the center of the instrument shaft. This configuration maximizes the decoupling of axial and

transverse forces by isolating the central sensor from the disturbing strain caused by the transverse forces.

Additionally, three FBG sensors were symmetrically attached on the instrument shaft to measure transverse

forces exerted on the tool tip. Moreover, He et al. studied and analyzed three flexure structures that are able

to increase sensor sensitivity for the axial force measurement. Structures with V-shape struts, multilayer

parallel slots, and spring-shaped designs all showed promising results in terms of increasing axial force

sensitivity. However, safety concerns related to the structural failure, as well as fabrication complexity,

need to be considered in different applications and designs. Furthermore, the effects of different materials

(with different stiffness) in increasing the sensitivity of the axial force sensor was studied. The superelastic

Nitinol (with 41 GPa Young’s module) was chosen as the most appropriate material among other candidates,

such as stainless steel and titanium. Nitinol is a metal alloy of nickel and titanium that offers an acceptable

amount of elasticity in addition to its precise cutting manufacturability through micromachining. In this

work, temperature compensation of FBG sensors was considered and FEA methods were implemented

to study the safety of the design concepts within their working load range. Furthermore, an automated

calibration and evaluation system was developed for the sensor validation and repeatability testing. In an

other similar work, a spring shape-based structure was used by Yang et al. for the design of a miniature

force-sensing catheter [71]. The force-deformation transferring component showed promising results in

providing force information in the range of 0.2 – 1.0 N. In order to protect the internal structure of the

sensor, a protective layer was bonded over the force-deformation transferring component. Nonetheless,

potential safety concerns related to structure failure caused by excessive force exertion on the instrument

has not been considered [71].
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In [13, 31, 72–77] the feasibility of increasing axial sensitivity by creating a flexure segment in the

instrument shaft was studied and demonstrated. However, the disruptive influence of grasping forces on the

axial measurement has not been considered in any of these studies.

Peirs et al., has designed and prototyped a sensorized needle driver that measures strain in the axial

and radial directions. The proposed sensor has force measurement ranges of 0 – 2.5 N and 0 – 1.7 N for

axial and radial directions, respectively. The instrument has been equipped with optical fibres capable of

providing 0.01 N resolution. The three sensors were mounted on the instrument shaft at 120◦ from each

other. Thanks to this arrangement, all three fibres experience an identical amount of strain caused by axial

forces; whereas, radial forces and bending moments generate unidentical strain values over these three FBG

sensors. Titanium alloy was chosen for manufacturing the sensor due to its many advantages such as: good

corrosion and shock resistance, biocompatibility, sterilizability, high fatigue resistance, high stiffness, and

low Young’s module (for increasing sensor sensitivity) [32].

2.3.2.3 Lateral forces and bending moment sensing in MIS

Applying lateral forces at the tip of an instrument creates bending moments in its shaft. Generated bending

stress on the cross section of the instrument is proportional to the acting forces on the tool tip in the

transverse plane (perpendicular to the tool shaft) and the distance from the tip to where the stress is being

measured, Equation 2.1 [78].

σ =
y

R
σmax =

My

I
=
FLy

I
(2.1)

where y is the distance from the surface to the neutral axis, R is the bending radius, I is the moment of

inertia of the shaft cross section, M is the moment at the tip, L is the distance of the strain measurement

location from the tip and F is the applied transverse forces on the tool tip. These bending moments create

strain on force sensors. In order to calculate the strain measured by force sensors, the previous formula can

be modified based on Hooke’s elasticity law [78]:

ε =
σ

E
=
FLy

IE
(2.2)

in which E is the modulus of elasticity of the material of the shaft. Different force sensors provide various

outcomes as a result of bending strain acting on them. For instance, FBG optical sensors display wavelength
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shift when experiencing strain over their grating segments. Strain values acting on the instrument shaft

have three main components: The strain caused by bending and lateral forces, the strain caused by applied

torques at the tip and the strain caused because of the temperature gradient. Therefore, decoupling methods

should be implemented for isolating effects of the other perturbing sources, as it is in Equation 2.3 [70]:

∆λ = Kεε+Kt∆t+Gϕ (2.3)

where Kε is the bulk modulus for the generated strain (ε), Kt is the bulk modulus for temperature variation

(∆t), G is the shear modulus and ϕ is the angle of twist from its equilibrium position. Based on this theory,

several researchers have integrated force sensors along the instrument shaft to measure bending and lateral

forces. For example, He et al. designed, fabricated and calibrated a 2-DOF force sensing micro-forceps for

vitreoretinal surgery. In this work, three FBG sensors were placed into the distal portion of the tool shaft

with a symmetric arrangement of 120◦ around the shaft. This sensor is capable of providing 0.25 mN of

force resolution in its lateral directions. In a similar work, they modified the design and developed a 3-DOF

instrument with the same lateral measurement concept. Although the effect of torsion was not considered

in decoupling measurements, temperature compensation was computed using following equation [27, 70]:

∆λi = ∆λi − k
1

3

3∑
i=1

∆λi (2.4)

where ∆λi is the wavelength shift induced by the temperature change in every FBG and k is the slope

of the linear dependence between the temperature gradient and the wavelength change. In other similar

studies, FBG sensors were symmetrically mounted around surgical instrument shafts to sense the transverse

loads [13,26,28–30]. A similar concept was implemented using strain gauge sensors in [8] by mounting two

sets of strain gauge sensors in a half bridge Type II configuration on opposite sides of a surgical dissector

shaft. The undesired effects of axial forces on transverse force measurements were neglected thanks to the

unique configuration of strain gauges in this design [4].
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2.3.2.4 Torsion sensing in MIS

Providing torque information is very important for conducting specific MIS tasks such as needle driving.

Various studies have developed specific force feedback systems to address this issue. One example of this is

the Stewart Platform, which has been used in [23,24,61] to acquire torque information. The sensor consists

of two plates connected by six links (legs). Considering its unique arrangement, the sensor is capable

of providing 6-DOF force/torque information including torsion. Advantages of this design include the

miniature size of the sensor (scalability) and the adaptable properties of the sensor for different instruments.

On the other hand, problems with this design are sensor fabrication complexity, nonlinear behavior of the

structure in specific loading cycles and temperature fluctuation impact on sensor measurements (need for

temperature compensation).

In theory, the amount of created torque in a shaft can be calculated by using the Equation 2.5 in which

J is the polar moment of inertia of the cross-section of the shaft, r is the shaft radius , T is the applied

torque and τ is shear stress [78].

τ =
T.r

J
(2.5)

The generated shear stress produces strain in measuring elements at 45◦ angles with respect to the tool

shaft. As a result, torsion sensing elements have been mounted on the instrument shaft at± 45◦ in [79–81].

In [82], two symmetrical planes at ± 45◦ angles have been machined on the instrument shaft. Two

parallel FBGs were bonded on these engraved planes to detect torsional deflections. The sensing system

provided high torsion sensitivity and low temperature sensitivity. In this work, FEA has implemented to

verify feasibility, rationality and safety of the shaft design. In a similar work by Tian et al., the feasibility

of measuring torsion by installing force sensors on the tool shaft in a helical arrangement was proven. In

addition, the optimized helical angle for the sensor was determined to be 45◦, at which the highest sensi-

tivity and the lowest percentage of errors were obtained [83]. Simultaneous torsion and force measurement

was possible by twisting FBG sensors in a helical pattern. Moreover, different configurations can be im-

plemented due to the possibility of integrating various gratings in one optical fibre. Furthermore, helically

wrapped FBG sensors are capable of providing both the amplitude and direction of the exerted torsion on

the instrument [84]. In [85], a helical FBG-based torsion sensor was developed. The effect of the direc-

tion in which the FBG is twisted was assessed with respect to the functionality of the optical sensor, and
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it was demonstrated that clockwise or counterclockwise twisting patterns can create completely different

optical responses. In a similar work, Ryu et al. implemented helical configurated FBG sensors on an in-

strument shaft to measure shape and curvature changes [86]. FBG-based optical sensors were embedded

in small-diameter tools at 120◦ symmetric angles. In this study, the created strain in each of FBG sensors

in this work, considering effects of applied moments and temperature, were calculated using the following

equations:

ε1 = η.{εmax.sin(α) + εa}+ εt

ε2 = η.{εmax.sin(α+ 120◦) + εa}+ εt

ε3 = η.{εmax.sin(α+ 240◦) + εa}+ εt

(2.6)

where η , εa , εmax , α and εt are strain transfer ratio from the surface to the fibres, the axial strain caused by

the applied moments, the maximum bending strain in the tube, the angle of rotation and the thermal strain,

respectively. Likewise, in a paper by Xu et al., a high precision and high resolution sensing technology

capable of measuring both torque and lateral forces in a continuum tube was studied. FBG optical fibres

were engraved in Nitinol tubes in a helical pattern. The importance of considering the bending radius of

the utilized optical fibres in order to prevent fibre damage was explained in this work [87]. In addition,

Equation 2.7 was used to calculate the required amount of pitch (h) for the design of a 3D helical path, by

considering that the bending radius of the fibres (b) should be larger than the specified minimum bending

radius.

b = (r2 + (h/2π)2)/r (2.7)

It is shown that the sensitivity of the sensor can be altered by changing the pitch amount of the helix.

2.4 Force Sensing Technologies in MIS

In the last few years, various force sensing technologies have been developed to provide haptic information

for MIS. Fabrication constraints and the working environment of different sensors require different sensing

technologies. The state of the art in different sensing systems and their application as well as their pros and

cons are discussed in the following sections.
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2.4.1 Strain gauges

Strain Gauges (SG) are the most common force sensing technology available. They work by measuring me-

chanical strain generated by applied forces. Integrating SGs in special structures or specific configurations

is necessary for multi-axis measurements. Strain gauges have been successfully implemented in medical ap-

plications thanks to their low cost, adequate sensitivity, proper sensing range and small size [21,24,88–90].

Moreover, these sensors have been widely used in various applications for a long time and therefore they

are known as the most well established product in the force sensing field. For instance, the ATI multi-axis

force/toque sensor system is a commercially available sensor that uses silicon strain gauges to sense forces.

Considering ATI’s capability for measuring all six components of force and torque, it has been used in sev-

eral medical applications and sensorizing laparoscopic instruments [91, 92]. However, the sensor’s bulky

size compared to a surgical instrument limits its application in specific circumstances. For example, it is

not possible to locate the ATI sensor close to the tool tip where the actual forces are applied. Therefore,

despite the high resolution (0.03 N) of actual ATI sensor, the acquired force measurements in the mentioned

studies, come with a significant amount of error (30 % of the actual values) [91].

According to the literature, drawbacks of strain gauge sensors limit their application in MIS. These

drawbacks include their high susceptibility to humidity, temperature changes and electromagnetic noise,

which cause high hysteresis and drift in these sensors. Hence, Wheatstone bridge configurations of SG

are used by researchers to address these limitations. Moreover, another considerable problem with these

sensors is their non-linear response after being overloaded due to their inability to quickly recover [4, 19,

88–90, 93, 94].

2.4.2 Capacitive Sensors

The working principle of capacitive sensors is based on capacitive couplings to measure displacements

caused by applied forces. Two conductive plates and a dielectric material between them are the main

components of these types of sensors. The capacitance of these sensors can be calculated by Equation 2.8.

C =
Aε0εr
d

(2.8)
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where C is the capacitance, A is the overlapping area of the two plates, ε0 is the relative permittivity of free

space, εr is the relative permittivity of the dielectric material and d is the distance between the two plates.

Capacitive sensors exhibit better stability and sensitivity compared to SG. In addition, limited hysteresis,

temperature independency, good frequency response, high spatial resolution and a large dynamic sensing

range are the advantages of these types of sensors. In contrary, these sensors are susceptible to noise and as

a result they require complex signal processing techniques [4, 88, 90].

2.4.3 Piezoelectric Sensors

Piezoelectric sensors generate a voltage upon application of pressure or strain. The produced voltage is

proportional to the exerted forces. The most commonly used piezomaterial in medical applications is

Polyvinylidene Fluoride (PVDF), which has been used in some force sensors designs for medical appli-

cations [59, 66]. These sensors provide high-frequency responses and high bandwidth, high sensitivity,

high dynamic range, low weight, compact size, and mechanical flexibility. On the other hand, piezo-

electric sensors are very temperature dependent which leads to a drifting signal. Moreover, they require

charge amplifier due to a charge leakage, and they do not provide reliable information in static applica-

tions [4, 88, 90, 95, 96].

2.4.4 Optical Fibre-based Sensors

Recent developments in the field of fibre optics have made this type of sensor an ideal haptic technology for

medical systems. Optical fibres satisfy most of the requirements of a medical sensor due to their inherent

advantages such as small size, sterilizability, local simplicity, high sensitivity, ElectroMagnetic (EM) noise

immunity, biocompatibility, chemical inertness, non-toxicity, and MRI compatibility [13, 25, 97–99]. On

the other hand, there are still challenges with optical fibres that need to be addressed [4, 25, 88, 90]. These

challenges and problems are listed below:

• They cannot typically achieve small bending radii and consequently they show signal attenuation due

to excessive bending or misalignment.

• An external readout unit is required to interpret the Fibre Optic Sensors (FOS) measurements, which

is a disadvantage for medical devices in terms of portability.
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• Currently, costs related to the optical interrogation units are remarkably high, which increases the

final cost of the medical devices developed using this technology.

• The high sensitivity of FOS to various stimuli such as strain, temperature, and acceleration cause

coupling problems in some applications. Therefore, complex design concepts are required to isolate

the effects of strain from the others stimuli considering the initial intention of the measurements.

Considering all the pros and cons of the Fibre Optic Sensors (FOS), researchers have used the optical

sensors in various force sensing applications [13, 25, 90, 97, 98, 100–102]. FOS are mainly categorized in

two groups: intrinsic sensors and extrinsic sensors. The former type of the FOS has the sensing element

by itself and therefore it internally manipulates the wavelength spectrum of the light in the fibre. The latter

group however, merely conveys the observed light to the measurement unit at the end of the fibre. Intensity,

frequency and other features of the sent light determine the extrinsic sensor’s behavior. The potential

advantage of the extrinsic sensor is the possibility of achieving smaller size sensors thanks to the ability to

keep the acquisition unit away from the sensing location. In either method, the light signal reflected by the

FOS is analyzed at the interrogation unit using four main methods:

• Comparing the reflected light intensity to a reference fibre,

• Analyzing the actual optical spectrum of the returned light,

• Determining wavelength properties by splitting the reflected light signal and remixing it out of phase,

and

• Using swept–laser to determine the wavelength of the received light.

In recent decades, researchers have developed various optical force sensors for medical applications that

detect the pressure and strain based on light intensity modulation [13,25,88,97,98,103–110]. Nonetheless,

FBG sensors have been the most common optical sensors to be used in MIS thanks to their distinct advan-

tages over other FOS [97]. For instance, it is easily possible to accommodate several independent FBG

sensors on a single FBG fibre due to the ease of multiplexing. Furthermore, the problem of light intensity

fluctuation has been solved by using the absolute wavelength in these technologies [97]. A review of force

sensing principles of FBG sensors is presented in the following section.
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2.4.4.1 FBG Working and Sensing Principle

Intense ultraviolet (UV) laser light is used in a spatially-varying pattern to illuminate the core of a suitable

optical fibre in the process of generating Bragg gratings [111]. The created grating serves as a series of

internal mirrors along a specific portion of the optical fibre. The FBG reflects a narrow spectrum of traveling

light down the fibre as it passes through each grating section on the fibre [25]. The reflected wavelength

by the Bragg grating depends on the optical properties of the fibre and the experienced thermal/strain

perturbations caused by the grating. Equation 2.10 shows that the maximum reflectivity occurs at the so-

called Bragg wavelength λB:

λB = 2neffΛ (2.9)

where neff is the effective refractive index and Λ is the grating pitch. As is shown in Figure 2.4, the

peak wavelength of the back-reflected light is shifted with respect to the experienced external perturbations

[112, 113].

As a result, when an FBG sensor is subjected to mechanical load or thermal changes, a wavelength

shift ∆λB occurs in the reflected light [97, 114]. The generated wavelength shift in response to the applied

mechanical strain (ε) or temperature stimulus (t) can be expressed as the following equation:

∆λB = 2

[
Λ
∂neff
∂ε

+ neff
∂Λ

∂ε

]
∆ε+ 2

[
Λ
∂neff
∂t

+ neff
∂Λ

∂t

]
∆t (2.10)

Considering the simultaneous influence of temperature and mechanical strain on the FBG output, re-

searchers have tried to isolate one of the parameters in order to study its particular effect in the measurement.

This method, thermal/strain equilibrium, is useful for determining the measurement properties of the sensor

for each particular stimulus [25]. The equations below show potential responses of the sensor for thermal

and strain stimuli:
1

λB

δλB
δt

= 6.67× 10−6◦t−1 (2.11)

1

λB

δλB
δε

= 0.78× 10−6µε−1 (2.12)

By interpreting the equilibrium equations, the strain and temperature sensitivity of FBG sensors are approx-



www.manaraa.com

2.4 Force Sensing Technologies in MIS 27

Figure 2.4: The red color line shows the transmitted light source through the FBG while the green color
line illustrates the back-reflected portion of the light from the grating segment. Lower graphs
show the wavelength shift provided by the FBG sensor (used with permission) [112].

imately 1.2 pm/µε and 10 pm/◦C, respectively [25, 115]. Although the effects of the temperature change

can be neglected for imprecise dynamic loads, for medical usage of FBG, especially in in vivo applications,

the effects of temperature difference inside and outside of a patient’s body must be taken into account [89].

2.4.4.2 FBG Temperature Compensation Methods

Although FBG sensors have several advantages over other sensing systems, their high thermal sensitivity is

a significant disadvantage for in vivo MIS applications. In a real surgery, a force sensor is subject to severe

temperature variations after it enters a patient’s body compared to the ambient temperature of Operation

Room (OR). Therefore, temperature compensation methods are required to neutralize the temperature im-

pact on FBG measurements. In a work by Mo et al. [116], three main temperature compensation methods

are explained, as follows:

1. The first temperature compensation approach is to set a reference temperature sensor. By isolating
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the temperature reference sensor from any applied mechanical strain or other perturbations in the

design, it is possible to calculate the influence of temperature variation. In so doing, the amount of

wavelength shift caused by temperature fluctuations can be subtracted from the final measurements

of the sensor.

2. The other compensation approach is to design a mechanically self-compensated structure for the

sensing system. An example of this type of structure is a system consisting of different materials

with different thermal coefficients. In [117], different materials with different thermal expansion

coefficients were used to shape an air cavity around the optical force sensor. This design is able to

reduce the influence of temperature variation by preventing the temperature flow transfer to the FBG.

3. A third way of doing temperature compensation is by miniaturizing the sensing structure. For in-

stance, miniaturizing the air cavity length of a Fabry–Perot Interference (FPI) sensor can reduce the

temperature cross-sensitivity of this optical force sensor [118].

The second approach, a mechanically self-compensated structure, requires a relatively large structural

space. Consequently, this method is not the most favorable solution for MIS applications considering

the existing space and size restrictions in MIS instruments. On the other hand, the third compensation

method requires complex fabrication methods. Manufacturing complexity is undesired for device develop-

ment [116]. As a result, the first approach for temperature compensation, setting a reference sensor, has

been used most commonly in medical applications [27, 54, 60, 70, 97, 113, 116, 119].

In order to address the thermal sensitivity issue of FBG sensors, researchers have developed new types

of optical fibres that are less sensitive to temperature variations. Photonic Crystal Fibres (PCF) have been

presented as a promising alternative for FBG sensors. Due to their novel structure, PCFs provide approxi-

mately 10 times lower temperature sensitivity and 2 times more strain sensitivity compared to FBG fibres.

In addition, they tend to be more bending insensitive, which can be a pivotal parameter of precise designs.

However, further developments in terms of sensor fabrication simplicity, sterilization and sensor measure-

ment reliability are required for real-world use of these sensors [120–124].
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2.4.4.3 Optical Interrogation System

In order to interpret light properties of FOS reflections, a monitoring and analyzing unit, i.e. an interro-

gation system, is needed. Various interrogation systems have been developed for different FOS. Most of

these systems have components in common. The main components of every interrogator are the isolator,

the circulator, the splitter, the main light source, and the analyzing unit. An isolator serves as a directional

internal filter to guide the reflected lights to a specific direction. The circulator isolates the strain-affected

light from the transmitted light. Single fibre optical sensors have emerged thanks to the presence of this

component, which allows a single optical fibre to convey both transmissive and reflective lights simultane-

ously. The splitter divides the received signal at the acquisition point based on the interrogator requirements

and the main light source is the most essential and fundamental part of an optical system. In addition, the

observed wavelength shift is recorded by the analyzing unit. This system interprets the properties of the

reflected light and provides a proportional conversion of it in an electrical signal form [25,111]. As a result,

interrogation systems are required in order to provide readable and user-friendly data measured by the FBG

sensors.

After investigating different force sensing technologies and their technical specifications, the manufac-

turing methods for fabricating the sensorized instrument by these force sensing technologies, must be taken

into consideration.

2.4.4.4 Manufacturing Methods of Sensing System

Sensor sterilizability and fibre placement restrictions limit manufacturing methods available for building

sensorized instruments. According to [125], embedding sensors into the instrument is the best way to main-

tain the original shape of the instrument and its functionality, while satisfying sterilization requirements. In

addition, embedding force sensors inside of the tool tip makes direct force measurement possible [56,125].

There are three main sensor embedding techniques in MIS: Shape Deposition Manufacturing (SDM),

sputtering and electroplating. Based on the sensor type and the instrument material, each of these meth-

ods could be the most appropriate fabrication method. Nevertheless, SDM is the most common method

for medical applications [56, 57, 126, 127].Through an SDM technique force sensing elements get embed-

ded into stainless steel or polymer-based structures in layer. This method protects the force sensors from
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external damages caused by exerted forces or excessive temperature exposure [56, 115].

2.5 Different Feedback Methods

There are three main classifications for feedback modalities including visual, auditory, and haptic [56].

Visual feedback has been employed in various studies to provide force information to operators [13,16,

128]. For instance, in [16] a Graphical User Interface (GUI) was designed and developed to process, record

and present obtained force data in real-time through a computer software. The user-friendly software was

developed in C++ through the Qt GUI library. A simple calibration feature was included as part of this

computer interface, which allows users calibrate the sensorized instrument in a simple manner.

Several studies have investigated the effectiveness of auditory feedback in users’ performance [56,129,

130], and have determined that the usefulness of the auditory feedback is very much person dependent.

In other words, it appears to be a personal preference among subjects to conduct surgery with or without

auditory feedback. The main reason for this variability is the disruptiveness of direct auditory feedback for

some users. Moreover, some surgeons have mentioned that the auditory feedback is confusing, considering

the already noisy environment of operation rooms [56, 129, 130].

Improving users haptic’ perception in MIS is the ultimate goal of a force measurement system. Consid-

ering the intuitive nature of haptic feedback, provided information in this method is more understandable

and comprehensible for subjects [18]. As a result, several attempts have been made to provide haptic feed-

back through different methods such as vibrational actuators, Virtual Fixtures (VF), and motor actuated

handles [18,39,130,131,131,132]. Designing an instrument handle in an ergonomic way is a fundamental

parameter to consider when designing a haptic interface [133]. Ergonomic handles are adaptable to various

hand sizes to provide precise manipulation moves and to improve the sense of touch by contacting more

sensitive areas of users’ hands [133]. Indeed, several work have studied the effects of ergonomic handles

in improving the efficiency and performance of operators [131–138].

Virtual Fixtures (VF) are type of haptic feedback that prevent users from applying excessive amount

of forces or entering undesired regions during surgery by creating resistance using motors and actuators.

As mentioned in [56, 139], accurate and reliable force measurements are vital for providing an acceptable

VF force feedback for MIS applications. Implementing actuators into the surgical instruments to provide
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VF-Type haptic feedback, has drawn attention towards the necessity of developing mechatronic and robotic

systems for medical and surgical applications.

2.6 Mechatronics and Robotics in MIS

Recently, technologists have developed various hand-held mechatronic instruments in order to add extra

DOFs to conventional surgical instruments [92, 140–143]. In these studies, instruments’ end-effectors are

controlled using integrated buttons, dials, or joysticks on their handles [143, 144]. Although, the devel-

oped instruments were more dexterous and intuitive, most subjects preferred to use classic laparoscopic

instruments due to their simplicity and light weight [92, 143].

Robotic systems have been developed to address operational issues related to conventional and mecha-

tronic instruments. Developed systems have been able to address dexterity and user comfort issues of tra-

ditional instruments. However, operational error is still probable due to the absolute lack of direct contact

between the surgeon’s hands and the patient’s body. Additionally, the longer set up time requirements, con-

siderable space requirements in the OR, and extensive purchase and maintenance costs of robotic systems

are among their main disadvantages [3, 5, 7, 92, 143, 145, 146].

In order to authorize the safety and reliability of the developed surgical instruments and robotic systems

before commercializing them, strict regulations exist to control and approve the efficiency of the developed

systems for real-world applications. Therefore, the developed instruments are expected to satisfy the quality

and safety requirements, which affects the design process of medical systems. As a result, the next chapter

is devoted to review the existing medical device regulations in North America.

2.7 FDA and Health Canada Medical Device Regulation

The FDA (Food and Drug Administration) approval process classifies medical devices into three main cat-

egories based on the risk level associated with the device. These classifications include: Class I, Class

II, and Class III for the lowest to highest risk associated devices, respectively. In order to commercialize

medical devices, they must be approved by the FDA beforehand [147]. Furthermore, according to the FDA

regulation process, since August 26th of 2011, any medical device which is Not Substantially Equivalent

(NSE) to any identifiable predicate device is automatically classified as a Class III device. However, there
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is a special process, De Novo, for reclassifying these types of devices. This provision which is referred as

the re-evaluation of automatic Class III designation provision, De Novo, is intended to apply to low-risk

products that have been classified as Class III because they lack substantial equivalency to any commer-

cially distributed device [148]. The De Novo process has been around since the implementation of the FDA

Modernization Act of 1997 (FDAMA). The FDAMA was intended to improve the efficiency of bringing

low-risk medical devices to the market by allowing the reclassification of devices that were classified as

Class III due to the lack of a suitable predicate. The FDA process for substantially equivalency determina-

tion is elaborated in the flow chart illustrated in Figure 2.5 [149].

Under this provision, within 30 days of receiving an NSE determination, the manufacturer may request

that a risk-based classification determination to be made for the device in order to reclassify the product

from Class III into Class I or Class II. The FDA will review the device classification proposal and either

recommend special controls to create a new Class I or II device classification or determine that the product

is a Class III device. If the FDA determines that the level of risk associated with the use of the device is

appropriate for a Class II or Class I designation, the product can be cleared as a 510(k) regulation category

in which the FDA will issue a new classification regulation and product code. A device placed into Class I

or Class II, can then be commercially distributed following the procedure demonstrated in Figure 2.6 and

the FDA must publish a notice in the Federal Register for reclassifying the device type. However, if the

device is not approved through De Novo, then it must go through the standard Premarket Approval (PMA)

process for Class III devices or completed Product Development Protocol (PDP) before being commercially

distributed [147, 148].

As part of a reclassification request, a petitioner should provide the results of Non-clinical/Bench studies

and tests in order to prove the applicability of the provision in that specific circumstance [148]:

• Biocompatibility and material test

• Performance testing bench test

• Simulated use testing

• Shelf life/sterility test

• Electromagnetic compatibility and electrical safety test
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Figure 2.5: The substantial equivalence process flow chart [149]

This process has been precisely followed for a novel developed surgical instrument as presented in

[11, 150, 151].

Health Canada medical device regulation classifies the medical devices based on the risk level asso-

ciated with them. Similar to the FDA, devices with higher classification are subject to more stringent

regulatory oversights. Health Canada categorizes medical devices in four classes: Class I, Class II, Class

III, and Class IV.

According to Health Canada regulations, MIS used surgical tools are defined as ”surgically invasive
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Figure 2.6: Evaluation of automatic Class III designation process [147, 148]
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device” or ”surgical or dental instrument”. These two groups include devices that are intended to enter

the human body through artificial openings. Devices in these categories are allowed to be used in surgical

tasks without any connection to an active device. Considering Health Canada risk-based regulatory system,

pre-market, post-market and quality management system requirements apply to all Class III and Class IV

devices. Moreover, product licensing is mandatory for these two groups and the certification that the device

is designed and manufactured according to ISO 13485 should be provided.

After reviewing the technical requirements and governmental regulations for developing surgical in-

struments, a summary of the design specifications for a sensorized laparoscopic instrument development is

presented in the following section.

2.8 Force Sensor Design Specifications

A number of critical design requirements must be considered when designing force sensing systems for in

vivo use of MIS instruments. A list of the most important requirements is provided as follows:

• Performance:

Laparoscopic instruments are used in MIS surgical tasks. Therefore, the designed devices should

be able to transfer applied forces sufficiently from the handle of the instrument to its jaws while

conducting MIS tasks such as tissue dissection or needle driving.

• Force Feedback:

Grasping force, axial force and torque are essential actuation directions in many MIS tasks. Force

information in these DOFs could help surgeons in conducting various MIS tasks including: tissue

manipulation, needle slippage prevention, precise palpation for tumor localization, adequate toque

application for needle drive and suture breakage prevention while tightening knots. As a result, pro-

viding 3 DOFs of force information is necessary for improving user performance. However, in order

to isolate and decouple these force signals from other disruptive forces existing in the instrument’s

working environment, the sensorized device should be able to measure force and torque information

at least in 5 DOFs including: grasping force, lateral forces (x and y), axial force (z), torque. Also

to compensate for the effect of temperature on the force data, a reference sensor for temperature
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compensation should be integrated into the device [4].

• Range and Resolution:

Generally, a force range of±10 N with a resolution of 0.2 N is required for axial force measurements

in MIS [4]. Nevertheless, pulling stitches by a needle driver for tightening knots creates axial forces

in a range of 2 – 5 N with resolution of 0.1 N [129, 152]. It was determined by Trejos et al. that

grasping forces over 20 N are applied by some subjects during instrument assessment [4]. However,

typically the expected force range for holding a needle using a needle–driver does not exceed 10

N [3, 129]. The range of measured lateral forces on the tool tip has found to be between -10 N

and +10 N [25]. Developed torque sensors should be able measure torsional forces up to 100 Nmm

during needle driving tasks [3,129]. Considering human hand actuation frequency and human haptic

perception capability, a force sensor with a sampling rate under 100 Hz and low hysteresis and linear

behavior is desired [3, 70, 75].

• Ergonomic:

Although an instrument is intended to adequately perform surgical tasks, providing the following

features is equally important: ease of handling the driver, sufficient grip for the grasper in order to

hold the needle, ease of locking/unlocking the driver, and less hand fatigue. Furthermore, the handle

should be strong enough to tolerate actuated forces, since applied grasping forces to the tool handle

can exceed 75 N in some cases [133]. Palm pistol shape grippers are widely accepted among different

surgeons due to their strong and comfortable design as well as their ease of use.

• Environmental:

Since a surgical instrument is intended to be used in in vivo applications, it should be biocompatible

and sterilizable, in order to avoid any reaction with the human body. Furthermore, for autoclave

sterilization and cleaning purposes, the device should be high temperature resistant and chemically-

inert [4,25]. In an autoclave, the most common sterilization system in most hospitals, surgical instru-

ments are exposed to high temperature steam, reaching 105 – 135◦ C, at a high pressure of around

207 KPa and 100% humidity for 30 minutes [20].
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• Customer:

Surgeons are the main customers of medical devices. Therefore, overall similarity of the developed

devices to traditional instruments is notably important. In addition, light-weight devices with com-

fortable usage are more favorable. Finally, the low cost of an instrument is one of the most effective

parameters in commercializing a medical device [4].

• Material:

The most important requirement for the material is that it must be biocompatible. The second ex-

pected feature of the material is its ductility. From a safety point of view, in terms of design failure,

the instrument should first start yielding before any breakage occurrence. Tool fracture leading to

small pieces spreading inside a patient’s body can have catastrophic consequences.

MRI compatibility and EM inertness would make it feasible to use the instrument in other medi-

cal environments or for future application of the sensor in robotic–imaging fields [4, 25]. Stainless

steel, titanium, and Nitinol are widely used in medical applications due to their biocompatibility and

ductility [70].

• Geometric features:

The Outer Diameter (OD) of the developed laparoscopic instrument must be smaller than the size

of the trocar being used in the procedure. Although in most of cases 10mm trocars are used as

body entry ports, specific surgeries require 5mm trocars [4]. In general, the size and weight of a

designed instrument are better to be the same as a commercially available instrument of its own type.

The average weight of hand-held laparoscopic instruments is 70 grams, while the working length of

needle drivers is 30 – 45 cm [133]. Moreover, no sharp corners should exist on a surgical tool to

avoid accidental tissue cutting [25].

• Manufacturing:

Building parts in several pieces and assembling them afterward is a helpful step in simplifying the de-

sign process. By doing so, it is possible to fabricate instrument parts with either conventional methods

(machining, milling and CNC (Computer Numerical Control) cutting) or with newer methods such

as 3D printing and rapid prototyping.
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• User Interface:

The developed user interface should be user-friendly in order to allow users to monitor real-time

force feedback.

2.9 Research Motivation and Objectives

Significant advancements in measuring axial and grasping forces in MIS laparoscopic instruments have

been reported in the literature; however, the reliability of measured forces is arguable in most of the pre-

sented work. Measuring axial force at any location except at the instruments tip comes with a considerable

amount of error caused by friction and disturbing forces of other DOFs. Grasping forces exerted on the

instrument jaw influence the measured axial forces on the instrument shaft. Moreover, driving cables or

rods are responsible for opening and closing the grasper in most instruments by transferring force from the

tool handle to its jaws. Applying grasping forces not only causes tension in these cables or rods but also

causes lateral forces at the joint support of jaws. These lateral forces are dependent on the location and sur-

face properties (such as coefficient of friction) of the grasped objects. The axial portion of these undesired

forces impairs the axial force measurement on the shaft. Likewise, the friction present in the tool joints and

internal mechanism frictions cause measurement inaccuracy. All together, these factors make it very diffi-

cult to decouple the measured axial force on the instrument shaft from the grasping force. Although Rosen

et al. developed a model of the internal mechanism of the grasper in order to cancel this effect through

computer software processes, the obtained results are not accurate enough for medical applications [91].

Based on our experience with sensing technologies, calibration of FBG-based sensors lasts longer than

other similar sensors. In addition, FBG sensors satisfy sterilizability requirements. High sensitivity and

accuracy of FBG sensors make them a good choice for medical applications. As a result, a device with

FBG sensors is more practical for in vivo applications.

In summary, measuring forces at the tip of surgical instruments has led to provide more reliable force

information for MIS. However, to the best of our knowledge, a sterilizable technology with high measure-

ment accuracy and resolution is still missing. Therefore, the goal of this work was to develop a sterilizable

5-DOF laparoscopic needle driver capable of measuring applied grasping and axial forces on the tool tip

and two orthogonal moments and torsion over the instrument shaft. The sensorized instrument is intended
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to be able to measure torsion and bending moments caused by transverse forces. Since measuring axial and

grasping forces on the tool tip was the novel part of this work and it has not been tested in any work, partial

prototypes of this design were developed and built to demonstrate the feasibility of this novel concept, as

described in the following chapters. Subsequently, this concept was implemented into a complete 5-DOF

needle-driver design.
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Chapter 3

First Generation of Sensor Prototype

3.1 Introduction

In order to study the feasibility of measuring grasping and axial forces on the tool tip, a prototype of the

sensorized grasper has been designed and built. The developed prototype is a laparoscopic needle-driver-

type grasper that is capable of measuring forces in 2-DOF. Sterilizability requirements were considered for

choosing the prototype material and that of the force sensors. This chapter describes the design, develop-

ment and assessment of the first prototype. This chapter is based on reference [153].

3.2 Design Specifications

Table 3.1 presents the design specification list for the first prototype. The developed prototype has a similar

size and appearance to a commercial instrument and it fits inside of a 5-mm trocar. 12 mm of working

length is considered over the grasper jaw for grasping a needle during suturing and knot tying tasks. Since

the instrument comes in contact with body organs, it needs to be made from biocompatible materials.

The chosen material must be nontoxic, corrosion-resistant, and neutral in the human body in order to not

react with body in any way. For sterilization and cleaning purposes, the chosen material should be able to

stand steam sterilization in an autoclave. These conditions include high pressure of up to 200 KPa, 100%

humidity, and high temperature (105 – 135◦ C) for 30 minutes [20]. As it is shown in Figure 3.1, CES

software was used to evaluate different available materials for the sensor fabrication [154]. Hence, stainless

40
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Figure 3.1: CES material selection bubble charts; the axis are displayed on a logarithmic scale. The bub-
ble chart is the classical Ashby selection chart. The bubble that represents each material is
the ellipse that circumscribes those values when plotted on the X and Y axes. Melting point
(sterilizability) vs. Tensile strength (mechanical behavior of various materials).

steel (SAE 316) was chosen for the sensor fabrication considering its general mechanical properties, density,

biocompatibility and sterilizability. Considering existing size restrictions at the tool tip, FBG optical sensors

were chosen due to their small size. In addition, FBG sensors are capable of withstanding high temperature

and high pressure conditions during sterilization cycles in an autoclave. Furthermore, their high sensitivity

makes them a good fit for measuring forces in MIS tasks.

After determining the design specifications, a model of the sensorized instrument was designed, as

presented in the following section.

3.3 Mechanical Design of the Partial Prototype

The CAD model of the 2-DOF novel grasper was designed and developed using SolidWorks, as shown in

Figure 3.2. In this 2-DOF sensorized grasper, grasping and axial forces are measured at their exertion point

on the tool tip. The elongation caused by the exerted axial forces over the jaw is measured by the optical

sensing system as an indicator of the experienced axial forces while pulling objects. A flexure segment
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Table 3.1: Summary of design specifications

Parameter Value FBG SG
Dimension 5 mm X ×

Grasper type Laparoscopic needle-driver X X

Jaw working length 5–20 mm X ×
Force sensor type FBG (Optical sensor) X ×
Performance DOF 6-DOF and grasping X X

Force sensing DOF 2-DOF (Axial-Grasping) X X

Temperature compensation No X X

Axial force range 2–5 N X X

Axial force resolution 0.1 N X ×
Grasping force range 0–10 N X X

Grasping force resolution 0.2 N X ×
Force sampling <100 Hz X X

Maximum gripping force at handle 75 N × X

Handle type Not applicable for this prototype × ×
Working temperature 37◦C X X

Maximum temperature 135◦C (Autoclave) X X

Torque range Not applicable X X

Biocompatibility Yes X X

Sterilizability Yes X ×
Sealed (Waterproof) Yes X ×

Material Stainless steel - Titanium - Tungsten Carbide X X

Disposable No × X

Manufacturing method Rapid prototyping - Machining X X

was considered in the grasper design in order to increase the sensitivity of the axial sensor. Therefore, each

grasper jaw consists of a deformable part and a fixed part, as shown in Figure 3.2. Since the deformable

part has to elongate only in the axial direction, a guide channel underneath the sliding part (deformable

part) was designed in order to constrain its movement in 1-DOF.

In order to reduce the friction between the sliding and stationary parts, 6 titanium balls (high-strength

Grade 5 titanium), 0.8 mm in diameter were placed in the guide channel in order to minimize the contact

surface. As a result, the deformable part smoothly slides over the balls during an axial force application,

as shown in Figure 3.3. In addition, both the upper jaw and the lower jaw of the grasper have similar

structures in order to provide a symmetric displacement when pulling objects. As shown in Figure 3.3, the
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Figure 3.2: a) CAD model of the sensorized grasper; b) Placement of titanium balls in the guide channel to
reduce friction; c) Cross-sectional side view of the grasper showing the flexure segment and the
friction reduction balls (used with permission) [153].

Figure 3.3: An applied axial force causes the deformable part to slide over the fixed part while pulling an
object— drawing not to scale— (used with permission) [153].

synchronized deflection of both jaws increases sensing accuracy by preventing slippage between the pulled

object and the jaw.

A 0.8× 0.3 mm channel was designed over the grasper jaw for embedding optical sensors. Two optical
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fibre-based force sensors were placed in this channel for measuring axial and direct grasping forces. Since

the axial force sensor is placed on the tool tip, neither the joint friction nor the axial force generated by

driving cables or rods, affect its measurements. Hence, more reliable axial force measurements can be

achieved. Furthermore, in order to isolate the axial sensor from the effects of exerted bending or torsion

(decoupling axial from torsion/bending), the sensor was located on the crossing point of the neutral axes of

the grasper (the geometric centroid of the instrument).

Finally, since the lower jaw of a needle–driver does not move with respect to the instrument shaft, it

was possible to route the fibres from this jaw without bending them excessively. The FBG channel was

continued at the end of the jaw to provide an outlet for fibre passage. In order to avoid fibre damage, the

channel used for the fibres was designed considering the fibres’ bending radius of 17 mm [87, 155].

3.4 Finite Element Simulation

An FEA was performed in ANSYS in order to examine the practicality of the design in providing an ad-

equate amount of strain over the 3 mm grating of the axial force sensor. As shown in Figure 3.4, the first

FEA was performed in a 2D-ANSYS. However, the 2D-ANSYS was incapable of modeling several parts of

the grasper and existing boundary conditions between them. Therefore, a 3D model of the design, consid-

ering different materials for optical fibres and the grasper jaw, was developed and analyzed in the ANSYS

Workbench environment, as demonstrated in Figure 3.5. In this model, stainless steel and polyethylene

have been chosen as the grasper and optical fibre materials with Young’s moduli of 2 E+11 and 1.1 E+9

GPa, respectively.

As shown in Figure 3.5, a maximum displacement of 29.7 µm (which equals 1650 µε considering the

18mm jaw length) was obtained for the highest expected load during the suturing task (5 N). As a result,

adequate axial force sensing ability was expected from the placement of the sensor on this flexure structure

considering the physical properties of FBG sensors, their strain limit of up to 5000 µε and their strain

sensitivity of 1.2 pm/µε.
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Figure 3.4: FEA in 2D-ANSYS.

Figure 3.5: FEA for the generated strain and stress by 5N axial force over the axial FBG in 3D-ANSYS.
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Figure 3.6: a) Top view of the SLM printed part showing low finish quality; b) The problem related to
support material and difficult post-processing; c) Side view showing the low quality hole for
dowel pin joint; d) Low quality finish of the SLM part compared to the high quality finish in
EDM machining.

3.5 Sensor Fabrication and Prototyping

After finalizing the design, possible fabrication methods were considered to build the grasper. As shown

in Figure 3.6, a prototype using a Selective Laser Melting (SLM) machine (SLM 500, SLM Solutions

Group AG, 23556 Lubeck, Germany) was built. Although, building complex parts by SLM was simple, the

surface finish of the fabricated parts (roughness value of 20 Ra (µm)) was not satisfying compared to the

high quality finish of traditional machining methods (roughness value of 4 Ra (µm), as shown in Figure 3.6

(d). In addition, cleaning the support material out of parts during post-processing required a lot of effort and

time. Figure 3.6 (b) shows the remainder of the support material after initial post-processing. Therefore,

a wire-EDM (Electrical Discharge Machine) was used to manufacture the grasper components, as shown

in Figure 3.7. As a result, an iterative design process followed regarding the machining constraints and

requirements. In order to simplify the manufacturing process, the parts were designed and manufactured

in several simple pieces, as shown in Figure 3.8. Subsequently, a Computer Numerical Control (CNC)

micromachine was used to drill the 1 mm holes of the grasper joint. Finally, the micro-welding method

(using autoclavable 316 L filler rod) was used to attach the fabricated pieces, as shown in Figure 3.9.

In order to address safety concerns when using welded parts in a medical application, the strength of the
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Figure 3.7: EDM machining

Figure 3.8: a) Assembly of EDM fabricated pieces; b) Actuation handle; c) Ball placement in the guide
channel; d) Grasper pieces before welding (used with permission) [153].
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Figure 3.9: a) Top view of the welded grasper; b) Side view of the welded grasper; c) Bottom view of the
welded grasper; d) Lower jaw of the needle-driver grasper after welding several pieces of the
jaw.

micro-weld was tested by holding one of the jaws in a cantilever position and applying known loads to its

tip, as shown in Figure 3.10 (c). Although a peak force of 10 N would satisfy the strength requirements for

the grasper application, the weld was able to withstand 50 N without breaking, which was 5 times greater

than the necessary amount. Therefore, considering the safety factor of 4 for medical applications, the weld

adequately satisfies the safety requirements. It worth mentioning that the friction reduction balls were

placed in the guide channel prior to welding and the FBG sensors were embedded in the device afterwards.

Two FBGs (os1100, Micron Optics Inc., Atlanta, GA, USA) were placed into the machined channel

over the lower jaw for force measurement. The jaw was sensorized with 8- and 3-mm grating FBG optical

fibres for grasping and axial force measurements during tasks such as object manipulation and stitch pulling.

As shown in Figure 3.10 (d), the 3-mm axial FBG was glued over the deformable segment of the jaw

considering the effects of the flexure structure in increasing the axial sensitivity of the sensor. Furthermore,

the grasping FBG was mounted over the jaw proximally after the flexure segment for pure grasping force

measurement. As demonstrated in Figure 3.10 (b), superglue (Krazy Glue, Elmer’s products Canada) was

used to attach both grasping and axial sensors to the jaw.

Once the sensors were mounted over the instrument, a data acquisition method was required to record
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Figure 3.10: a) Assembled and welded parts; b) Sensorized jaw; c) Weld strength test at 17 N load; d)
Installation of FBG fibres on the grasper (used with permission) [153].

force information provided by FBG sensors.

3.6 Data Acquisition

An optical interrogator (SM130, Micron Optics Inc., Atlanta, GA, USA) was used for FBG data acquisition.

The reflected light intensity of each wavelength from the FBGs were acquired by the interrogator. The

interrogator is capable of collecting data with a sampling rate of 100 Hz. In order to provide visual feedback

for users, the acquired data were presented to the users through a custom-made computer interface.

Figure 3.11 illustrates the developed user-friendly graphical interface for acquiring information from

the interrogator and displaying it to the users. Through this software, users are allowed to query data from

the FBG sensors, calibrate the sensors and monitor the real-time processed data in graphical charts. The

real-time graphs display raw and processed/calibrated force data. In addition, all this information can be
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Figure 3.11: Custom-made user interface: The top graph presents the real-time acquired force data from
FBG sensors and the processed data. The bottom graph shows the linear regression slope used
for sensor calibration. Force and torque values received from F/T ATI sensor are provided for
users in a quantitative method. The user-interface is able to present acquired and processed
force and torque data, as well as data received from temperature compensation FBG.

stored for post-processing and further analysis purposes. Simultaneously, the force information from a

commercial force/torque (F/T) sensor (ATI Nano-17, ATI Industrial Automation, Apex, NC, USA) can be

obtained and recorded for sensor calibration and performance validation. Real-time force values obtained

from the F/T sensor were also displayed to users, as shown in Figure 3.11. The bottom graph of Figure 3.11

shows the calibration diagram. Details of the calibration process are presented in the following section.

3.7 Calibration

3.7.1 Calibration Setup

An ATI F/T sensor was used to calibrate the grasping and the axial force sensors. Through simultaneous

data measurement between the two sensors, a relationship was established between the acquired wavelength

information from the FBGs and the collected force information from the F/T sensor. Thus, a wavelength
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Figure 3.12: a) Setup for calibrating the grasping force sensor; b) Setup for calibrating the axial force sensor
(used with permission) [153].

shift in the FBGs signal could be related to the applied forces on the F/T sensor. For this purpose, calibration

plates were designed and attached to both sides of the F/T sensor in order to transfer the exerted grasping

and axial forces from the grasper to the F/T sensor. Rapid prototyping methods were used to fabricate

these parts using a 3D-printer. As shown in Figure 3.12 (a), for calibrating the grasping sensor, the grasper

jaws grasped plastic calibration plates in a perpendicular direction with respect to the pivotal axis of the

F/T sensor. As a result, the applied grasping forces generated a torque in the ATI F/T sensor at a 14-mm

distance.

To calibrate the axial sensor, a rope was attached to a calibration plate and mounted on top of the F/T

sensor, as shown in Figure 3.12 (b). By pulling on this rope, axial forces were generated on both the F/T

sensor and the grasper. In order to achieve the best possible results, the grasper was aligned with the axial

direction of the F/T sensor in order to avoid the effects of angular force exertion.

3.7.2 Calibration Method

To calibrate the grasping sensor, the grasper jaws squeezed the calibration plates and applied a steadily

increasing amount of force until the F/T sensor reached 10 N. Similarly, the axial calibration plate was

pulled upward by the rope in a steady manner until the F/T sensor indicated the application of 5 N of force.
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Figure 3.13: Relationship between the FBG wavelength and the F/T sensor values: a) Grasping force sensor
calibration b) Axial sensor calibration (used with permission) [153].

In all of the experiments, the bias in sensor measurements was removed before starting the calibration or

data acquisition.

Force data from the F/T sensor and the sensorized grasper were simultaneously acquired and recorded

using the developed graphical user interface. These data were used to calculate a linear regression in order

to determine a relationship between the wavelength of the FBGs and the force values of the ATI F/T sensor.

The linear regression equation was calculated using the cftool toolbox in MATLAB. Figure 3.13 shows the

calibration diagrams and the fitted lines for the axial and grasping calibration. The regression equation and

its coefficient of determination value are shown on the top left corner of these diagrams.
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3.8 Sensor Performance Assessment

To assess the performance of the grasper after calibration, the same method used for calibration was re-

peated three additional times. For this assessment, real-time force values from the F/T sensor and the cal-

ibrated FBG signals were recorded. The recorded data were analyzed in order to determine the following

measurements:

• Accuracy: the accuracy was calculated as the root-mean-square (RMS) of the difference between the

measured force of the FBG and the F/T sensor.

• Hysteresis: the hysteresis was determined as the difference between the RMS error for the loading

and unloading phases of the grasping sensor.

• Repeatability: To study the repeatability of the sensors, the standard deviation of the three RMS

errors for each trial was calculated.

• Drift: to calculate signal drift, FBG force values were recorded under no load. Two sets of force

values, recorded for 10 seconds, 10 minutes apart were used.

• Noise: the noise was calculated as the difference between the lowest and the highest force value

observed in a 10 second data set.

3.9 Results and Discussion

Figure 3.14 shows the results of the processed force data from the sensorized grasper compared to the

actual force values obtained from the F/T sensor. The presented graph distinctly shows the ability of the

FBG sensors to accurately follow the F/T sensor in one assessment cycle. Assessment results for all three

validation cycles are presented in Table 3.2. Accuracies of 0.19 N and 0.26 N were achieved for the grasping

and axial sensors, respectively. An RMS error of 0.19 N for the grasping sensor in a working range of 0 –

10 N satisfies the grasping force requirements for suturing and knot tying tasks. Similarly, the results of the

axial sensor are accurate enough for measuring axial forces in MIS in the range of 2 – 5 N [2].

The amounts of noise and drift present in the developed FBG-based sensors are acceptable for medical

applications performed via a needle-driver [2]. This indicate that the use of FBG sensors can result in
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Figure 3.14: Comparison of the force data obtained from the ATI force sensor and the FBG grasping sensor
(top) and from the ATI force sensor and the FBG axial sensor (bottom) (used with permission)
[153]

reliable and repeatable force sensing results during long operations. As presented in Table 3.2, the amounts

of noise in sensors (0.056 N for the grasping sensor and 0.049 N for the axial sensor) are better than the

provided range (0.1 – 0.3 N) in the literature [2]; however, the amount of drift is not within the exact

expected range reported in Table 3.1. To our knowledge, this is due to the intrinsic characteristics of the

utilized interrogator.

For this generation of the sensor, the hysteresis for the axial direction was not calculated, as we were

only interested in the loading phase. Nonetheless, a hysteresis of 0.11 N was observed for the grasping

sensor over three trials. We consider this to be an acceptable value for the hysteresis behavior of the

grasping sensor.
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Table 3.2: Performance of the first generation of the sensorized grasper [153].

Grasping (N) Axial (N)
RMS Error 0.19 0.26

Repeatability 0.21 0.35
RMS Hysteresis 0.11 —

Drift 1.48 1.85
Noise 0.056 0.049

3.9.1 Conclusion

In conclusion, although the novel idea of measuring grasping and axial forces at their exertion point on the

tool tip was feasible and effective, some problems with the first generation of the developed sensor were

identified. If addressed, it would serve to significantly improve sensor efficiency. The problems related to

the first generation of the sensor are listed as follows:

1. Grasping an object causes the jaws of the grasper to microscopically bend outward. However, its

influence on force measurements was neglected in the design of the sensing system. This fact con-

siderably impaired the functioning of both grasping and axial sensors. In other words, the grasping

sensor produces different results for similar forces exerted at different locations on the grasper jaw.

Hence, the results of the grasping sensor were repeatable only when forces were exerted on the same

location on the jaw, which is not a realistic assumption for the actual use of the instrument. Similarly,

the axial sensor was coupled with bending in the jaw. Locating the axial sensor on the neutral axis of

the grasper isolated it from the effects of overall bending of the tool but further design modifications

are required to minimize the undesired effect of outward bending of the sensorized jaw on the axial

and grasping sensors.

2. Even though only the loading phase of the axial force sensor is needed in knot tying and suturing

tasks, sensor hysteresis must be evaluated in order to expand the sensor application to other surgical

tasks, such as palpating, in which both loading and unloading phases are required [58].

3. The melting point of the chosen superglue was 62◦ C, which is not suitable for autoclave sterilization.

4. The F/T sensor does not have sufficient resolution for the torque measurement required when cali-

brating the grasping force. Hence, a new calibration setup for the grasping sensor based on the force
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direction of the F/T sensor is required.

5. The elastic behaviour of the rope used for axial sensor calibration changed with use. This problem

led to the poor repeatability of the obtained force information in the axial direction after a couple of

experimental cycles. As a result, a more reliable calibration and validation setup for the axial sensor

is required.

To address these issues, a second generation of the grasper prototype was designed and developed, as

presented in the following chapter.
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Chapter 4

Second Generation of Sensor Prototype

4.1 Introduction

The first generation of the sensorized grasper was adequately capable of measuring axial and grasping

forces at their exertion point. The practicality of the idea of integrating force sensors on the tool tip was

proven. However, a few limitations restricted its use in real-world applications. Therefore, the second

generation of the sensor was designed, developed and evaluated in order to address these limitations that is

described in this chapter. This chapter is based on reference [156].

4.2 Design Solutions

4.2.1 Introduction

The main imperfection with the first generation of the sensor was its inability to repeat similar outputs

for identical forces applied on different locations over the jaw. This problem was caused because of the

outward bending of the jaw at a microscopic scale during grasping. As a result, the main goal of the new

grasper design was to mechanically strengthen the grasper in order to decrease the amount of bending

while grasping objects; however the trade-off between rigidity of the sensing structure and sensitivity of

the axial force sensor should be considered. Therefore, in order to decrease the effect of undesired outward

bending of the jaw, different alloys of stainless steel and various biocompatible materials such as titanium

and Nitinol (with Young’s modulus of 105 GPa and 75 GPa, respectively) were considered as alternatives to
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stainless steel. An ANSYS FEA was conducted to study the efficiency of these alternatives. None of these

materials presented less bending compared to stainless steel despite the fact that they have higher yield

strength. It was because of their lower elastic modulus (Young’s modulus of 203 GPa) than stainless steel.

As a result, similar to the former sensor, surgical and implantable stainless steel (SAE 316) was chosen for

the second generation of the grasper due to its high strength and corrosion resistance.

The next solution for reducing the outward bending of jaws was to improve the overall design of the

grasper. CAD model of a new type of sensorized grasper for measuring the axial and grasping forces at

their exertion point on the tool tip was developed [156]. Later, an iterative design process based on FEA

was followed to maximize rigidity of the new grasper model and its ability to provide adequate strain for

the axial force sensor. Figure 4.1 shows the CAD model of the new design. As shown in Figure 4.1, in a

similar manner to the first prototype, each grasper jaw consists of a deformable (stretchable) element and a

fixed segment. The deformable part was created by weakening the proximal end of the jaw. The elongation

of this flexure segment is limited to 1 DOF and it is meant to increase the axial sensitivity while pulling. As

is shown in Figure 4.2, the upper and lower jaws were designed in a symmetric manner in order to provide

synchronised sliding and prevent slippage between jaws and the pulled object. As shown in Figure 4.1,

friction reduction balls are not considered for the second prototype of the sensor. Based on our experience

with the first generation of the sensor, the impact of friction balls is negligible in sensor measurements since

the deflections in the grasper were in the micro range. As a result, no friction reduction balls were included

in the second design.

The latter generation of the grasper is designed considering basic principles of bending stress in beams.

In this regard, the following equations are presented from the literature [78]:

σ =
M · C
I

(4.1)

ε =
σ

E
=
M · C
I · E

(4.2)

where σ is the bending stress caused by the grasping force,M is the bending generated by grasping objects,

ε is the axial strain caused by the bending stress, E is the Young’s modulus of the chosen material, C is the

distance between the sensor location and the neutral axis of the cross section and I is the second moment
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Figure 4.1: a) CAD model of the second generation of the grasper; b) Grasping and axial sensor locations;
c) Section view of the grasper structure; d) Accordion shape deformable structure; e) Moving
piece of the grasper; f) Fixed piece of the grasper (used with permission) [156].

of area of the bending cross section of the jaw.

As illustrated in Figure 4.3, the cross section of the deformable part of the new grasper jaw is designed

in an I-shape in order to increase grasper rigidity; whereas the cross section of the first sensor was T-shaped.

Figure 4.3 shows that the second moment of area of an I-shaped cross section (5.39 mm4) is greater than

the second moment of area of a T-shaped cross section (3.69 mm4). As a result, based on Equation 4.1,

the I-shaped cross section results in less bending stress and it will decrease the undesired influence of

bending over the FBG sensors. In addition, Equation 4.2 shows that placing the axial force sensor as close

as possible to the crossing point of the neutral axes of the cross section of the jaw (C→0), theoretically

decreases the bending strain generated on the axial force sensor during grasping. Moreover, the disturbance
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Figure 4.2: Synchronous sliding of the top and bottom graspers: a) no load condition, b) an applied axial
force causes the moving parts to slide over the fixed parts while pulling an object— drawing
not to scale— (used with permission) [156].

effects of the driving cables or rods and the effect of joint friction on the axial force sensor was eliminated

by placing the axial sensor at the tool tip.

As shown in Figure 4.1 (b), a 0.5 mm × 0.4 mm crevice was designed for the axial force sensor

embedment at the flexure segment located at the proximal end of the jaw. However, it is noteworthy that

the neutral axis of the jaw is not the same as the neutral axis of the grasper (the grasper includes both upper

and lower jaws). Consequently, placement of the axial sensor on the neutral axis of the jaw will merely

isolate it from undesired effects of outward bending of that jaw caused by grasping objects; whereas, since

the axial sensor is not located on the neutral axis of the grasper, overall bending of the instrument caused

by exertion of transverse forces on the tip will impact the axial sensor measurements. Nonetheless, it is

possible to calculate the generated strain due to transverse forces and compensate the axial force outcome

for the effect of instrument overall bending. The equations for calculating the bending strain caused by

transverse forces are studied in [26, 28].

As shown in Figure 4.1 (e), similar to the previous sensor, a 0.5 mm × 0.3 mm channel was designed

over the surface of the grasper in order to embed an FBG fibre to measure grasping forces at their exertion

point.



www.manaraa.com

4.2 Design Solutions 61

Figure 4.3: An I-shaped grasper provides a greater second moment of area in comparison to a T-shaped
one, which decreases the undesired effects of the outward bending of the jaw. The placement
of the axial sensor on the neutral axis of the grasper cross section isolates it from measuring the
generated strain due to bending of the jaw (used with permission) [156].

With the basic geometry of the jaw determined, an FEA was performed to determine the dimensions

of the flexure segment and the I-shaped cross section. In addition, different configurations and shapes of

the flexure segment were analyzed. The goal of this analysis was to achieve the highest axial sensitivity

by weakening the flexure segment and the lowest outward bending of the jaw by maximizing the second

moment of area of the jaw’s cross section. In order to prevent any safety concerns due to mechanical failure

of the device, a safety factor of 10 was considered in all FEA steps. More details of this analysis are given

in the following section.

4.2.2 Finite Element Analysis

A finite element analysis was performed using ANSYS Workbench to validate the results of the theoretical

calculations in Equation 4.2 and Figure 4.3 for both I- and T-shaped jaws. The capability of ANSYS

Workbench in 3D modeling as well as defining boundary conditions between various parts resulted in an
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Figure 4.4: Strain generated by applying a 5 N force at: a) the far end of T-shaped jaw; b) a 3-mm distance
from end of the T-shaped jaw; c) the far end of I-shaped jaw; and d) a 3-mm distance from the
end of I-shaped jaw (used with permission) [156].

accurate and reliable analysis outcome. In this analysis, stainless steel and polyethylene have been chosen

as the grasper and optical fibre materials with Young’s moduli of 2× 1011 and 1.1× 109 GPa, respectively.

The possibility of choosing different materials in ANSYS Workbench is an important tool for making

realistic assumptions in FEA modeling.

As illustrated in Figure 4.4, the bending strains generated by applying a 5 N force at the end of both

I-shaped and T-shaped graspers are of the order of 10−4 and 10−5, respectively. Therefore, as expected

from Equation 4.2, an I-shaped design reduces the influence of bending on the grasping force sensor due

to its greater second moment of area. In addition, FEA simulations show the effectiveness of the I-shaped

grasper in providing consistent strain on the grasping FBG for a 5 N force applied on different locations,

as is shown in Figures 4.4 (c) and (d). Conversely, applying a similar force at the end and middle of the

T-shaped grasper generates strain values that are 10 times higher, as illustrated in Figures 4.4 (a) and (b).

Therefore, it is concluded that the I-shape design can efficiently eliminate the undesired influence of the

grasping force location on both the axial and grasping measurements.
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Figure 4.5: Strain generated over the axial FBGs by an applied grasping force of 10 N on the jaw: a)
T-shaped jaw; b) I-shaped jaw (used with permission) [156].

The influence of grasper’s outward bending on the axial FBGs in two different designs is simulated by

applying a 10 N grasping force on the jaw, as shown in Figure 4.5. Comparing Figures 4.5 (a) and (b),

shows that placing the axial FBG sensor on the neutral axis of the jaw in the second design reduces the

effect of outward bending of the jaw on the axial sensor by 15 times.

Finally, to provide adequate deflection during pulling objects, finite element models of three flexure

structure designs were analyzed in order to determine the best dimensions and shape, as shown in Figures

4.6. The stress concentration on the flexure segment of the three designs are shown in Figures 4.6 (b),

(d) and (f). The second and third designs with 0.64 MPa and 0.94 MPa amount of stress respectively,

provide remarkably lower stress concentration in comparison to the first design with 21 MPa. Therefore,

considering the yield strength of stainless steel (210 MPa), the safety factor for the first design is 10 times

less than for the other two. Thus, the first design was not chosen due to safety concerns although it was

able to provide three times greater strain value over the axial FBG, as shown in Figure 4.6 (a). On the other

hand, symmetric deformation of the second design (Figure 4.6 (c)) and its better axial deflection as well as

its capability to provide more space for gluing the axial FBG on the flexure segment make it a favorable

choice compared to the third design (Figure 4.6 (e)). As a result, the accordion shape structure (Figures

4.6 (c) and (d)) was chosen for the flexure segment of the proximal end of the jaw due to its ability for

providing the maximum amount of axial strain while satisfying the rigidity and safety requirements.
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Figure 4.6: The FEA results for strain and stress caused by 4 N axial force on three different designs: a)
Strain of 1st design, b) stress of 1st design, c) strain of 2nd design, d) stress of 2nd design, e)
strain of 3rd design, f) stress of 3rd design (used with permission) [156].

4.3 Sensor Fabrication and Prototyping

Similar to the first prototype, the grasper was fabricated in several pieces using a wire EDM machine due

to its high-quality finish. Fabricating the grasper jaw in several small pieces simplifies the manufacturing

process as well as the sensor integration. High quality finish of EDM machining plays a vital role in

increasing the accuracy of axial force measurements in absence of friction reduction balls. Since the flexible

piece is meant to slide over the fixed jaw during tasks involving pulling, reducing the amount of friction

between these pieces is essential. Holes with a 1 mm diameter were drilled on grasper jaws for the dowel

pin joint.

As illustrated in Figure 4.7 (a), only the lower jaw of the grasper was sensorized considering the sim-

plicity of routing out optical fibres from the jaw without bending them excessively. As a result, two FBGs

(os1100, Micron Optics Inc., Atlanta, GA, USA) were integrated into the grasper lower jaw for force mea-

surement. For direct measurement of grasping forces at their exertion point, a 5-mm grating FBG optical

fibre was mounted over the working length of the grasper. Similarly, a 3-mm grating FBG was placed in

the crevice in the deformable structure for measuring axial forces during pulling tasks. Superglue (Krazy

Glue, Elmer’s Products Canada) was used to attach the FBG fibres over the jaw regardless of its low melt-

ing point (62◦ C) compared to the high temperature autoclave sterilization process. However, the superglue
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Figure 4.7: a) Installation of FBG fibres on the moving jaw; b) fixed jaw assembly; c) sensorized jaw
assembly and heat shrink protected optical fibres; d) assembled sensorized grasper (used with
permission) [156].

layer was covered with a Loctite medical grade coating (Loctite M-11FL, Henkel AG & Company, KGaA,

Dusseldorf, Germany) for the sake of protecting fibres during high temperature autoclave sterilization. Fig-

ure 4.8, shows the autoclave sterilization test for examining the practicality of Loctite coating to protect the

optical fibres against severe autoclave conditions. Once both FBG sensors were adequately installed in the

moving piece of the lower jaw, it was then slid into the fixed jaw through the guide channel, as shown in

Figure 4.7 (b). Subsequently, autoclavable Loctite M-21HP adhesive was used to glue the end part of the

movable piece to the immobile jaw. Attachment of these pieces using Loctite adhesive was preferred over

micro-welding them due to capability of autoclavable adhesive in providing sufficient amount of strength.

After following the cure process of the Loctite glue, FBG fibres, from the grasper until the interrogator,

were covered using fibre protections (Glass Fibre Reinforced Plastic (GFRP) wire form protections, FBGS

Technologies GmbH, Jena, Germany) and heat shrink layers to prevent any potential external damages, as

depicted in Figure 4.7 (c) and (d). Finally, a 1-mm dowel pin was used to connect two jaws of the grasper

at the joint. Subsequently, the same data acquisition method, the Micron optical interrogator and user inter-

face developed at CSTAR for the first generation of the sensor, was used for sensor performance evaluation
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Figure 4.8: a) before test; b) after test; c) Autoclave; d) Adhesives and superglue.

and for calibrating the second generation of the sensorized grasper.

4.4 Calibration Setup Solutions

4.4.1 Introduction

Similar to the previous calibration setups, the F/T sensor was used for calibrating the axial and grasping

sensors. The outcomes of both the F/T sensor and the FBG sensors were recorded simultaneously using

the user interface developed at CSTAR. The measurement bias of both sensors was removed and the linear

regression method was used to establish a relationship between force data of the F/T sensor and wavelength

information from the FBG sensors. As shown in Figure 4.9, the calibration lines were fitted for both the
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Figure 4.9: Linear regression fitted line for: a) Grasping force sensor calibration; b) Axial sensor calibration
(used with permission) [156].

grasping and axial sensor data based on the calculated coefficients of the linear regression expression.

Subsequently, the stored processed/calibrated data from the grasper were compared to the actual force

values obtained by the F/T sensor in order to verify the sensor functionality. Issues encountered with

the previous calibration setups were addressed by designing new grasping and axial calibration setups, as

shown in Figure 4.10. 3D printed coupling plates were attached to both sides of the F/T sensor to connect

it to the grasper.

4.4.2 Grasping Setup

According to the technical specifications of the ATI F/T sensor, the resolution of force information recorded

in the axial direction is higher than the resolution of the obtained torque data. Therefore, a new calibration
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Figure 4.10: a) Grasping calibration setup and b) axial sensor calibration (used with permission) [156].

setup for the grasping sensor was designed using the axial direction of the F/T sensor. The new calibration

setup was designed considering the fact that only the lower jaw of the grasper is sensorized and required to

be calibrated. As illustrated in Figure 4.10 (a), the lower jaw of the grasper was placed on the F/T sensor in

order to apply pressure in a perpendicular direction. A linear stage (M4965-06-L, Parker Hannifin Corpora-

tion, Daedal Division, Irwin, PA, USA) was used to hold the sensorized jaw of the grasper perpendicular to

the axis of the F/T sensor. Consistent force up to 10 N was applied on the F/T sensor by the sensorized jaw.

As illustrated in Figure 4.11, by moving the linear stage forward and backward, the influence of exerting

grasping forces on different locations over the 6-mm working length of the grasper was evaluated.

4.4.3 Axial Setup

In order to increase the accuracy and repeatability of acquired force data from the axial calibration setup,

the string used in the previous setup was replaced by a rigid alligator grasper. Figure 4.10 (b), shows the

new axial setup in which the sensorized grasper was held by an alligator grasper attached to the F/T sensor.

In order to apply forces only in the axial direction of the grasper, the linear stage was positioned in a vertical
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Figure 4.11: Setup for exerting forces on different locations on the grasper jaw: a) side view and c) top
view of the end of the grasper; b) side view and d) top view of the back of the grasper (used
with permission) [156].

direction. Since the axial sensor was intentionally designed for measuring forces during pulling tasks, the

grasper was pulled upward by the linear stage until a 5 N axial force was measured by the F/T sensor.

After calibrating the sensor, experiments were conducted to evaluate the performance of the grasping

and axial sensors. Similar to the first sensor assessment, each experiment was repeated three times in order

to assess the following performance measures of the sensing system: accuracy, hysteresis, repeatability,

noise and drift.

4.5 Results and Discussion

Figure 4.12 shows the efficiency of the axial and grasping FBG sensors in accurately tracking the F/T

sensor output for one of the trials. Table 4.1 presents the results of the sensor experimental evaluation for

the second sensor. All of obtained results satisfy the required force specifications for MIS tasks in working

ranges of 0–10 N and 0–6 N for the grasping and axial sensors, respectively. As presented in the first
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column of Table 4.1, Grasping 1 refers to the accuracy of the grasping sensor at the same location used

during calibration, which shows an RMS error of 0.23 N. Grasping 2 refers to the accuracy when grasping

forces were exerted 6 mm away from the calibration point, where the maximum amount of error due to

outward bending of the jaw is expected. This location showed an accuracy of 0.31 N. These results show

the ability of the sensor to minimize the influence of the force location on the grasping measurements. The

total RMS error in grasping was 0.27 N. Although this error is greater than the 0.19 N accuracy of the first

prototype, these results are independent of the location of applied forces.

The local repeatability of the sensor is similar to that of the first prototype (0.26 N compared to 0.21 N);

whereas the total repeatability of the sensor is significantly improved, 0.37 N regardless of the exertion point

of grasping forces, which makes the second sensor more reliable compared to the first prototype. Results

acquired from the second prototype are more reliable and repeatable and therefore the second design is

more practical for medical applications. In addition, the behavior of the grasping sensor was noticeably

improved in terms of hysteresis compared to the previous design.

The axial sensor was characterized during pulling tasks (the loading phase) in order to simulate suturing

and knot tying tasks. Similar to the first prototype, the axial sensor was able to provide accurate and reliable

force information in terms of accuracy and repeatability. Moreover, the second sensor can be used to provide

force information in other tasks such as tissue palpation as a result of its low hysteresis (0.33 N).

Although the amount of noise and drift present in the developed sensing system are acceptable for MIS

applications, no significant improvements have been achieved compared to the first prototype, since the

same interrogation unit and type of optical sensors were used for both designs.

Regarding the autoclave sterilization process, the medical grade Loctite glue comprehensively protected

FBG fibres against severe autoclave conditions and kept the sensors in their desired place during and af-

ter sterilization. However, melting of the super glue underneath the adhesive affected the calibration of

the system. Therefore, in order to reuse the sensors after sterilization, the calibration process should be

repeated.

4.5.1 Conclusion

In conclusion, the second generation of the sensorized grasper was able to address the discussed accuracy

and reliability issues of the previous sensor. The influence of the force location on the grasping sensor
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Table 4.1: Results of the performance evaluation of the second generation of the sensorized grasper.

Grasping 1 (N) Grasping 2 (N) Grasping-Total (N) Axial-Loading (N) Axial-Total (N)
RMS Error 0.23 ± 0.14 0.31 ± 0.18 0.27 ± 0.16 0.30 ± 0.23 0.50 ± 0.34

Repeatability 0.26 ± 0.14 0.40 ± 0.18 0.37 ± 0.16 0.38 ± 0.23 0.73 ± 0.34
RMS Hysteresis 0.02 0.06 0.04 — 0.33

Drift 1.2 1.2 1.2 0.42 0.42
Noise 0.048 0.048 0.048 0.072 0.072

measurements was minimized and the grasping force information with high accuracy was acquired. The

axial force sensor was successfully isolated from the influence of the grasping forces by placing its FBG

on the neutral axis of the jaw. In addition, the axial sensor satisfied the hysteresis requirements for various

MIS tasks such as palpating. As a result, the second prototype of the sensorized grasper has increased

repeatability, while conserving the accuracy characteristics of the first prototype. More accurate and reliable

setups were designed for calibrating the axial and grasping sensors. Higher resolution results for calibrating

the grasping sensor were obtained by using the axial direction of the F/T sensor. Replacing the string with

an alligator grasper in the axial calibration setup resulted in more accurate and repeatable outcomes.

Coating superglue with medical adhesives prevented fibres from severe heat damages during the auto-

clave cycle. However, a more reliable medical glue (EP42HT-2Med, Master Bond Inc., Hackensack, New

Jersey, USA) is recommended to connect various grasper pieces and to mount fibres over the instrument in

order to guarantee the reusability of the instrument after multiple autoclaving cycles.

As the next step, the developed prototype for the axial and grasping force measurement will be in-

corporated into a complete laparoscopic needle driver. The instrument will measure force data in 5 DOF

including the grasping and axial directions. In addition, an extra FBG sensor will be mounted on the device

for temperature compensation purposes for in vivo applications.
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Figure 4.12: Comparison of the results from the FBGs and the F/T sensors in: (a) grasping and (b) axial
(used with permission) [156].
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Chapter 5

Integration of the Novel Force Sensing

Design into the Full Instrument Prototype

5.1 Introduction

The previous prototypes of the sensorized needle-driver showed the practicality of measuring the grasping

and axial forces on the tool tip [153, 156]. Drawbacks of the first prototype were adequately addressed in

the second prototype. Promising force results in terms of reliability and accuracy were presented by the

second sensor [156]. However, force measurement only in 2-DOF (grasping and axial) was not satisfactory

for the real-world application of the sensorized instrument. As a result, the concept of direct grasping

and axial force measurement at the tool tip was integrated into the full instrument prototype design. The

designed prototype for FBG-based force-sensing laparoscopic needle-driver is able to measure force and

torque data in 5-DOF including grasping, axial, torsion and two lateral forces. In addition, an extra FBG

for temperature compensation method is considered in sensor design.

5.2 Design Specifications

A laparoscopic needle-driver with similar appearance, size and weight to commercial instruments was de-

signed. The modeled instrument is intended to fit in a 5-mm trocar and to conduct suturing and knot tying

tasks. The appearance of the designed instrument is similar to a commercial needle-driver and it provides
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users with easy access to internal body features thanks to its 440 mm length. 12 mm of working length was

considered over its jaws for holding a needle or pulling a stitch during surgical operations. In a similar man-

ner to previous prototypes, autoclavable stainless steel (SAE316) was chosen for the instrument material

due to its biocompatibility and sterilizability. Considering the promising outcomes of the previous sensor

prototypes, 5 FBG sensors were used to measure force and torque in 5-DOFs including axial, grasping

(actuation), lateral forces in two directions and torsion. Moreover, 1 FBG sensor was used as a temperature

reference in order to compensate for the effect of temperature fluctuations on 5-DOF force measurements.

Range and resolution of FBG sensors in each of the DOFs was presented in Table 3.1. The sterilizability

and high sensitivity of FBG sensors make them the most appropriate technology for this application.

5.3 Mechanical Design of the Partial Prototype

As illustrated in Figure 5.1, the CAD model of a sensorized needle-driver grasper was developed using

SolidWorks. In this 5-DOF sensorized instrument, grasping and axial forces are measured at their exertion

point on the tool tip similar to the second prototype. As shown in Figure 5.2, two FBG sensors were

considered to be embedded inside the grasper jaw. A 0.5 × 0.3 mm channel was considered over the 12-

mm working length of the jaw for grasping FBG embedment (Figure 5.3); whereas, the axial FBG was

placed inside a 0.5 × 0.4 mm crevice to measure the resulting axial strain over the flexible segment of the

jaw, as shown in Figures 5.2 (b) and (c). A 6 × 3 mm gap was designed at the end of the jaw in order to

route the two optical fibres from the jaw towards the instrument back, as shown in Figure 5.2 (a). The fibres

were meant to be guided towards the interrogator through a 1 × 0.5 mm channel on the instrument’s outer

shaft, as it shown in Figure 5.4 (b). Moreover, three FBG optical fibres were placed over the instrument

shaft to measure exerted lateral forces, in x and y directions, and torsion, with respect to Equation 2.6. For

this purpose, 3 channels with 0.8 × 0.3 mm dimensions were designed in a symmetric 120◦ arrangement

over the instrument outer shaft for embedding the FBG fibres (Figure 5.4 (a)). As demonstrated in Figure

5.4 (a), the instrument has a hollow shaft with an inner diameter (ID) of 3 mm and an outer diameter (OD)

of 5 mm. The inner actuation shaft with 2.8 mm diameters is responsible for opening and closing the jaw

with a slider–crank mechanism. The inner actuation shaft fits inside the hollow shaft and is connected to

the grasper upper jaw using a connection link, as shown in Figure 5.2 (e). 1 mm diameter dowel pins were
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Figure 5.1: a) CAD model of the sensorized laparoscopic needle-driver; b) Side view of the instrument with
an open jaw; c) Side view of the instrument with a closed jaw.

considered to attach the upper jaw to the connection link as well as to the instrument’s fixed frame.

Similar to the second prototype of the sensor, the moving part of the lower jaw was designed in an

I-shaped in order to reduce the undesired effect of the outward bending of the jaw during grasping. Similar

to previous concepts, the moving part was expected to elongate during pulling tasks in order to increase

the sensitivity of axial measurements. The grasping sensor was integrated on the grasper jaw for direct

measurement of grasping forces.

In order to eliminate the effects of temperature fluctuations from other sensors measurements, an FBG

sensor was placed in the same fibre that the axial FBG was placed, as shown in Figure 5.2 (b). This

sensor was designed to be located in the fibre’s outlet gap at the end of the jaw in a floating manner (as

illustrated in Figure 5.2 (b)) in order to measure purely temperature effects and to be isolated from effects

of forces/torques applied to the instrument. Placement of the temperature compensation sensor as close as

possible to the tool tip increases the accuracy of temperature variance by taking into consideration the heat

transfer flow from the tool tip towards the end part of the instrument.

The bending moments generated by exerted lateral forces in the x and y directions and the torsion gen-
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Figure 5.2: Mechanism and working principles of the final sensorized instrument

erated by the instrument are measured by three FBG sensors mounted on the instrument shaft. According to

Equation 2.3, the overall strain measured by these FBG sensors is created due to the effects of the torsion,

bending and temperature. However, it is possible to theoretically calculate the amount of torsion strain

alone by implementing Equation 2.4 and subtracting the effects of temperature fluctuations. Subsequently,

Equation 2.6 can be used to compute the bending moments in the x and y directions.

5.4 Sensor Fabrication and Prototyping

The sensorized instrument was intentionally designed in several pieces in order to make its fabrication

through traditional machining methods possible. However, a metal 3D printer such as that in the Additive

Design in Surgical Solutions (ADEISS) Centre at Western University could also be used for manufacturing

the grasper in one piece. This machine has laser spot size of 70 microns and layer size of 40 microns and it

is able to print parts with 0.2 mm resolution. Therefore, medical 3D printing could be an alternative method

to traditional machining.
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Figure 5.3: a) Sensorized needle-driver with an I-shaped grasper; b) Fixed part of the needle-driver lower
jaw; c) Moving part of the needle-driver lower jaw; d) Accordion shaped deformable structure.

5.5 Results and Discussion

In conclusion, a CAD model of a sterilizable sensorized needle-driver with 5-DOF force/torque measure-

ments was developed. The novel design for measuring grasping and axial forces directly at their exertion

point on the tool tip was implemented in the instrument design. Moreover, the design proposed measuring

the bending moments created by lateral forces in two directions as well as torsion measurements. An FBG

sensor for temperature compensation was used for this prototype design.

As future work, the complete development of the final instrument for force and torque measurements

in MIS is proposed. Further test experiments need to be conducted in order to evaluate the performance of

the sensorized instrument in providing accurate force information. In vitro and ex vivo experiments should

be conducted in order to assess the feasibility of the system in providing reliable and repeatable data before

its actual test in in vivo applications.
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Figure 5.4: a) 3 FBG sensors at 120◦ arrangements for measuring applied torque and bending on the instru-
ment b) Bottom view of the instrument showing designed channels to route axial and grasping
FBGs towards the instrument back
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Chapter 6

Conclusion and Future Work

6.1 Introduction

The work presented in this thesis was aimed at addressing the lack of appropriate force sensing in MIS by

describing the development of a sensorized laparoscopic instrument. A comprehensive literature review

was performed to show the absence of an instrument with reliable force sensing that can provide realistic

force feedback for MIS. There are currently no commercially available laparoscopic instruments that can

provide haptic information on tool–tissue interactions. Moreover, developed force sensing instruments

in current state-of-the-art measure exerted forces far from their exertion point at the instrument shaft or

handle [13, 20]. As a result, the accuracy of acquired force data in these work is questionable. Therefore,

a sterilizable technology with high measurement accuracy and resolution is still missing. Therefore, the

objective of this work was to fill this gap by designing a 5-DOF sterilizable instrument that is able to

measure the forces acting on the tool tip.

Since measuring axial and grasping forces on a laparoscopic tool tip was the novel part of this work and

has not been achieved to date to a high degree of accuracy and reliability, the first generation of the sensor

prototype was designed and built to demonstrate the feasibility of the novel concept. The first prototype

provided acceptable results for measuring applied forces at their exertion point on the tool tip. However,

a few limitations (degraded sensor repeatability due to outward bending of the jaw) restricted its use in

real-world applications. Therefore, the second generation of the sensor was developed to address these

limitations.

79
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The second generation of the sensorized grasper was able to address the limitations of the previous de-

sign. The influence of the force location on the grasping sensor measurements was minimized and grasping

force information with high accuracy was acquired. The second prototype of the sensorized grasper also

has increased repeatability, while still achieving the accuracy characteristics of the first prototype.

Prototypes of the sensorized grasper successfully provided reliable axial and grasping forces proving

the practicality of direct force sensing. Therefore, a final model of the instrument was developed by im-

plementing the novel concept of measuring grasping and axial forces on the tool tip. The final instrument

provided force and torque information in 5 DOFs including: grasping, axial, lateral forces in two directions

and torsion. Moreover, a reference temperature compensation method was implemented to eliminate effects

of temperature fluctuations on sensor measurements.

6.2 Contributions

The work presented in this thesis will pave the way towards the development of smart surgical tools with

haptic capability. The force sensing system developed in this work can be of benefit in MIS applications

where the presence of force information is necessary or can provide greater safety or efficiency. The specific

contributions of this thesis are as follows:

• Two sets of grasper prototype were designed and developed to measure applied grasping and axial

forces at their exertion point on the tool tip. The developed sensing systems demonstrated the imple-

mentation of technology for direct and accurate force measurements in MIS. The force measurements

showed high accuracy and resolution and low hysteresis, noise and drift characteristics. To the best of

our knowledge, this was the first time that FBG sensors were used to measure tool–tissue interaction

forces on a laparoscopic instrument tip with the lowest possible coupling. Based on the novel concept

of direct force measurements, a sterilizable force sensing laparoscopic needle-driver was modelled

and designed. The final prototype was intended to provide force/torque data in 5 DOFs with a tem-

perature compensation capability. The low cost of the sensor development process that involves an

EDM fabrication method and FBG sensors makes it possible to consider commercialization of the

final design following in vivo testing of the instrument.

• Accurate and reliable sensor calibration setups were designed for calibrating the axial and grasping
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sensors. Higher resolution results for calibrating the grasping sensor were obtained by using the

force/torque ATI sensor.

6.3 Future Work

Although the feasibility of embedding force sensors in surgical graspers was shown, several points of

improvement were identified that could increase the quality of force measurements. These are presented as

follows:

• The final model of the sensorized needle-driver with 5-DOF force/torque measurements should be

built for in vivo applications. To guarantee the reusability of the instrument after multiple autoclaving

cycles, a more reliable medical glue (EP42HT-2Med, Master Bond Inc., Hackensack, New Jersey,

USA) should be used. The instrument should be tested several times before and after the autoclave

process in order to assess the reliability of the glue.

• Manufacturing grasper parts using rapid prototyping methods should be considered in order to reduce

the time for the fabrication process. The finish of the built parts using a metal 3D printer in the

Additive Design in Surgical Solutions (ADEISS) Centre at Western University should be examined

as an alternative for traditional machining.

• Implementation of the novel direct force sensing concept to other types of surgical graspers (in ad-

dition to a needle-driver with a fixed lower jaw) should be investigated. A similar force sensing

concept can be considered for surgical robotic applications. The da Vinci laparoscopic instruments

can be sensorized using FBG sensors in order to measure axial and grasping force information on the

instrument tip.

• In vitro, ex vivo and in vivo experiments should be designed to evaluate the practicality of the devel-

oped instrument in providing sufficient force/torque information for MIS. A graphical user-interface

can be used to provide force information to the users in a reliable and consistent manner.

• Development of a reliable method for laparoscopic instruments that can provide realistic force in-

formation of tool–tissue interaction forces that can be used to provide greater realism in MIS virtual

reality simulators and can be used for skills assessment purposes.
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Figure A.1: 1st prototype of the sensorized grasper

Figure A.2: Expanded view of the 1st prototype of the sensorized grasper
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Figure A.6: 2nd prototype of the sensorized grasper

Figure A.7: Expanded view of the 2nd prototype of the sensorized grasper
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Figure A.9: Moving part of the lower jaw of the 2nd sensorized grasper
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Figure A.10: Final prototype of the sensorized instrument

Figure A.11: Expanded view of the final prototype of the sensorized instrument
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Figure A.12: Fixed part of the lower jaw of the final sensorized instrument
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Figure A.13: Moving part of the lower jaw of the final sensorized instrument
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Figure A.14: Actuation shaft of the lower jaw of the final sensorized instrument
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Figure A.15: Connection link for the crank-slider mechanism
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Figure A.16: Upper jaw of the final sensorized instrument
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Figure B.1: Online permission for Figure 2.1
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Figure B.2: Online permission for Figure 2.2 (a)
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