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Abstract

Minimally-invasive surgery has revolutionized many medical procedures; however, it also impedes the
ability to feel the interaction between the surgical tool and the anatomical part being operated on. In order
to address this problem, it is necessary to obtain accurate measurements of the interaction forces exerted
on the surgical tools during surgery. These forces can then be manifested to the surgeon via a haptic
device or presented visually (visual-force feedback). This thesis describes the use of a fiber optic device
to measure and display to the surgeon interaction forces acting on an arthroscopic tool. The sensorization
of the tool involves a simple, highly efficient and robust design and is ideally suited for use in a surgical
training environment aimed at narrowing the gap between trainees and expert surgeons before the trainees
proceed to their first surgery in vivo. The major advantages of using fiber optics include their small size,
their local simplicity, their ease of sterilization, and their high sensitivity. In this thesis, a complete low-
cost sensing solution is described, including 1) the use of fiber Bragg grating and long period grating
sensors, 2) design of a low-cost optical interrogator, 3) high resolution electronic signal processing, and 4)
fabrication of the tool using wire EDM, CNC, and 3D metal sintering technologies. The full design of an
arthroscopic grasper is presented, along with the preliminary design and manufacturing of an arthroscopic
probe and shaver. The designed low-cost system was compared with a commercially-available optical
interrogator. The calibration and experimental results for this system are presented and discussed for
accuracy and performance of the sensorized tool before and after an axial element was added for
increased sensitivity. Sources of error and methods of improvement for the optical system, arthroscopic
tool, and testing procedures are discussed to inform the design of future generations of these instruments.

Keywords: Bragg gratings, fiber optic, arthroscopic, minimally-invasive surgery, design, low-cost, force

sensing
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Chapter 1
Introduction

1.1 Motivation

Minimally-invasive surgery (MIS) has become a widely accepted alternative to open surgery in a
broad number of surgical specialties. Certain orthopedic procedures, such as meniscectomies and
ligament reconstructions [1,2], are now mostly performed arthroscopically. There are many
benefits of using small access points as opposed to the large incisions used in open surgeries.
These include, but are not limited to, better cosmesis [3,4], reduced blood loss [5,6], less pain
[5], reduced infection rates [7,8], faster recovery and shorter hospital stay [6,9]. The major
hindrances in MIS, however, are reduced haptic (tactile/force) feedback [10,11] and a steep
learning curve [12]. If excessive force is applied due to the lack of force feedback, there can be
increased damage and trauma to healthy tissue. Conversely, if insufficient grasping force is
applied to tissue, this can lead to slippage, loss of control, and loose intracorporeal knots. While
expert surgeons have risen to these challenges through deliberate practice, the novice surgeon or
trainee has limited opportunities to practice their skills before operating on their first patient. In
the last decade, multiple simulators have been developed to address this problem, but the
simulated haptic feedback is not always representative of the real surgical situations. Therefore,
the development of force-sensing arthroscopic instruments may assist in training novice
orthopedic surgeons, as well as allow for surgical force data to be collected for both novices and

experts. This data may prove useful for the objective assessment of surgical skills.

1.2 Current Techniques

In traditional arthroscopic surgery the force exerted on the soft tissue is estimated by the surgeon
both visually through the endoscopic camera, based on perceived tissue deformation, and by
feeling the resistive force exerted across the instrument shaft to the tool handle. Over a period of
time, a firm understanding of the proper forces for each surgery can be firmly grasped. In

surgical training, however, the experienced surgeon must attempt to convey his or her perception



of these small forces verbally, without any direct, immediate force feedback. This increases the

training time and decreases the overall effectiveness.

1.3 Project Goals

The goal of this work is to design a robust, sterilizable, cleanable arthroscopic grasper that can
measure the forces acting on it during use. While a selected few instruments feature either small
size, high sensitivity/resolution, or applications in arthroscopy, no existing tool demonstrates all
of these features in a contained, surgery-ready, aesthetic grasper design using a fiber Bragg
grating approach. With insertion into a minimally invasive incision or trocar, the translation of
the tool is restricted to axial motion while the rotational movement of the tool around the entry
point has freedom about all 3 axes. It also contains an additional degree of freedom for actuation
of the grasping jaws. Due to the small size of tissue being grasped, small jaws, and small shaft,
torsion caused by off-center x, y and z forces are initially hypothesized to be negligible. The
current grasper design is able to measure x and y bending forces (tissue side forces), z axial
forces (tissue prodding/pulling), and grasping force. Torsion forces, corresponding to twisting
the tissue, were not included in this design to decrease the complexity in these early generations
of the tool.

1.4 Research Objectives

The main goal of this research is to develop force sensing arthroscopic tools that are similar in appearance
to current surgical tools. To achieve this objective, the development has focused on the following

objectives:

e To design and build a low-cost fiber optic sensing system capable of reading reflected light

signals from Bragg grating fibers for lab use.

e To design, manufacture, and test a series of arthroscopic instruments containing fiber optic

sensors to measure the tissue-forces on the instrument.

e To develop a photo-electrical system that converts light signal from the fibers into a high-

resolution low-noise digital electrical signal.

e To develop software to assist in calibration and force calculation from the given electrical signals.



1.5 Scope

Research-based projects at Canadian Surgical Technologies and Advanced Robotics (CSTAR) are
currently exploring the necessity of kinesthetic information in surgical and therapeutic applications. They
have identified that force information recorded during MIS procedures can be used both to effectively
develop metrics in surgical simulators, and to assist in skills assessment. This thesis therefore assumes the
importance of force feedback, and specifically focuses on the mechanical development of the arthroscopic
tools and the formation of a corresponding force sensing system. The potential of the complete system
will be evaluated based on the precision, accuracy, and usability of the tool. Previous arthroscopic
instruments have been developed to sense forces in just 1 direction of force using externally attached
strain gauges; therefore, the tools presented in this thesis will be designed to measure 4 DOF (grasper)
and 3 DOF (shaver and probe) using internal fiber optic sensors.

1.6 Overview of the Thesis

The structure of this thesis is as follows:

Chapter 2 Literature Review: Summarizes the state of the art in fiber optic minimally invasive
instruments and FBG interrogation systems, and provides background information on

fiber optic principles and Bragg gratings.

Chapter 3 System Design: Presents the detailed work done on the fiber optic, electrical,

mechanical and software subsystems of the design.

Chapter 4 Evaluation and Discussion: Describes the calibration process of the system, and

discusses the results obtained and their significance.

Chapter 5 Evaluation and Discussion — Second Generation Instrument: Describes design,
calibration and assessment changes of the system between February 2014 and

December 2014, and discusses the results obtained and their significance.

Chapter 6 Conclusions and Future Work: Highlights the contributions of the thesis and suggests

future areas of research.

Appendix | Software Interface: Presents the user interface used to read and formulate the FBG

signals. Calibration curves, buttons, and final forces are presented,

Appendix 11 EM Tracker Design Concept: The design concept and placement of an EM tracker on

the arthroscopic grasper is shown.



Appendix 111

Appendix IV

Appendix V

Appendix VI

SLD Power and Voltage Curves: ThorLabs SLD bench-top source specifications

Initial Bending/Shear Stress, Strain, Force, and Material Decision Table: This table
calculates the forces on the tool based on a variety of dimensional and material

selections.

Calculation Example using Coupling Biasing: This thorough calculation example
shows the complete process of reading a set of voltages, and using the bending,
grasping, axial, and coupling calibration curves to equate resultant forces.

Permissions and Approvals: Presents approval letters for copyrighted figures and

material.



Chapter 2

Literature Review

2.1 Introduction

In the initial discovery phase of the research, various medical tools and their specifications,
medical sensors, and arthroscopic procedures were investigated. Focus was then placed on fiber
optic force sensors, and additional research was begun on the development of low-cost
interrogation systems, fiber optic components, optical power and corresponding losses, light
sources (laser and SLD), and fiber optic Bragg gratings. Following this initial research time
period, regular literature review was conducted to discover emerging medical tools, new fiber
optic concepts, and technical procedures for connecting, cleaning, attaching, and interrogating
the fibers. The subsequent review starts off with a state-of-the-art summary of force sensing
minimally invasive tools. Fiber optics have been incorporated into a vast variety of medical
sensors, and while these will be touched upon, more emphasis will be put on applications
involving minimally invasive tools and FBG-specific sensors. Next, an introduction to the
technology and fundamentals of fiber optics is discussed, with emphasis on various types of FBG
gratings, and some of their applications. Finally, a separate review on current low-cost fiber
Bragg grating interrogation systems is included. The development of new low-cost approaches to
read the FBG light signals is currently one of the most complex and heavily researched areas in

FBG sensors.

2.2 Force Sensing Medical Devices

Force sensing feedback can indicate if the surgeon is applying the right amount of force to an
area within the surgical site. In orthopedic surgery, since contact can occur between either soft
tissue or bone, tactile force feedback can augment the image from the arthroscope to help
characterize the stiffness of the tissue in contact with the instrument, and to gauge the
appropriate forces to apply. In related papers by Trejos et al. [13,14], a laparoscopic instrument
was developed to measure all degrees of freedom acting on the instrument during surgery. As



illustrated in this paper, Figure 2.1 shows the percentage of total forces applied to each section of

the tool during surgery.

; Forces at the handle are 2 to 6 times
.J:nr

Fp, greater than tip forces [15].

Friction at the trocar: 0.25 — 3 N [16,17].

Torques created by the abdominal wall:
up to 0.7 Nm [17].

' M Fpy
Fox Internal friction Internal instrument friction losses: 58%
| of mechanism to 92% [18].
oz
Forces from .
nearby organs Flk T Forces and torques at the tip: 0.5 to 10
Fyy N, 0t0 0.1 N [17].

Figure 2.1: Forces acting on minimally invasive instruments [14].

In the field of MIS, there has already been significant research in sensor development. “State-of-the-
art in force and tactile sensing for minimally invasive surgery” by Puangmali et al. [19] organizes a
broad range of these design ideas. Of special note is a servo-driven springless encoder developed by
Rosen et al. [20] that actuates the jaws of a tele-operated grasper. The failings of displacement
sensors usually lie in frictional losses and in backlash of drive mechanisms; therefore by replacing
the elastic element, these errors can be eliminated. Another device to point out in this MIS review
was developed by Tholey et al. [21]. The current measuring approach shown in Figure 2.2
incorporates a motor driven cable on a custom made laparoscopic grasper. The total accuracy of the

system was however diminished by errors due to friction, inertial resistance, mechanical backlash,



change in armature quality, and current variances between other joints, and by the limited calibration

techniques available for relating the change in current to force.

Figure 2.2: Motor driven current-based laparoscopic grasper prototype [21].

Piezoelectrics have also become a very popular technique for force sensing devices. Sokanvar et al.
[22] developed the tactile sensor in Figure 2.3 for an arthroscopic minimally invasive tool to sense
grasping forces. The PVDF (Polyvinylidene fluoride) film used in this design has a 10 times larger
piezoelectricity than many other polymers, with 6-7 pC/N. Another benefit of this design is that the
piezoelectric sensors also act as teeth for the grasper. In this way there is no medium between the
forces and the film, just direct transference. A novel aspect of this design is that by measuring the
resultant deflection as well as the amplitude of the applied load, it can sense the softness of the
object as well. For example, a rigid object would essentially not bend the sensor at all, but just
stretch across the teeth. By changing the Young’s Modulus, thickness, and length of the flexible
substrate, the force sensor can be designed for a specific range of loads.
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Figure 2.3: Piezoelectric tactile sensor [22].



Ohtsuka et al. [23] developed a vibrational-based sensor that is constructed of a sensor probe,
amplifier, filter, and frequency counter (Figure 2.4). The sensor probe is acoustically connected to a
piezoelectric transducer composed of lead zirconate-barium titanate ceramics. The transducer has a
92 Hz base resonant frequency that changes based on the softness of the tissue it comes into contact
with. A sudden upward spike in the computer feedback system would mean that a hard spot was
found in the lungs. The main need that this system addresses is to locate deeper lung nodules. While

a surgeon can usually distinguish these nodes with his or her fingers, this is an invasive procedure.
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Figure 2.4: Vibrational tactile piezoelectric sensor measurement system [23].

Piers et al. [24] designed a 5 mm diameter tri-axial tool that by sending light down the length with 3
optical fibers would reflect off of a flat mirror on a flexible element (Figure 2.5). The spacing
between the fibers and mirror was set to be 100 um. A 2 mm diameter hole along the center allows
for various tools to be passed through. Experimental results yielded a force range of 2.5 N with a
resolution of 0.01 N. The figure also shows the path of the fiber returning to the receiver. Instead of
using separate fibers to send and receive the signal, a circulator/optocoupler was used so that the
emitting and receiving signal could be send down the same fiber, and properly channeled to their

separate destinations. The benefit of this is that it halves the separate paths needing to be designed in



the tool. With size as a limiting factor in MIS tools, minimizing instrument size is essential.
Additionally, a Fabry-Perot interferometric force sensor (FPI-FS) device was created by Liu et al.
[25] to outfit a probe for vitreo-retinal microsurgery (Figure 2.6). He et al. [26, 27] developed a
miniaturized vitreo-retinal grasper capable of sensing forces imperceptible to human touch (Figures
2.7 and 2.8). It uses three Bragg grating fibers attached to a stiff titanium wire to take measurements.
This allowed sensing in two degrees of bending with axial force being out of range. Figure 2.9

shows the earlier conceptual design of a similar sub-millimetric vitreo-retinal tool [28, 29].
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Figure 2.5: 5mm diameter tri-axial tool (a) three optical fibers measure deformation of the
flexible structure; (b) reflective position measurement configuration [24].
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Figure 2.6: Fabry-Perot retinal probe (a) system schematic of FPI-FS; (b) cross section of tool shaft
with embedded fiber; (c) CAD model of FPI-FS probe on probe handle (d) detailed schematic of
the system with FPI-FS and CP-OCT interrogation; (¢) CAD model for the Nitinol flexure [25].
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Figure 2.7: 2-DOF force sensing micro-forceps [27].
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Figure 2.8: Fiber attachment method (a) section view of the tubular tool shaft with the FBG sensors;
(b) close-up of the guiding jig for FBG alignment; and (c) the guiding jig in assembly [27].
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Figure 2.9: FBG retinal probe (a) cross-section diagram of 2-DOF force-sensing tool;
(b) conceptual design of optical fiber force-sensing tool [28].

US Patent 20070151390 Al [30] (Force and torque sensing for surgical instruments) by
Blumenkranz and Larkin introduces the theory of threading sensors along a surgical tool shaft for
force and torque measurement. US Patent 8561473 B2 [31] (Force sensor temperature
compensation) again under inventor Blumenkranz but published later, broadly describes the
possibility of using either wire leads or fiber-optic-based strain gauges along a surgical instrument to
measure force; it additionally describes a temperature-compensation method. To compensate for
temperature, a negative thermo-optic coefficient optical fiber material could be used, a reference
unstrained fiber could be added, or various thermo-optic coefficient materials could be used and
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compared. The recommended application is for teleoperated medical tools operated at a remote
location from the patient. US Patent 20110224689 Al [32] (Robotic surgery system including
position sensors using fiber Bragg gratings) by Larkin and Shafer adds on to the previous patents by
describing the use of the strain characteristics of the FBG sensors to calculate the position of the tool
end-effector. US Patent 20090123111 Al [33] (Optical fiber grating sensors and methods of
manufacture) by Udd evolves the development of FBG strain sensors on medical tools by

recommending alternative grating manufacturing and application techniques to increase resolution.

For a comprehensive reading on various other uses of fiber Bragg gratings in medicine, the paper by
Mishra et al. [34] “Fiber grating sensors in medicine: Current and emerging applications” describes

many different applications:

e Thermal mapping of cardio-vasculature

e Pressure mapping of orthopedic joints

e Low temperature monitoring

e Immunosensing

e Monitoring foot pressure and gait analysis for diabetics
e Temperature and pressure sensing in a dental splint

e Monitoring of handgrip strength for physical disorders
e Heartbeat and respiratory monitoring

e Urinary incontinence & pelvic floor disorders

e Measuring of ultrasonic waves

e Tactile, temperature, and strain sensing

e Lab-on-chip technologies

e Robotic surgery

2.3 Optical Fiber Technology

2.3.1 Optical Fiber Overview

The fibers used for fiber optic sensing are first categorized into either multi-mode or single-mode
depending on their core size, and how many propagation modes can be handled. Single-mode fibers
are typically used for scientific sensors since they only allow one mode, and as such are not limited

by modal dispersion. This allows the light to be focused more precisely. Multi-mode fibers however
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require a lower-cost light source and have a lower percentage loss when connecting the fibers. In the
context of FBGs, single-mode fibers are primarily used since they return a single distinct peak
wavelength. As discussed by Lu and Cui [35], it is possible to create an FBG out of a multi-mode
fiber with a greater degree of numerical calculation. Their research may further help to decrease the

overall cost of the current FBG interrogation system.

The two main methods for using fiber optic sensors as strain sensors are either to internally
manipulate the wavelength spectrum of the light in the fiber (FBG); or to send light out of the fiber
and to reflect the light off of a surface (Fabry-Perot). There are four further main methods to read the
returning light signals. The first is to use a reference fiber and compare light intensities. The second
is to use an optical spectrum analyzer to read the actual spectrum of light returned. The third is to
split the returning light signal and recombine it out of phase to determine wavelength properties
(interferometry). Fourth, a swept-laser source can be used to pinpoint the current wavelength of the

system.

2.3.2 Grating Analysis

The grating on a FBG fiber is similar to a series of internal mirrors running along a small 1-3 cm
section of the fiber. These “mirrors” are in fact periodic variations in the refractive index of the fiber
core, which cause a specific wavelength of light to be reflected internally. These gratings are added
either with a single high-powered laser in conjunction with a precise phase mask, or with two
interfering lasers that produce a grating according to their interference pattern. The grating on a fiber
is characterized by its grating period, and how this period changes along the fiber. The most basic
grating type is the uniform fiber Bragg grating (FBG), where the period is uniform along the length
of the affected length of fiber, and is approximately 500 um. Another common grating type is
termed a long-period grating (LPG), due to its much longer period length of 0.1 to 1 mm rather than
500 nm. This greatly simplifies the grating inscription process. Instead of measuring the reflection of
light restricted to within the core, forward propagating modes are employed, and transmission
through the cladding is instead measured. The response spectrum is also much broader than with
FBGs, giving it unique applications in band-rejection, and gain-flattening, filters. As will be
described in Chapter 5, the broad spectrum provides a larger unique linear range at the cost of a
weaker signal. A third type of grating is a chirped fiber Bragg grating (CFBG), which has a linear
increase or decrease in the grating period. Instead of reflecting a single wavelength, this allows a
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broader range of wavelengths to be reflected, resulting in greater dispersion. This also means that
each chirped wavelength will return at a different measurable time delay. With more costly
interrogation equipment, this would increase the precision of each fiber and the corresponding output
signal. A fourth type, apodized gratings, reduce the period to zero on either side of the grating,
aiding in side-lobe suppression These four types of gratings are currently the main focus of current
FBG sensing technology; however, other types exist such as discrete phase shift gratings, and

superstructure gratings.
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Figure 2.10: FBG structure, with refractive index profile and spectral response [36].

2.3.3 Theoretical FBG Calculations

The equations below show the dependency on various optical, thermal, and strain properties for
calculating the Bragg wavelength [37,38]. On an FBG that is unstressed by external forces (strain,
pressure, temperature, displacement, acceleration), the period spacing, denoted by A, can be related
to the Bragg wavelength As, through the refractive index, n (n2 in Figure 2.10) of the fiber core

material according to

Ag =2nA (1)

Therefore, in using a Bragg wavelength of 1544 nm, with the refractive index of fused silica being

approximately 1.444 [39], the grating period is approximately 534.6 nm. Equation 2 [38] represents
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the extended Bragg wavelength formulation under axial strain and thermal stress where P11 and P12
are Pockel’s coefficients of the stress optic tensor, ¢ is the applied strain, v is Poisson’s ratio, dn/dT
represents the thermo-optic coefficient, and a is the coefficient of thermal expansion of the fiber

material.

. ) dn
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The Pockel’s coefficients quantify the polarization on the application of a stress, and can be equated
as polarization/stress. A numerical value of 0.22 can be assumed for this term [37,38], dependent on

the properties of the fused silica fiber. Simplifying Equation 2 gives Equation 3 [37,38]:

dn

Ag = 2n4 [[1—.22)£+ a+§ ﬂ.:r} (3)

Further research has gone into determining the properties of the fiber sensor at constant strain or
constant temperature. This method is useful when the material is to be used at thermal or strain
equilibrium. The measured strain response in thermal equilibrium and strain equilibrium are shown

by Equations 4 and 5 respectively [38].
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Interpreting these responsivities, a resolution of 0.001 nm (1 pm) is required to measure either a
temperature change of 0.1 °C or a strain change of 1 pstrain. This precision is typically only possible

with systems consisting of Optical Spectrum Analyzer (OSA) or FBG Interrogator technologies.

2.3.4 Spectrum Analysis Techniques
The silica glass core of a FBG is typically 6-8 um, the cladding is typically 125 pum and has a lower

refractive index than the core, the coating is 250 um, and the jacket varies between 400 and 900 pum.
When light is directed down the length of the fiber, it interacts with the gratings, and the full
wavelength spectrum of the light is split between transmitted light and reflected light according to

the grating and incident light wavelengths. Depending on whether the incident light is a narrow
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wavelength specific laser, or a broadband super-luminescent diode (SLD) source, the fraction of
reflected light will vary. The laser option is typically used in a swept manner with an OSA. Single
probes of light are sent one at a time over a certain wavelength range until the reflected light
becomes a maximum. The wavelength that corresponds to the maximal reflection is read by the
OSA, and can then be related to the Bragg period of the fiber. The SLD source technique sends a
parabolic power spectrum into the fiber. When the light refracts on the grating, it will remove a slice
of the SLD spectrum corresponding to the Bragg period of the fiber. Since the SLD spectrum is
parabolic in nature, the returning power will be directly relatable to the Bragg period. The method
used in this thesis incorporates the SLD approach, but uses a first FBG to initially narrow the broad

spectrum of the SLD, and then uses another FBG to further dissect the spectrum.

Figure 2.11 shows the spectrums of 1546.1 nm and 1544.9 nm centered FBGs. As strain is applied to
the 1544.9 nm FBG, its spectrum is pushed to the right and overlaps that of the 1546.1 nm FBG. The
area under the overlapping spectrum (in light blue) represents the reflected optical power. After the
1544.9 nm FBG is overstrained, its spectrum passes to the right of the 1546.1 nm FBG and the
power will again drop off back to zero. By restricting the strain to either the increasing or decreasing
side of the reference fiber spectrum, a discrete strain value can always be reached depending on the
FBG signal response. The importance of discovering the Bragg period of the fiber, is that this is the
property that changes with strain, acceleration, pressure, displacement, and temperature. With
increased levels of either measurand, the spacing between the gratings or the refractive index of the
silica core will increase, resulting in a larger Bragg period. By formulating a direct correlation
between the measurand of the system and the Bragg period, a value can always be determined for the

Bragg period.
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Figure 2.11: FBG spectral wavelength shift showing reflective light intensity.

2.3.5 Benefits and Challenges
The choice to use optical methods over other force sensing techniques is based on the following

benefits:

e The thin diameter (200 to 250 um) is essential as new minimally invasive tools decrease in
diameter to access harder to reach joint locations and reduce port size.

e The long, thin dimensions of optical fibers are ideal for tools with shaft-like geometry.
Compared to capacitance, pressure, and piezoelectric-based methods which rely upon a distinct
area of contact, the fibers are much more economical in size as they are only 160-250 pm in
diameter.

e The complex instrumentation can be kept outside, and far away from the tool. This is more
relevant to the use of fiber Bragg gratings as the only complex part is the internal mirrors,
making the sensor identical in every dimension to a simple fiber insert.

e As the wavelength carried by light is on the order of nanometers, they have a high sensitivity as

it only takes minimal bending to increase or decrease the fiber on a similar order. The use of
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fibers is therefore critical for the determination of forces that are imperceptible even to human
recognition.

While optical fibers have such high sensitivity, it is useless without high resolutions;
conveniently, this is another property of fibers. With the sole dependency on light, opposed to
each of the other above sensors, these fibers are immune to electrostatic and electromagnetic
noise. In addition to this benefit of high precision, this immunity also makes the corresponding
tools useable in MRI machines. This provides immutable value to procedures requiring a
combination of high tool precision and high resolution imaging.

The silica fibers are easily sterilized since they contain no crevices and are resistant to high
temperatures. This gives them high biocompatibility. Further benefits in this area are that they

have a high chemical inertness, and are non-toxic.

While optics and fiber Bragg gratings have many benefits and applications, the following

challenges still need to be addressed while using the technology:

The fiber needs to be linked to a readout unit. If the device being measured is portable, or
frequently in non-fragile environments, the link can be cumbersome, or sensitive to breakage.

A way to interpret the optical sensor signals being returned must be available at an acceptable
cost. The resolution must be maintained, and lower cost, lower accuracy interrogation devices
may not be acceptable.

Fiber Bragg gratings are sensitive to strain, temperature, acceleration, pressure, and refractive
index. Isolating one of these parameters from the others, especially when multiplexing the same

fiber, is essential to minimizing error.

2.4 Interrogation Systems

2.4.1 Fiber Optic Components and Losses

Isolator — An isolator is a directional component that prevents any internally reflected light from

reversing direction and lasing the light emitting system. This could damage internal components

and/or change the spectrum being emitted. Especially with the large percentage of reflection with

Bragg gratings, this item becomes all the more essential

Circulator — The circulator shown is a directional component with three optical ports that allows

transmission of light from Port 1 to Port 2, and Port 2 to Port 3. A circulator allows the reflected
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strain-affected light from the fiber Bragg grating sensor to be isolated from the transmitted light. In
this way, only a single fiber can be used for both transmissive and reflective light. With small

diameter tools, the need for only one fiber path through the tool simplifies the design.

Splitter — A splitter is an optical device that allows a signal to be divided into any number of paths,
while also dividing the intensity conversely. This is essential in a ratiometric intensity-based design
as it allows one path to act as a reference point, while the other is used for sensing. One novel
design, which will be seen in the following sections, is based on the use of a Wavelength Division
Splitter, which changes its splitting ratio intensity depending on input wavelength.

Light Source — Every optical system requires a light source. Two main types for sensor applications
include swept-source lasers, and super-luminescent diodes (SLD). Swept lasers send out one specific
wavelength at a time to the system and locate the current wavelength of maximum light intensity in
the system. SLDs send a continuous parabolic spectrum of light over a range of wavelengths. These
are used frequently in intensity-based systems, where each returned light intensity corresponds

directly to a unique wavelength.

Photodiodes — On the receiving end, photodiodes convert the optical intensity to an electrical signal.
By manipulating p-n bandgaps with various materials and fabrication methods, photodiodes can be
made increasingly sensitive to specific wavelengths of light. The photodiode takes in the sensor light
intensity and returns a proportional current. The ratio between a reference path and signal path can

be calculated with this method.

Optical Spectrum Analyzer — An alternative method to photodiodes is the use of an Optical
Spectrum Analyzer (OSA). OSAs are able to recognize the exact light spectrum in the fiber with a
single fiber input. However, as can be seen in Table 2.1, the cost of this equipment is comparatively
very high. Optical spectrum analyzers work by matching the intensity and frequency of the input
signal to its full frequency range. An internal transducer is necessary to change the optical signal into

an electrical signal.

Interrogator — An interrogator is a “black box” device that internalizes a combination of these
necessary components and returns the strain output in a converted, readable, user-friendly form. It

simply requires the attachment of one end of a FBG to complete its measurements.
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Table 2.1: Costs for primary system instrumentation components.

Optical Component Cost
Interrogator $23,000
Optical Spectrum Analyzer $19,240
Tunable Laser $2,800
SLD Broadband Source $3,000
Long Period Bragg Grating $100
Fiber Bragg Grating $100

2.4.2 Systems

As the potential of fiber Bragg gratings has been realized, several researchers have investigated the
benefits of creating an all-fiber interrogation unit in order to reduce cost. Kersey et al. [38] provides
a thorough state-of-the-art discussion on various system developments in the area of FBG sensors.
With high signal quality compared to common strain gauges, their range of use has extended from
simple proof of concept lab tests, to expensive industrial applications. With the current cost of fiber
optic interrogation units, there is a need for developing a low-cost interrogation system in parallel
with the fiber optic tools described in this thesis. While the quality of the high-priced off-the-shelf
product could be significantly better than the in-lab built system, the specifications of system
sensitivity, resolution, and range may be much higher than is required for the arthroscopic
application. The following state-of-the-art designs address the issues of temperature-sensitivity of

FBGs, strain-sensitivity, resolution, complexity, feedback control, and cost.

Tosi et al. [40] have introduced an in-line sensing system to test the lowest cost system that can still
give a good signal. As can be seen in Figure 2.12, the light, which is controlled by a thermoelectric
controller, passes through the isolator to protect the laser from self-lasing and then enters the fiber
Bragg gratings. They made use of a set of photodiodes paired up with a conditioning unit to amplify
signal and reduce noise, and a data acquisition unit to convert signals into strain readings. By using
an intricate method of signal processing, the setup costing about $1,000 gives accuracy to 10 nano-
strain, which compares well with systems costing more than 10 times as much. These would include

Scanning Filter, FBG Analyzer, Optical Spectrum, and Interferometry techniques. The signal
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processing methods use a static-trained RLS filter to reduce the signal-to-noise ratio by 13dB. The

only recognizable drawback to this system is the time spent on testing filters in order to reduce noise.
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Figure 2.12: Cost-effective strain interrogation system [40].

An all-fiber sensing system created by Davis and Kersey [41] shown in Figure 2.13 uses a
broadband source in conjunction with a Wavelength Division Coupler (WDC) to interrogate the
gratings. The splitting ratio of the WDC varies based on the signal’s wavelength, opposed to a
standard fixed ratio coupler, allowing simple intensity-based measurement using photodiodes. This
system also uses the back-reflected light from the grating opposed to the transmitted light as in
Figure 2.12. This improves the resolution of the system, as the focus is on only one specific
wavelength, providing a cleaner signal. Another benefit of using the reflectance spectrum is that a
single fiber can then be multiplexed with many sensors, each with a slightly varied wavelength.
While these changes add some additional cost to the optical side of the system, a finer spectrum is

returned, reducing the needed complexity of signal processing.
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Figure 2.13: Wavelength division coupler interrogation system [41].
© 1993 IEE
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One benefit of using discrete 3 cm gratings on a fiber, is that multiple sensors can be inscribed on a
single fiber, either to measure pressure, acceleration, temperature, strain or displacement, or a
combination of these. Figure 2.14a shows the division of 8 sensors on a single fiber over 6 nm used
in the experiments by Sano et al. [42]. Each grating then needs to be interrogated by a corresponding
set of matched gratings. The arrayed waveguide of matched filters works by first splitting the signal
into 8 paths of equal proportions (Figure 2.14b). Using a set of 8 photodiodes as shown in Figure
2.14c will then allow processing of the signals through the concept of varying light intensities.
Arrayed waveguides are used in telecommunications to add multiple signals onto a single fiber with

negligible crosstalk.
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Figure 2.14: Arrayed waveguide interrogation unit

(@) Channel transmittance levels; (b) arrayed waveguide; (c) sensing system [42].
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The novelty of the interrogation unit shown in Figure 2.15 is that it uses a dither signal through a
feedback loop to sequentially extract wavelengths from each of the 6 sensors over a range of 1530
1557 nm. Davis and Kersey [43] also used a series of matched filter gratings that each in turn will
reject light from the reflection of its matched counterpart. A linear response was obtained over +/-
100 pstrain, and a dynamic strain resolution of 0.01 pstrain/\Hz. The total benefit of this idea is that
only one photo-detector and path is then needed. The reflection signal of fiber Bragg gratings is
already quite weak as only one wavelength of many is reflected, and with the addition of more

components, will attenuate even further.
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Figure 2.15: Matched filter interrogation unit [43].
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One of the main disadvantages of using fiber Bragg gratings for strain measurement is their
dependency on temperature. On the subject of minimally invasive tools where the human body has a
different temperature than the atmosphere, the results can be skewed. In Figure 2.16a, Wu et al. [43]
set up an experimental apparatus to be insensitive to temperature. In this design, fiber Bragg grating
1 (FBG 1) is external to the strained material but in the same temperature environment. FBG2 is
inside of the strained device and acts as a strain gauge. As fiber Bragg gratings can be created with
very precise dimensions, FBG 1 and FBG 2 were selected as in Figure 2.16b such that they would
both shift the same amount under the same temperature stress. The experimental error was recorded
as a maximum difference of 6 pm (wavelength) between 15 °C and 50 °C. Under higher
temperatures the wavelength will shift up, and vice versa for lower temperatures. In this way, using a
ratiometric photo-detection system will give an unchanged ratio under isolated temperature strain.

By having FBG 1 attach before the splitter, both the reference arm, and the path with the second
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Bragg grating, will be shifted identically. An additional option for this system proposed by the
authors is for the splitter to split the signal into three paths with another edge emitter along the third
path length. If tuned correctly, this will allow the temperature value to be isolated and equated as
well. With the assumption of a 0.01 dB resolution photodiode, Wu et al. calculated a temperature

resolution of 0.2 °C for the 3-path system.
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Figure 2.16: Temperature independent interrogation system
(@) system schematic; (b) normalized spectral response [44].

In the system proposed in Figure 2.17a by Fallon et al. [45], a long period grating is used to
modulate the reflected intensity coming from the strain sensing fiber Bragg grating. The splitters, as
is common, provide the reference path required for ratiometric photodiode measuring. As can be
seen in Figure 2.17b, the broad interrogation response of the LPG dictates the returned light intensity
of the FBG. As the FBG spectrum shifts right, its peak will coincide with a lower point on the LPG
intensity spectrum. The FBG center wavelength should ideally be kept on either side of the LPG
spectrum trough wavelength so that uniqueness of the intensity values is preserved. This system also
uses erbium fluorescence as the broadband source spectrum. Erbium fluorescence is produced by the

excitement of an erbium-doped fiber through a fiber amplifier. An internal pump laser provides the
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initial excitement energy, and on the decent of electrons from higher order states, photons are
emitted in a broad spectrum.
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Figure 2.17: Long period grating interrogation system
(@) system schematic; (b) LPG interrogation technique [45].
The next system, proposed by Patrick et al. [46], is another long period grating / fiber Bragg grating
hybrid interrogation system. The notable difference as can be seen in the Figure 2.18a schematic is
that all three gratings (two FBGs and one LPG) are in series along the same fiber, and an OSA is
used. Figure 2.18b shows how either side of the LPG spectrum can be used for two different
gratings, allowing both strain and temperature to be measured. The LPG is used for temperature
sensing as it has a much more sensitive response to temperature, opposite to a FBG which is more

sensitive in strain. The center wavelength of the experimental LPG is 1306 nm, while that of the two
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FBGs is 1293 nm and 1321 nm. The two Bragg-types are used to medially locate the shifting
wavelength of the LPG. An increase in strain causes R1 to decrease slightly, and R2 to increase
slightly, as wavelength increases for each. This effect is caused by the mirrored response curve
associated with the LPG, and also because the wavelengths of the FBGs increase more than that of
the LPG. When temperature changes however, R1 increases a lot and R2 decreases a lot. This is
caused both by the mirrored LPG response curve, the fact that the LPG curve is increasing at a
greater rate than the Bragg curves, and because the LPG is more sensitive to temperature than the
FBGs are to strain.
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Figure 2.18: Hybrid long period/fiber Bragg grating system

(@) interrogation system; (b) reflectance vs. wavelength technique [46].
© 1996 IEEE

Ribeiro et al. [47] put forth an all-fiber system that utilizes a bi-conical fibre filter (BFF) as an
interrogation unit. This instrumentation design is equivalent to that in Figure 2.19a, with the sole
exception of the BFF replacement for the LPG. A BFF is simply a depressed-cladding fiber that

operates by propagating a restricted waveset, while heavily attenuating the rest of the signal. The
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BFF has a similar response to the LPG seen in Figure 2.19b, with the exceptions that it is more
oscillatory and is less deep. These give it a smaller working range, and a less-sensitive interrogation
property. While it is generally easier to fabricate, these dissimilarities make it slightly less ideal than

an LPG interrogation unit.
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Figure 2.19: Bi-conical filter interrogation system

(a) system schematic; (b) broad response of a bi-conical filter [47].
© 1996 IEEE
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2.5 Summary

This literature review outlines the existing work that has been done on a variety of components
including force feedback, sensor development, optical fundamentals, and fiber optic instrumentation.
Force feedback is the central purpose behind developing these instruments. The study of various
medical force sensors then provides the experience about how both medical and engineering fields
can be joined to create new surgical technologies. Miniaturization, medical compatibility, and sensor
flexibility were also emphasized in the review as the driving points behind the mechanical design.
By analyzing an assortment of important fiber optic instrumentation designs, an understanding was
formulated on how low-cost optical interrogation systems function. The new low-cost system

designed from these principles is outlined in the following section of this thesis.
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Chapter 3

Fiber Optic, Electrical, Mechanical and
Software Design

3.1 Introduction

The presented arthroscopic force sensing design uses fiber optic Bragg grating (FBG) sensors
fabricated with UV light imprinting. These sensors have already emerged in a multitude of medical
applications [34] due to their relatively simple adhesion and alignment, their high sensitivity [48,
49], and their internal sensing property. This chapter presents each area of development for this
system, and analyzes the selection, design, and manufacturing process of each component. These
areas include research and design into the low-cost fiber optic interrogation system, electrical circuit
board design, mechanical manufacturing of the arthroscopic instruments, and finally the
development of the software to visualize the signals and read back the forces. Low-level approaches
were implemented in each area to meet the objective of a low-cost complete system: all-fiber
interrogation unit, in-lab constructed data acquisition circuit board, self-made tool components, and

custom software.

3.2 Design Specifications

The MIS tool was developed with the following list of constraints guiding the design:

1. The overall diameter of the shaft and closed graspers must be less than 5 mm for versatility and to
fit through the port.

2. The sensitivity of the tool must be 0.1 N to measure the small forces exerted by the tool on soft
tissue.

3. The grasping forces exerted by the jaws on the soft tissue or bone fragments must be measurable
between 0 and 20 N.

4. Lateral forces on the tool tip must be measurable between -10 N and 10 N applied 360 degrees

around the tool.
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5. Tool yielding must occur before fracture as an initial warning to tool breakage. Moreover, any
tool fracture must occur outside of the body so that no small pieces are lost inside of the body.

6. To avoid reaction within the human body, or during the autoclaving cycle, the tool must be
biocompatible, sterilizable, high temperature resistant, and chemically-inert.

7. An aesthetic and dimensionally equivalent design to current arthroscopic tools will give more
similar force data.

8. Unrestricted, low-friction motion of the grasper handle and jaws will give better force
measurement, and give better tool motion. There should be no sharp corners on the tool, to avoid
accidental tissue cutting or scraping.

9. In order to reduce overall cost, the tool must be fully detachable for reuse with different tips or
handles based on the surgical procedure being performed.

10. The software must give live visual force feedback from the sensors, and have a calibration

method.

3.3 Low-Cost Interrogation Design

The low-cost characteristic of this system was evaluated solely on material costs, and not on
manufacturing or labour costs. It was designed as a low-cost option, constructed in the lab, to aid
research into FBG sensor technology, rather than for commercialization. To maintain this low cost,
the system was designed as an all-fiber unit (Figure 3.1), decreasing the total interrogation system
cost while still maintaining the signal constraints. The figure shows the interrogation of one sensor
(of four) through a photodiode (PD), signal processing circuit board (SP) and then to a user interface
with force readout on a PC. The PC used for the system is a HP2025 running Windows XP SP3 with
an Intel Pentium CPU, 2.80 GHz HDD, and 2 GB RAM. A plastic case was rapid-prototyped with
ABS material to hold all of the fiber optic components (excluding the laser) and the circuit board in
an organized manner to reduce the risk of fiber breakage or over-bending (optical power loss). This

also makes the unit easily transportable.

Final Design Overview — A single-mode benchtop super luminescent diode (SLD) source
(S5FC1005S, ThorLabs) was used to provide the system with 1550 nm (45 nm BW) light at 22 mW.
The SLD was directly connected to one of nine 1550 nm circulators (3 port fiber circulator, New
Focus Inc.) that interrogated the reference fiber. The reference fiber (0s1100, Micron Optics), along

with the other 8 available sensor fibers, was inscribed with a 1544 nm fiber Bragg grating (FBG).
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The refracted light from this grating was input to a 1x8 fiber optic coupler (F-CPL-1X8-OPT,
Newport) to ideally power an 8 fiber sensing system (8 DOF). By attaching the reference fiber
before the splitter, only one reference fiber was needed. This also gives a consistent reference point
between all of the fibers. From the 1x8 coupler, the light from each output is sent through an
individual circulator directly to the sensor fiber (Port 2). By using the reflected light instead of the
transmitted light as the measurand, the fiber Bragg grating could be placed very close to the tip of
the tool. This also allowed the complex interrogation system equipment to be kept far away from the
operation site with only the single-mode fiber traversing the space. The refracted light (through Port

3) was directly connected by SC-SC connectors to the photodiodes of the electrical system.

PD  SP — PC

Ref FBG

k
f& FBG Sensor 1
Broadband Source ﬁﬁﬁﬁ

@ﬁ%#/ 1002

Figure 3.1: Fiber optic instrumentation schematic.

Light Processing — There are four main methods to analyze the light sensor readings returning from
the FBGs: directly analyze the spectrum of the light using an Optical Spectrum Analyzer (OSA), use
a swept laser source to compare each wavelength output to the wavelength input to determine a
match, or use photodiodes to compare the light intensity returning from the sensors. While the first
two systems are much more robust, simpler to configure, and more precise, the cost of the
photodiode setup was significantly low enough to prompt the question as to whether these benefits
were worth the added cost. This thesis work henceforth evolved from a simple high cost solution, to

a very complex, much lower cost solution.

A current complete FBG sensing solution on the market at present is an Optical Sensing Interrogator

from Micron Optics utilizes swept-source laser technology. By simply plugging in one of the
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sensors, the strain on the fiber can be easily analyzed with the provided software. This interrogator
measures the wavelength of the light reflected in the fiber, as opposed to the system developed in
this thesis, which measures optical intensity. By directly measuring wavelength, the Micron Optics
system ignores optical losses in the fiber connections and provides the complete spectrum of

returned light.
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Figure 3.2: SLD and laser spectrums (a) ThorLabs benchtop SLD spectrum;
(b) ThorLabs laser spectrum [50].
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Power Source — The SLD broadband source selected is composed of an independent, high-
precision, low-noise, constant-current source and a temperature control unit. One major benefit of
the benchtop source includes the LCD display which shows the current of the internal diode, and a
corresponding knob allowed fine adjustment of 0.1 mA to 700 mA at maximum power. The decision
to create a system based off of a continuous broadband source rather than a narrow discontinuous
laser source was primarily based on system flexibility. For all of the low-level low-cost components
that would need to work together, a continuous buffer range of £22 nm (45 nm bandwidth) was
necessary. The continuity of the power spectrum is important as the interrogation of FBGs requires
the measurement of infinitesimally small wavelength intervals. Another benefit of using a broad
wavelength range, is that approximately 10 sensors can be effectively interrogated from the single
source. Figure 3.2 shows the scale of FBG spectrum to SLD spectrum.

Connectors — The fiber termination connectors that were chosen were standard connectors (SC) due
to their connection simplicity. Through research and practice, a suitable connection could
consistently be made manually between two bare fiber ends. Additional connections will also be
needed as there is fiber wear and breakage. The instrumental cost to setup manual connectorization
included a fiber stripper, a fiber splice, cleaning solution, and SC-Quick-Connectors. The manual
connection procedure used to obtain highly effective connections is as follows: i) Strip off 6 cm of
coating from the fiber optic cable (including jacket) using the fiber optic stripper (Product Name and
Number) so as not to notch the fiber; ii) Cleave the un-coated bare fiber section to 4 cm using the
fiber splicer (Product Name and Number); iii) Use the fiber optic splice cleaner (Product Name and
Number) to remove any dust from the fiber tip; iv) Insert the fiber into a suitable length of furcation
tubing (900 um outer diameter); v) Slide the black twist lock from the SC-Quick-Connect over the
tubing; vi) Slide a rubber boot over the tubing for stress-relief; vii) slide the bare fiber all the way
through the SC-Quick Connect until the fiber barely pokes out the end (requires some force); viii)
Push the fiber back into the connector using a flat glass plate so that the fiber end is flush with the
connector end; ix) Slide the connector clamp to secure the fiber in place and twist on the black twist
lock cap; x) Slide a connector into either side of an SC-SC connector for connection. Since there is
not a permanent connection between fiber ends, there will be alignment losses. A more suitable
method is to use a fusion splicer, which was not available initially, but was used for the second

generation system discussed in Chapter 5.
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Patch Cable — A patch cable was used to attach the FC/APC (female) connector from the SLD light
source to the first circulator (SC connection) of the system. Two types of FC connectors include a
UPC end (flat cut) and an APC end (angled cut). Both end connections were tested, and the APC end
gave 28% more power than UPC. APC-APC connections are recommended in literature as the

lowest loss connection.

Splitter and Circulators — The 1 x 8 splitter purchased was selected to facilitate a maximum of 8
sensors running simultaneously. It had a wavelength-flattened spectrum to allow consistent splitting
ratios among a larger variance of input wavelengths (80 nm bandwidth). The circulators were easy to
use and connect, and they allowed the back-reflected light from the FBG sensors to be measured.
One interesting phenomenon about the circulator fibers, was that when the fibers were bent more
than a 3 cm diameter, there was significant light loss. When the plastic rapid-prototyped cases were

made for organization of all system components, this issue was kept in mind.

Fibers — The entire system uses single-mode 1544 nm wavelength fiber. Initially, test fibers were
purchased online at a discounted rate with wavelengths of 1528.8 nm, 1544.9 nm, and 1546.1 nm.
During initial testing, the two upper wavelength fibers were tested against each other to prove the
reference-fiber theory. The 1546.1 nm fiber was used as a reference while the 1544.9 nm sensor was
strained. In accordance with the theory described above, the light output slowly increased, and then
decreased (Figure 3.3). The difference between the wavelengths of these two fibers was large
enough that there was no light interrogation overlap for the first initial small strains on the lower
fiber, resulting in no signal change. By using 12 fibers at the same wavelength, the spectrum of these
fibers were all initially overlapped, and there was a change in light output at very small strains (high

sensitivity).
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Figure 3.3: FBG response curve with applied weight (1544.9nm sensor and 1546.1nm ref).

3.4 Electrical Circuit Board Design

At the optic-electronic interface of the board (Figure 3.4), 8 high-sensitivity optical fiber InGaAs
photodiodes (ETX100, JDSU) are used at a 1550 nm frequency to transform the light into current.
These photodiodes incorporated an additional ground pin to further stabilize the signal, and had SC
connectors to easily attach to the fiber optic cables. A transimpedance amplifier (OPA381AIDGKT,
Texas Instruments) in combination with an 82 MQ resistor was used to amplify the current output
from each photodiode. Prior to the inclusion of the transimpedance amplifier, a simple resistor was
used to amplify the signal; however, the resistor also proportionally amplified the noise. An added
benefit of this specialized amplifier, is that it amplifies the linearly increasing current, rather than the
non-linear impedance. This allowed a direct linear correlation between the received light and the
generated electrical signal which eased the signal processing considerably. A “Very Low Noise 24-
bit Analog-to-Digital Converter” (ADC) (ADS1256, Texas Instruments) was used to transform the
analog signal from the amplifier into a 24-bit digital signal. To clock the conversion rate, a high
frequency 7.68 MHz crystal oscillator (C1A/53383, Citizen) was used. This converter was chosen for
its 8-pin ADC capability. The fiber optic interrogation system was designed to be compatible with a

maximum of 8 sensors, such that future tools could have at least 7 DOF (6 DOF + actuation DOF)
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without needing to redesign the circuit board. As specified in the datasheet, there was a tradeoff
between frequency and bit resolution for this converter. The final ADC specifications used included
a 10 N force-sensing range with a resolution of 0.1 mN, equating to 18.91 noise-free bits. This
would provide a theoretical sample rate of 1000 samples per second, equivalent to 75 Hz for 4 fibers.
A microcontroller (PIC16F690, Microchip) was used to initialize the ADC, poll for and merge the

24-bit data, and synchronize data transmission, thereby ensuring reliable data transfer.

The code for the microcontroller was developed in MPLAB in Assembly language to maximize the
memory available to the microcontroller. A PICKIT3 was used to program the chip. Serial
Peripheral Interface (SP1) communication was used between the PIC and the ADC converter due to
its typically lower power consumption and its higher throughput compared with 1°C. Losses in
communication speed were due to the necessity of writing to the ADC, and the associated time
delays, when the ADC gate was to be changed. If an internal protocol had been developed by Texas
Instruments to automatically cycle through the 8 gates sequentially, the communication rate would
be increased by a minimum factor of 2. One issue that has not been solved at present is the tendency
of the ADC converter to output a middle value when switching between ADC gates. A temporary
solution has been to always poll each gate twice, and discard the first received value, however this
again decreases the communication rate by a factor of 2. Further communications with Texas

Instrument customer service are recommended to fix this bug.

To communicate with the PC, an FTDI chip was used to receive and transmit data by a UART
protocol. A mini-USB connector was added for simple connection to the USB port of the PC.
Additional components added to the circuit board include a programming reset button, circuit-
protection diodes, and LEDs to signal power, UART communication, and ADC communication on
the 4 Input/Output (1/0O) pins. The circuit board was designed using EAGLE 6.5.0 Lite PCB software
and printed by OSHPARK. The specifications for the board size were to fit all the photodiodes in an
easily-accessible, organized manner, and for the total board to fit inside a compact benchtop unit.
The designed board and necessary post-processing fixes give a working prototype for system
circuitry. Next iterations should decrease the total area of the board, and should fix the EAGLE
board drawing errors prior to re-printing. Experimenting with multi-layered boards can also further

reduce the total board space requirements.
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Figure 3.4: Circuit board design.

3.5 Grasper Design

The manufactured grasper shown in Figure 3.5 is based on the 011024 ACUFEX “Alligator Max”
arthroscopic grasper. This robust model was chosen primarily for its simple but highly efficient
design. Each joint was designed with such geometry that each part sat flush to the next, erasing the
need for any permanent connections apart from those required to seal the instrument and make the
tool tamper-proof. Materials including carbon fiber, titanium, stainless steel, aluminum, and Delron
(high temperature plastic with low friction) were considered for the tool; however, according to the
stress calculations in Appendix IV, the availability and cost of the materials, the effective
sterilizability, and machinability, the full tool was manufactured in stainless steel. An additional
benefit of this tool is the fixed bottom grasper jaw, which gives the surgeon a better reference when
attempting to grasp small tissue samples. While designing the new arthroscopic grasper for force-
sensing capabilities, major changes were made to the ACUFEX design to create a fully modular tool
with removable components. This allowed a more thorough cleaning and sterilization process, and
allowed the tool to be easily tested and redesigned through the development stage. The primary
challenge in designing the tool was to design for accurate sensor placement, adhesion, and

containment, while considering tool deformation, friction, and biocompatibility. With small overall
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tool size being an important objective, further challenges were faced while designing the small tool
components for assembly and machinability. An underlying consideration was to eventually use an

equivalent tool shaft design to outfit a shaver or probe with force-sensing capabilities.
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Figure 3.5: Grasper design (a) exploded view; (b) final manufactured design.

Slotted Fiber Shaft—The novel aspect of this arthroscopic grasper is its ability to sense forces
applied to the tip and grasping forces. One requirement of this design was to add the sensors as close
as possible to the grasper tip to reduce errors through trocar or tissue forces on the shaft of the tool.
The use of fiber optics in this design required slots to be made along the tool shaft from the proximal
to distal end of the tool shaft. The fibers were to be contained and protected from outside biomaterial
to reduce fiber breakage, and to create a smooth interface between the tool and tissue. To further

decrease the risk of fiber breakage, a 600 um (diametric) deep x 1” long section was cut into the end
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of the sensor shaft to allow the fibers to curve back and connect before exiting the shaft (Figure 3.7).
By only having one exit point, the three fibers could be contained within a single stress-relief
connector and safely connected back to the interrogation unit. The initial sensor curved slot concept
was to micro-machine curved slots along the length of the shaft so that the fibers would curve back

to one point along a preset path.

The first attempted method to manufacture these slots was to use the in-lab 5 DOF micro-machine.
A variety of methods and configurations were attempted with a AITIN coated 250 pm mill bit
(Carbide Miniature Ball End Mill, Harvey Tools). Since this method involved contact with the tube,
unlike wire-EDM technology, the deflection and precision errors were too high to make an adequate
slot on the thin stainless steel component. The plastic rapid-prototyped triangle jig as seen in Figure
3.6 was used to hold the tube at 120 degree angles. A wire-EDM machine was finally used for
machining the slots.

Figure 3.6: Triangle jig assembly for sensor slot micro-machining.

To design for machinability, the slots were manufactured using two concentric tubes, with the slots
being machined on the exterior of the inner tube. Three slots, to accommodate three 250 pum
diameter fibers, were etched into a 380 pm thick 4.19 mm outer diameter (OD) hypodermic tube
(304HO08RW, MicroGroup), spaced 120° apart using the wire-EDM machine. Three fibers spaced
equally around the circumference is theoretically the most efficient configuration to measure 2 DOF
lateral and 1 DOF axial forces on the tip of an extended shaft. The tube was clamped very precisely
vertically in the EDM, such that the vertical wire could be positioned adjacent to the tube and cut to
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a depth of 300 um along the x-axis. To ensure an accurate depth of cut, as an error of 80 um would
cut through the wall of the tube, the center of the tube was first indicated for initial x and y-axis
center measurements. The x-axis was then further indicated using a software edge-finding protocol.
The wire used was 250 um in diameter, allowing the 300 pm deeps slot to be made without directly
contacting the metal. The larger hypodermic tube (304H07X, MicroGroup) used to cover the inner
sensor shaft and protect the fibers has an OD of 4.57 mm and an ID of 4.22 mm. This gives a
clearance of 0.015 mm between the tubes for a smooth sliding connection. The selection process for
tube sizes was based on Table 3.1 from MicroGroup. Initially, a 7TW and 8.5 concentric tube
pairing was selected for a clearance of 102 um. The theoretical minimum thickness of the 8.5 gauge
inner tube once 250 um slots were cut into it would be 4 um. This accuracy had not yet been tested
on the micro-machine, and proved to be impossible during fabrication. The current 7XX and 8RW
tubes were then selected, which compromised to a thinner outer tube and thicker inner tube. The
dimensions of these tubes provided a tighter overall sliding concentric clearance of 15 um, and a

larger minimum thickness of 131 pm for 250 um deep slots.

The final diameter of the new tool shaft is 4.57 mm, and the length from handle to grasper tip is 17
cm. This concentric slotted tube shaft design, on top of protecting the fibers, allows the fibers to
easily be detached from the instrument to reduce costs as different fiber orientations are tested.
Current fiber attachment is achieved with light layers of brush-on Krazy Glue and removed with

Acetone UN1090, however this slowly degrades the outer protective coating of the FBGs.

A)

B)

Figure 3.7: Sensor Shaft (a) SolidWorks model of fiber guides; (b) actual instrument.
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Table 3.1: MicroGroup hypodermic tubing listing and specifications.
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Axial Element—The SolidWorks and EDM designs for an axial stress element are shown below in
Figure 3.8a-c. The three axial fibers incorporated in the sensor shaft are capable of sensing both
lateral and axial forces, however the axial deformation is often significantly less than the bending
deformation. Without this element, the fibers could not detect axial deformation in the stainless steel
shaft. Initial testing therefore did not include axial force detection, but instead used the additional
DOF to average out errors in lateral force detection. The axial element was then designed and
constructed in the next generation of the design, with the fibers spanning the element. By adding
slots with a wire-EDM at 30 degree intervals in 90 degree pairs over a 3 cm length, the sensor shaft
would deform 1.419 um, and the axial sensitivity vs. bending sensitivity will be increased
theoretically by 5.42 times (SolidWorks Simulation). Additional slots can be removed from the shaft
if more sensitivity is required. The evenly-spaced slots around the circumference of the shaft, cut in

90 degree pairs, uniformly increase the bending sensitivity and limit twist.
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Figure 3.8: Axial amplification element (a) SolidWorks model; (b) EDM manufactured model,;
(c) EDM setup.
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Grasper Jaws — The most complex geometry in the grasper is the grasping jaws, pictured in Figure
3.9 and 3.10. The adopted modular design allowed the jaws to be removed and separated from the
sensor shaft during redesigning steps. The proximal end of the grasper jaws was given a double-
stepped design to allow attachment of both the small sensor shaft, and the larger overlapping shaft,
while giving a smooth continuation between the jaws and shaft. The grasper jaws have 6 lateral teeth
for efficient grasping; rounded external edges to prevent tissue shags; and a 1 cm long mouth for
large tissue samples. The geometry that linked the actuating rod and the moving grasper jaw in a
rotating joint involved an inset cutout that was impossible to machine with conventional methods.
Due to this complexity, the parts were produced on a 3-D metal sintering system (DM 125, 3D
Systems), resulting in parts that have the same material properties as 316L stainless steel. As the
metal sintering system gave a rough finish to the jaws, future designs will experiment with casting
for a smoother finish. To give the parts a sliding mate assembly, small diamond files were used to
smooth down the fine features. One of the top concerns with jaw design is that the jaw does not
come apart while inside the patient’s body. A combination of the design of the curved rotating guide
rail and the attachment method to the actuating rod only allows the jaws to attach or detach at 90
degrees to each other, an angle only accomplished when the actuating rod is at least 30 degrees to
the sensor shaft. When assembled, and the actuating rod is collinear to the sensor shaft, this angle is

impossible.

Figure 3.9: Grasper jaws (a) ACUFEX jaws; (b) sintered jaws; (c) top jaw; (d) bottom jaw.
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Figure 3.10: SolidWorks jaw model (outer shaft removed).

Grasper Handles—CNC and WireEDM systems were used to fabricate the grasper handles.
Alongside some small geometric alterations to the ACUFEX design, Figure 3.11 shows two larger
variations: a slot to easily access the fibers, and a removable plug to easily disassemble the handles.
A Y4 thick piece of 304 (2B mill finish) stainless steel was used for manufacturing. The profile of
the handles was created on SolidWorks, and transferred to the CNC mill. A carbide end mill was
used to cut out the oval thumb slot and the profile of the tool. Following this first attempt, a wire-
EDM machine was used for the second, current model with the same SolidWorks profile. This gave
a much smoother finish, requiring less post-processing. A drill and reamer were used to make the ¥4"
hole for the handle joint that would hold the removable plug. The slot that holds the smaller moving
grasper handle, and the fiber viewing slot, were both drilled and wire-cut. The hole for the outer
shaft was drilled with a drill bit equal in size to the shaft for a tight fit. A medical grade finish was
applied through a combination of grinding (inline die-grinder), sanding (100, 180, 220, 300, 360
grit), and glass-bead blasting to increase the aesthetics, ergonomics, and biocompatibility of the tool.
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Figure 3.11: SolidWorks handle model.

Actuating Rod — The CNC machine was used to manufacture the actuating rod from the same 304
stainless steel metal as the handles. The SolidWorks profile was again created and used to program
in each feature of the rod. The small cuts at the distal end were made with a 1/32" high performance
end mill (Figure 3.12). The curvature mates exactly to that of the moving upper grasper jaw, to allow
for rotational motion. The proximal end of the actuating rod has a small extrusion that fits into the
moving grasper handle for actuation. Due to excess forces applied to the rod during post-processing,
the rod bends significantly with applied compression. Future variations of this element should

incorporate a more rigid structure than the current 1 mm thickness.

Figure 3.12: Actuating rod.

Miniature Reference Fiber Vice—Since all of the four main sensor fibers are referenced by the
same single reference fiber, it is essential to secure this fiber for reliable readings. By adjusting this

fiber in very small increments, all of the sensors can be pushed equally into a more favorable linear

45



region of their respective wavelength spectrums: this will increase the effective sensing range of
each fiber. This vice was made from a block of aluminum (Figure 3.13). The block was sized
appropriately and squared off, before being cut into two halves. The cut faces were then faced down
until smooth. To linearly guide the vice, four holes were drilled into the corners of one face of each
vice half, and four dowel pins inserted. Once the pins were inserted, the vice was compressed
together, and a hole drilled through the length for the actuating shoulder bolt. The distal block was
threaded for the bolt. A washer and corresponding M3 bolts were used to prevent the bolt from
leaving its counter-sunk hole, thereby opening the vice instead of removing the bolt. There is
approximately 3mm of effective actuation, which is more than suitable to pre-stress the fiber. The

vice is 1 x 2 x 5 cm, and so can fit easily into the instrumentation enclosure.

Figure 3.13: Reference fiber vice.

Assembly—To assemble the grasper as in Figure 3.14, the top jaw is first connected to the bottom
jaw, and then the tip of the actuating rod is slid into the top jaw at approximately a 60 degree angle.
The jaw will not fall off of the actuating rod during surgery since they can only be attached or
unattached at this angle: this angle is only possible while the actuating rod is free. Next, the sensor
shaft is inserted into the small axial limiting cutout with the lathed section proximal to the tool. The
outer shaft is then fit over the sensor shaft, and slid into the nose of the stationary grasper handle.
The actuator rod is then fit through the sensor shaft, and the stepped jaw ends are slid into the outer
and inner shaft. Next, the spring loaded handle connector is fit into the hole of the moving handle,
and the moving handle is inserted into the stationary handle until the spring loaded joint fits into the
stationary handle hole. The protrusion on the actuating rod should fit into the opening of the moving

handle while it is being inserted.
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A)

B)

C)

D)

Figure 3.14: Grasper assembly view
(a) handles; (b) sensor shaft; (c) outer shaft; (d) actuating rod.

3.6 Shaver and Probe Design

3.6.1 Shaver Design

Fiber optic force sensing ability was added to the current surgical shavers by the addition of a
sterilizable slotted metal tube with inset fibers. The shaver being outfitted for force sensing is a
Stryker 4.0 mm Cougar Shaver. As seen Figure 3.15, once this model is mounted into the handheld
shaver motor, a threaded plastic extrusion is still visible and available for external attachments. By
designing the sensor shaft with a female threaded plastic adapter, the shaft can easily be screwed
onto the tool. The choice to outfit a pre-made tool opposed to designing an entirely new tool, was

based on considerations of time and cost, machinability, blade dulling, and sterilizability:

47



e By using an existing tool base, the time and cost of design and manufacturing fit into the
project limitations.

e To design equivalent effective shaver blades, casting would be necessary; however, this
technology was not available.

e Since the shaver blades dull after repeated use, they will need to be disposed of regularly.
Using pre-existing single-use instruments as opposed to new designs is therefore a reasonable
short-term solution until additional funding can be acquired for the project.

e Existing tools have already proven to be sterilizable, halving the work to be done on

sterilizing the full tool.

In order to decrease the risk of fiber breakage around moving parts, the fibers will be sealed in
rubber furcation tubing, and will exit the shaft outside the side of the shaft before connection to the
shaver motor. Similar to the grasper shaft design, two concentric tubes of 5.56 mm (8987K4,
McMaster-Carr) and 5 mm (304M05X.50SL, Microgroup) outer diameters were used, with the inner
tube slotted with EDM technology for the fibers. These two tubes, fastened together with adhesive
and a plastic connector will then be threaded onto the tool as mentioned previously. This quick-
attaching design will add precise fiber optic force sensing to the surgical tool in an easy, detachable
manner. Tri-axial fibers will be threaded along the tool, again similar to the grasper design. To
increase axial sensitivity, an axial cut element, similar to the grasper design will be made on each of

the inner 3 shafts.

Figure 3.15: CAD shaver assembly view (top to bottom) inner shaver blade;
outer shaver blade; sensor shaft; outer shaft.
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3.6.2 Probe Design
The probe was designed based on geometry similar to the ACUFEX USA probe model (010246,

ACUFEX). The triangular handle seen in Figure 3.16 allows the surgeon easier control of the
rotation of the probe and corresponding tip. The inner slotted sensor shaft screws into the tapered
probe tip with an M2 thread. The outer protective shaft will then be slid onto the sensor shaft, and
then inserted into the probe handle. By threading the back end of the probe handle, a threaded nut
can be screwed onto the colleted end in order to compress the two shafts and secure them in place.
By adding an axial cut onto the sensor shaft, and since the outer shaft does not restrict the
compression of the sensor shaft, axial sensitivity can be increased and thus measured: this will give
the probe force sensing capability in x, y, and z. By designing this tool based on a pre-existing

model, the identical geometry will already give the tool a familiar feel to the surgeon when used.

—_—
—_—

I—
——

Figure 3.16: CAD probe assembly view (top to bottom) slotted sensor shaft (blue) with tapered tip
attachment; outer shaft (red); triangular handle with colleted end; securing bolt (blue)
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The long hole in the probe handle in which the outer shaft will be inserted will be machined out
using the wire EDM. A thin 0.3 mm entry cut will be made lengthwise on the top of the tool so that
the wire can access the inner destination. With typical holding of the tool, this entry slot will not
interfere with the surgeon’s gloves; however, any sharp edges will be smoothed out to prevent
accidental tearing. The profile of the tool will also be made with the wire EDM based on the
SolidWorks design. The tapered end of the tool will be lathed, and the tip will be bent to
approximately 90 degrees using a vice. The straightforward assembly/disassembly will allow the
tool to come apart easily for sterilization.

3.6.3 Preliminary Manufacturing

Figures 3.17 shows the initial stages of manufacturing for the shaver. Figures 3.18 shows the initial

stages of manufacturing for the probe. Figure 3.19 shows the shaver mounted into the motor)

Figure 3.17: Shaver assembly (a) assembled; (b) disassembled; (c) plastic adapter.
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Figure 3.18: Probe assembly (a) assembly without tip; (b) disassembled; (c) handle; (d) tip.
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Figure 3.19: Shaver mounted in motor

In order to accurately cut the fiber slots into the thin 2 mm probe shaft, a specialized clamp was
designed to clamp the full length of the rod (Figure 3.20). Notches were made at 120 degrees to
more accurately locate the slot positions. The clamp was machined on the CNC machine very
accurately to micrometer precision so as to minimize the error in the resultant slots. Similar clamps
were made both for the Shaver and for the probe, differing by length and by tube diameter.

A)

B)

Figure 3.20: Probe clamp (a) EDM setup; (b) final grooves.
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3.7 Software Design

3.7.1 Final Design

The software developed to present the forces interpolated from the FBG signals via a user-friendly
interface was written in C++ using the Qt GUI library. The core of the program was based on
software previously developed for the SIMIS project [13, 14]. It was adapted for the FBG sensing
system by adding low-level serial port communication with the microprocessor, and by removing
components such as video feedback that are still being developed for this system. An open-source
External Serial Port library was used to manually setup the serial port and read in communications
from the microchip onboard the PCB. The FBG signals for all 4 sensors are constantly input as
voltages between 0 and 5 volts and recorded at a sample rate of 90 ms. The various screens available
on the program are as follows (Figure 3.21, Appendix 1): Voltage Plots, Calibration Setup,
[Calibration] X Y Z Curves, Grasper [Force] Curve, Force Readout, [Setup] Options. Each of the 4
signals has a different noise level and amplification value along its fiber optic path. Therefore, each
is read at a different zero-force value. The values are initially synched to remove system light
offsets, for easy visualization and to simplify the mathematics. Another option is auto drift analysis,
which allows the drift to be calibrated out automatically when the instrument is not in contact with
tissue. This concept is explained more fully in Section 4.4.4. The Voltage Plot screen allows each of
these concepts to be visualized using the raw input signals to ensure the proper functioning of the
FBGs. The Calibration Setup screen allows the user to create bending and axial calibration curves
using convenient push buttons for each interval. As consistent, reliable loading is difficult for the
grasper handle, its calibration relies on continuous polling of the ATI-43 force torque sensor. Using
the code and libraries provided by ATI, and custom code developed at CSTAR, a method was
inserted into the existing FBG sensor program to run the ATI force sensor in parallel with the FBG
signals. When the ATI force torque sensor reads an integer force value between -20 and 20 N within
0.01 N error, it records the current FBG signal value. In this way, as the user applies force to the
grasper handle, a calibration curve can be made relating the FBG voltage signal to the ATI
Force/Torque sensor value. An additional element provided for the ATI force sensor reading is the
ability to bias the signal manually. While the code does include the loading of an appropriate
calibration file, the user may still opt to create a zero-force reference at a different loading
configuration depending on the calibration setup. The next two screens X Y Z Curves and Grasper
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Curve, first plot the created calibration points, and then interpolate the intermediary values using an
open-source cubic spline library. By reversing the axes of these splines, and limiting the new plot to
a linear discrete voltage domain, a single force value can correspond to each FBG signal. Since the
spectrum of the FBGs is (positive) parabolic in shape, it is essential to operate either solely on the
left side of the spectrum, or on the right side, to maintain distinct force values for each signal value.
By equating the contribution of each of the three shaft fibers to the total applied force and angle of
applied force, an estimated applied force and angle of application is output on the Force Readout
screen. The grasping force is calculated only by the contribution of the FBG on the grasper handle,
and thus is presented directly from the grasper calibration curve. The Force Readout screen presents
the estimated values numerically and in a real-time increasing and decreasing bar graph similar to
the presentation of forces on the ATI F/T sensor software. The Options page allows the user to
change the serial port characteristics manually (port number, baud rate, data bits, parity, stop bits,
polling time, polling/event driven mode. In addition to all of these options and displays on the full
user interface, also included are loading, saving, and refreshing options wherever necessary so that
the program can be shut down and still save its calibration files, and so that old tests can be refreshed

with new tests.

An issue with the current electrical circuit/software is that the ADC chip outputs a mid-value when
transferring from one sensor to the next. As a temporary fix, this extra byte has been read and
ignored in the code. This currently doubles the sample rate, from a possible 45 ms to the stated 90
ms. A second problem with the program is that the speed of the communication across the serial port
is limited by the computer processing speed; 90 ms is the lowest stable speed that operates the

system without risk of noise instability.

While developing the code for the serial communications between the microcontroller and the QT
GUI, certain considerations had to be made to optimize the processing power and decrease the code
complexity while creating a reliable (noise-free) response signal. A balance also had to be struck
between the event-driven timer in the software, the baud rate of the serial communication, and the
adjustable conversion rate of the analog-to-digital converter. A polling/event driven combination
was chosen to address these issues. Originally, by sending the data continuously at a 38400 baud
rate, it was difficult to create a reference stop/start bit that the interface would not confuse with data,
and to do this without slowing down the communication significantly. Since 4 sensors were used, it

was essential to correctly identify which signal corresponded to which data value. Since each of the
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4 signals was composed of 24 bits (3 bytes) each, it was again essential that each of the 3 bytes were
aligned correctly. The most reliable and time saving process that was chosen, was to send one byte
to the microcontroller to signal the software’s readiness to receive all four 24 bit signals. By
receiving a constant number of bytes at reliable time intervals, it was easier to check for

misalignment of the bytes, or bit read errors.

M FBG Force Sensor Interface

Yolkage Ploks Calibration Setup B E Curves Grasper Curve Faorce Readout Options

£ 4 [ Start | Stap K- [ Sync Sensars r [ Auto Drift Bias D [ Refresh Al ]

4.8 Woltage 0 [(magental: -0.0122&668

4.2 voltage 1 (red): 0.01%3203
F.6 Woltage 2 [(greenl: 0.0&434392

3 voltage 3 [wellowl: -0.00442419

Figure 3.21: Software interface showing 3 signals (bending).

3.7.2 Software Version Development

Version 0 was composed of the code written for the SIMIS system [13,14]. This included video
feedback, graph painter functions, methods to handle the data from the DAQ card, calibration
procedures, instrument selection, constant mapping of the forces, strains, and voltages of the system,

and much more higher-level coding

Version 1 implements direct bit by bit communication with the in-lab designed circuit board using

an open-source External Serial Port library in order to bypass the DAQ hardware. Boost and CV
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libraries were installed for the graphing functionality. Similar mapping of the forces, strains, and
voltages was used in combination with the graph printing functions, however the rest was removed

to opt for a different calibration procedure and program more suited to the FBG sensors.

Version 2 includes methods to simply test the communication and reliability of bit transfer with the

circuit board.

Version 3 replaced the user interface for the SIMIS system with a simpler GUI more suitable to the
FBG sensors so as to minimize code and processing power needed. Various speeds of bit transfer
were tested for effectiveness, and methods to distinguish the 8 bit test signal consistently were

constructed.

Version 4 includes an attempt to re-paint the constantly-changing overlapping broadband spectrums
of both the FBGs and laser source in real time for visualization of the optic properties being
manipulated. This visual was abandoned after it slowed down the software considerably with
minimal relative advantage. Future software could be developed with higher processing power to

include this feature.

Version 5 removed all excess code, and improved the communication protocol in order to have
faster transmission. Significant improvement was seen, and the data sample rate was tuned to the
fastest speed with minimal bit transfer errors. Event Driven Mode was tested, as opposed to the

previously used Polling Mode, to further study the effect on sample rate.

Version 6 implemented multiple byte handling, combining most and least significant bytes, and
printing to the graph. This increased the resolution by 4 times (10 bit signal). A simple averaging
filter was added to decrease noise, and various error handling methods were added. External Serial
Port library was updated to include a method to read a specific number of bytes, opposed to previous
readAll method. A fitGraph method was added to visually amplify the signal on the GUI and a user-
adjustable calibration function was added. In order to test for long-term drift, an output function

sends the voltage value to an excel file every 10 seconds.

Version 7 tested the concept of deciphering which side of the parabolic FBG wavelength spectrum

was being read. The noise was too high for the peak of the curve to be determined; however, after
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further signal processing, this may be possible. For this reason, the current software relies on staying

within the linear region of one side of the FBG spectrum.

Version 8 was the first version to handle the 24 bit signals from the new ADC Texas Instruments
chip. Further bit filtering was used to reduce errors. The noise was significantly decreased using the
Texas Instruments impedance amplifier instead of a resistor; therefore, the averaging filter was

removed. A receive error handling method was added to the microchip code.

Version 9 added a sync function to bias all 4 sensor signals to zero. A zero estimation method was
included to test automatic drift compensation under a low fluctuating signal. Further tuning and code
optimization was done to increase the sample rate. The method for polling the microchip for each set

of four 24 bit signals was created.

Version 10 is the current version, described in Section 3.7.1.

3.8 Summary

The detailed analysis presented in this chapter of each individual component of the design serves to
highlight the multi-disciplinary approach used to address the stated design specifications. This
entailed gaining a complete understanding of the fiber optic components and how the optical signal
is transmitted and affected, including how to interface the optical components with other modules
and the losses this may cause. A custom circuit board was designed that, while not fully optimized,
serves to convert the light signal to a high-resolution electrical signal. From the mechanical
perspective, the detailed and effective designs of a grasper, a shaver, and a probe are presented. The
manufacturing of the small precision features of these instruments required a range of specialized
manufacturing techniques. This included the machining of the fiber grooves on the sensor shaft, the
designing of the complex metal sintered grasper jaws, and the finishing techniques applied to
achieve the required tolerances for each part. The addition of a software program allowed the system
performance to be easily visualized through each step of the design and was an important tool for

instrument calibration.
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Chapter 4
First-Generation Prototype Evaluation

4.1 Introduction

The first functional arthroscopic grasper prototype lacked the axial sensitivity required to sense
tissue pushing and pulling forces; however, it successfully and accurately measured the applied
bending and grasping forces. The tool was then altered slightly (as presented in Chapter 5) to
increase the axial sensitivity of the system: the proximal end of the sensor shaft was mechanically
fixed and an axial spring-like element was designed for the sensor shaft. The two main techniques in
the literature to read the strain values from the tools are either to use an optical spectrum analyzer
and theoretical Bragg wavelength equations [16], or to use a low-cost system to produce a reference
calibration curve between applied strain and refracted light. For the results presented in this chapter,
the low-cost approach was used and the tools were loaded using a calibration procedure to obtain

meaningful results.

4.2 Calibration

4.2.1 Sensor Shaft Calibration (Axial)

The four sensors on the tool are capable of measuring x, y lateral, and z axial forces at the tip (3
sensors), as well as measuring tip grasping force (1 sensor). Under axial loading between +20 N
within the axial test jig (Figure 4.1), the tool began to deflect in bending (as concluded from the
sensor readings), before showing a change in force that signaled axial extension or compression. A
pure axial load is indicated by the signal dropping (compression) or rising (extension) amongst all
three shaft sensor signals; however, this was not seen, and so a resultant axial force could not be
obtained. This result indicates that the grasper sensor shaft does not have a large enough axial-to-
bending sensitivity ratio to read all of the loading combinations distinctly. The testing jig consisted
of an ATI Nano 43 force/torque sensor attached to a Zaber Tech linear stage. The handle was fixed
to a base, while the jaws were set into a jaw-shaped plastic component attached to the force sensor.
Incremental steps of the linear stage gave readings on the fiber optic sensors and ATI sensor

simultaneously to determine the force—strain relationship.
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Figure 4.1: Axial calibration apparatus.

4.2.2 Sensor Shaft Calibration (Bending)

Since the axial sensitivity was too low, the third shaft sensor readings were instead used in bending
calibration to average out the errors between the other two shaft sensors. In future tool generations,
this fiber will be used to measure the axial force of the instrument. The 1 cm grating in each of the
fibers is positioned from 3 cm to 4 cm on the distal tip of the grasper jaws. The importance of adding
the sensor gratings at the instrument tip as opposed to the proximal side of the grasper shaft is to
eliminate any external forces caused by interaction with the trocar/entry port. The x and y tool forces
were measured by hanging weights from 0 to 500 g in 100 g increments in each direction on the
second tooth of the lower grasper jaw in a cantilever configuration (Figure 4.2). The support point
was located 1 cm from the shaft-handle connection, for a cantilever arm length of 13.25 cm. The
tool was rotated manually in 60-degree intervals for a total of six positional measurements within the
calibration jig. The signals from each of the three fiber sensors were recorded at each weight and

position. This process was repeated 8 times to give a total of 480 readings per fiber.
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Figure 4.2: Bending calibration apparatus.

Reference curves were chosen for sensor calibration, instead of theoretical values, due to
uncertainties in grating precision, location, spectrum shape, and power loss. The calibration curves
for the three fibers from -5 N to 5 N can be seen in Figure 4.3, where the vertical axis represents the
equal-amplification voltage output of each signal. Eleven readings were taken while each sensor was
in maximal tension (inline with the applied load) or maximal compression (180° from the applied
load) over the 10 N range to formulate the three calibration curves. The nonlinearity is caused by

overlapping of the parabolic spectrums between the reference and sensor FBGs (see Figure 2.11).
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Figure 4.3: FBG calibration curves.

4.2.3 Grasping Calibration

The grasping force FBG sensor was placed on the 2.5 mm thick stainless steel member of the

moving grasper handle, approximately 2.5 cm from the load point of the surgeon’s index or middle
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finger and 4 cm from the handle fulcrum. As the grasper moving handle is part of a 4-bar linkage
with the moving grasper jaw, connected by an actuating rod, this sensor position was ideal for a
grasping force relationship, and was not coupled to any other forces on the grasper tip. The friction
within this linkage was minimized by smoothing the components until the force of gravity on the
moving handle could actuate the jaws alone. For calibration, the grasper jaw tips were secured on a
two-plate rapid-prototyped plastic jig with each plate fastened to either side of an ATl Nano 43
force/torque sensor (Figure 4.4).

Force was applied normally to the movable grasper handle while two fixed mounts secured the rest
of the tool. To formulate the calibration line, 44 FBG sensor and F/T sensor outputs were recorded

simultaneously between 0 and 20 N in 6 increasing and decreasing loading cycles (Figure 4.5).

.

Figure 4.4: Grasper calibration apparatus.
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Figure 4.5: Grasper force calibration.
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4.3 Performance Assessment

To assess the sensing performance of the final prototype, the total resultant tip force measurement,
and an angle approximation of the direction of the applied load referenced to a vertical axis (Force
Angle) were measured for the sensor shaft. For the actuation force, the total force applied by the
jaws was measured. The performance of the FBG sensors was assessed based on the following

measurements, and formulated in Table 4.1:

1) Accuracy: The RMS error of the shaft sensors was determined from 469 additional readings by
again hanging weights from 0 to 500 g in 100 g increments at 60 degree rotations. The weights were
fully removed before rotating the instrument. The signals from the 3 fibers were taken and equated
to predict the corresponding zero strain neutral axis (NA) as displayed in Figure 4.6. Both the total
applied force and the angle of the applied force, referenced from the top of the instrument (0°), were
calculated from these values based on the calibration curves. The RMS error of the grasping force
was determined by again applying increasing and decreasing forces to the handle over the range of 0
to 20 N. 76 sensor readings from 6 iterations were used for grasper force prediction measurements

based on the grasper calibration line and compared to the readings from the ATI sensor.

ii) Repeatability: The maximum standard deviation (o) was evaluated for the sensor shaft in 8
repetitions using the same method described above for accuracy. Six loading cycles were performed

to assess the repeatability of the grasping force from 0 to 20 N.

iii) Hysteresis: The RMS error was calculated between the increasing and decreasing load values of
both the sensor shaft and the grasping sensor using the same data obtained in the accuracy

assessment.

iv) Signal Drift and Noise: The signal drift was evaluated after 10 minutes under botha O N and a 1
N load. The maximum signal noise was evaluated after 30 seconds per fiber. Both tests were
conducted in the linear range of the FBG sensor for consistent results. A 10-minute drift time was
chosen to simulate the maximum continuous time in contact with tissue. The auto-biasing method

described in Section 4.4.4 will compensate for drift when not in contact.

V) Sensitivity: The minimum sensitivity of the sensors in their linear range was tested by applying

force to the grasper tip and grasper handle until the signal was visually discernable from the noise.
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vi) Resolution: The maximum effective resolution for this system is limited by the Analog-to-Digital
Converter, which gives a 20 bit noise-free signal at the 10 Hz 4-fiber frequency (the minimum

frequency estimated for effective visual feedback). The resolution was distributed over a +5 N load

range.
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Figure 4.6: Force and angle prediction at 60 degree applied load.

Table 4.1: FBG sensor calibration assessment.
RMS Max o Hysteresis Noise / Drift

error

Tip Force (N) 0.213 0.169 0.133 0.075/-1
Force Angle (°) 4.37 3.87 5.65 0.075/-
Actuation (N) 0.747 0.804 3.54 0.075/-%

1 No discernable drift

4.4 Validation of Force Calibration

4.4.1 Sensor Shaft

The measurements taken from the three fibers at each of the 60° increments were tabulated and
equated based on their corresponding locations to give a maximum resultant force and an angle of
force application. Figure 4.7 shows the relation of the lateral forces compared to angle of tool
rotation. Three paired combinations of the three sensors (1-2, 1-3, 2-3) were evaluated. The RMS

error in the average force prediction was 0.213 N (nonnormalized). The error in the averaged angle
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prediction was 4.37°. These values are predicted to be suitable for surgical applications, however

future in vivo testing will be required to confirm their suitability.

An ideal case was also considered, where the sensor pair with the lowest error in each case was used
for calculating the overall error. This resulted in average force and angle prediction RMS errors of
0.023 N and 3.87°. This result points out the high precision that is possible with these sensors. The
most accurate fiber pair was Fibers 2—3, which solely predicted a nonnormalized force RMS error of
0.345 N and an angle RMS error of 5.25°. If Sensor 1 is to be used for axial sensing in future
designs, this result shows that the remaining 2 fibers will provide high accuracy by themselves.
Further improvements in fiber placement, angle measurement, and weight application will help to
reduce errors further and reduce dissimilarities between fibers. The calibration curve was also made
with a least-energy spline method to join the discontinuous sample points; additional points for this

curve could give more accurate results.
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Figure 4.7: Accuracy errors vs. angle of applied force.

It is important to note that the linear range of the fiber sensors in the sensor shaft calibration curves
(see Fig. 4.3) only extends for approximately 5 N over the 10 N loading range. Also, as the applied
forces get larger in Sensors 2 and 3, the uniqueness of the sensor output data dissolves. To address
both of these issues, the tool should be made stiffer in order to extend the linear output of the tool
strain in both loading directions. While this change will, alone, slightly decrease sensitivity,
improvements in signal processing will help counteract this effect. Additionally, for best results, all
of the sensors should be pre-strained in a way that the center of their linear region is approximately
at the zero loading condition. Further methods should be developed to accurately pre-strain the fibers
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on the sensor shaft. In contrast, resolution is maximized and noise is minimized over the +2.5 N load
span with the narrow linear region. For tests that only require forces in this range, this setup is ideal.
As the loading range increases, resolution will slightly decrease and electrical noise will have a more
significant impact.

4.4.2 Grasping

The grasping force sensor was initially placed on the thin actuating rod to achieve a relation between
its bending deformation and the grasping force; however, there was too much coupling with the
lateral bending of the grasper shaft. By placing the sensor on the grasper handle, the sensor was
easily accessible for calibration, and was not coupled to lateral tip forces. It could also be pre-
strained very accurately so that its range of strain corresponded precisely to the linear region of the
grasping force sensor. In having a high degree of linearity, the measurements from the grasping
force sensor could be modeled by a line of best fit. Due to the thick cross section of the handle, there
was only a small strain on the sensor, and the linear range of the sensor encompassed the full 20 N
load. The RMS accuracy error in this load range was 0.747 N, further decomposed into a 0.663 N
error for 0-10 N and 0.830 N error for 10-20 N. Due to loose joints in the system, and to large
bending of the thin actuating rod, there was significant hysteresis error between force application
and relaxation in the results. Future designs will incorporate a more rigid actuating rod, and tighter

tolerance components to minimize these effects.

4.4.3 Overall System Performance

Minimal processing was applied to the signal because the signal-to-noise ratio was already high with
a 0.075 N noise error and a negligible drift error. Since fiber optic sensors are not prone to electrical
noise, and the light noise was insignificant to the broadband power, all of the noise is assumed to be
within the circuit board design. Furthermore, with additional circuit board design considerations, the
ADC resolution potential could be increased by 2.63 times from the current resolution of
approximately 0.01 mN. One source of noise that was difficult to eliminate with a low-cost design
was noise that arises within fiber connections. Since quick-connect connectors were initially used
instead of a fusion splicer, alignment issues were encountered between the sensing fibers, the splitter,
the circulators, and the broadband power supply. The recorded sensitivity of the fibers is

approximately 0.05 N, however this value could improve with reduced noise.
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4.4.4 Auto Zero-Drift Compensation Method

Due to the low signal noise, and relatively high sensitivity in FBGs, a tested method to calibrate
system drift has been formulated. The procedure is to auto-reset the reference zero value if the tool
has been under zero load for approximately 3 seconds. With the maximum noise of the system
calculated as 0.075 N, a zero load condition is met if the noise remains under 0.1 N for 3 seconds.
Due to high tool sensitivity, it is conjectured that a surgeon will not be able to maintain a sub-0.1 N
load fluctuation while in contact with tissue for greater than 3 seconds; however, further
experimental testing is necessary to prove this claim. This method requires configuring the sensors
to be within a linear range at all times. Further testing on this drift compensation method is
recommended to prevent zeroing errors, and to fine tune the zero load period and acceptable load

error.

4.5 Summary

This first-generation instrument was first calibrated and then tested in axial, bending, and grasping
configurations that measured RMS error, repeatability, hysteresis, noise and drift. The first results
for this system were gathered, and while some values are larger than the tool specifications, concrete
methods to improve the tool and address these errors are presented. The axial force could not be
measured accurately using the current design, and so a new design was undertaken to improve both
the axial calibration jig and the axial sensitivity of the tool. Additional sources of error and areas of
improvement in the other testing configurations of grasping and bending were identified for the tool.
A method to address drift in real-time is described, and would increase the overall accuracy of the

fiber sensors.
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Chapter 5

Evaluation and Discussion — Second Generation
Instrument

5.1 Introduction

Using insights and lessons learned from the first functional prototype discussed in Chapter 4, a
second functional arthroscopic grasper prototype was designed and built (Figures 5.1a and 5.1b).
This tool incorporates the axial element discussed in Chapter 3. Since the axial element affects
bending as well as axial sensitivity, the tool was fully recalibrated for axial, bending and grasping
with the new design to ensure that no functionality was lost. With the addition of the axial force
measurement, the coupling of the bending and axial signals to the grasping signal was also analyzed
and formulated into coupling calibration curves for each sensor. An interrogator from Micron Optics
was purchased to compare the low-cost system with a commercially available system. Calibration

and validation were assessed with each system.

A)

B)

Figure 5.1: Second generation instrument with stress relief cable (a) top view; (b) side view.
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5.2 Design Changes

Early in the testing of the axial element, it was realized that the sensor shaft press-fit could not
withstand the 20 N axial forces being applied. For this reason, a stepped slot was added at the
handle—shaft junction such that both the sensor shaft and outer shaft could independently be glued to
the handle. This design was very stable throughout both 20 N compressive and 20 N tensile axial

loading. To facilitate this design, the thin 1” section of the sensor shaft, which is used to configure

the fibers for a single exit point, was shifted 1" distally (Figure 5.2).

Figure 5.2: 1” thinned sensor guide cut.

Originally the fibers were glued across the axial element according to the hypothesis that
compression was more reliable if the fiber was glued down. However, gluing across a discontinuous
member caused alternating stresses across the fibers, resulting in increased breakage. To counteract
this effect, an improved method of pre-straining the fiber was adopted. This involved hanging 200
grams from a pulley attached to each fiber (Figure 5.3) and gluing the fiber on either end of the axial
element. 200 grams gave very consistent pre-strain to each of the FBGs (8 nm wavelength shift),
resulting in reliable signals in compression. With the increased bending of the tool resulting from the
new axial element, there was increased pressure between the sensor shaft and the outer shaft. This
pressure was transferred to the fibers, causing them to strain at different rates and give off multiple
wavelength peaks, and causing large light losses. This anomaly was only realized once the full
wavelength spectrums were visualized on the Micron Optics interrogator. To compensate for this
effect, the slots were cut 10 um deeper, and less glue was used. As a result, there was still slight

attenuation, but a single major peak could be distinguished among the readings.
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After purchasing the Micron Optics interrogator, the exact bandwidth and wavelength shift of the
FBGs could be seen. The Full-Width at Half Maximum (FWHM) of each FBG spectrum was 0.25
nm, which means that to stay within a linear measurement region, the full range of all 3 fibers
including pre-strain (0.1 nm), drift (0.02 nm), noise (0.02 nm), and maximum strain (1.5 nm), would
need to all be contained within 0.25 nm on the reference fiber. This was an unrealistic expectation,
especially since 20 N axial deformation alone ended up straining the fibers by a full 1 nm. Therefore,
instead of an FBG being used for referencing the 3 signals, a LPG fiber was purchased, which has a
linear range of 10 nm. This increases the total cost of the system by $100, but greatly improves the
robustness and range of measurable forces. Figures 2.17b and 3.2a show the spectral relationship
between FBG and LPG fibers. The main negative aspect of using the LPG fiber is that it produces a

much smaller signal.

Once the Micron Optics Interrogator was available, there was a desire to test and compare the same
tool and same sensors on both the Micron Optics and the Low-Cost systems. While the Micron
Optics system is based on wavelength and the Low-Cost system is based on optical intensity, each is
calibrated to output force as the comparable measurand. In order to significantly decrease the optical
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losses in the system (increase the signal), and to allow for an easy transition of the sensors between
the Micron Optic interrogator and the Low-Cost interrogator, FC/APC connectors were spliced onto
the ends of the sensors to replace the previously used SC connectors. A fusion splicer (Fujikura,
40S) was used to make these connections (Figure 5.4). This allowed the instrument to be swapped
between systems simply by unplugging the 4 sensors from one and plugging them into the other. The
signal amplitude was increased so significantly that the amplification resistors across the

transimpedance amplifier had to be reduced from 82 MQ to 6 MQ.
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Figure 5.4: Fusion splicing apparatus.

To assist in comparing the two interrogation systems, the developed software was modified to read
the FBG sensor wavelengths directly from the Micron Optics sm130. Due to limited control
provided by the Micron Optics API, an asynchronous thread was programmed to continuously parse
the buffer and return timed signals. While reprogramming the software, automatic calibration
functions were implemented for bending, grasping, and axial force. The axial force measurement

software was also fully redeveloped to simplify data recording.

5.3 Calibration Changes

5.3.1 Bending Calibration

In the calibration method for the previous tool, theoretical calculations were used to predict the
resultant bending forces based on the output of the three fibers. During the calibration of the new
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tool, these equations did not hold true. On observation of the signal output, it was apparent that the
tool had a tendency for increased bending along certain axes. It is believed that this behavior is
caused by the cut pattern of the axial element not being entirely uniform. The bending calibration
equations were improved with a lookup table that used lowest energy splines and linear interpolation
to predict the force and force angle applied to the tool. By using an increased amount of data, the

tool is more fully characterized, which theoretically provides more reliable data.

The x and y tool forces were measured by hanging weights from the second tooth of the lower
grasper jaw in a cantilever configuration. The applied weight ranged from 0 to 500 g in 100 g
increments. The support point was located 1 cm from the shaft-handle connection, for a cantilever
arm length of 13.25 cm. The tool was rotated manually in 60-degree intervals for a total of six
positional measurements within a calibration jig. The signals from each of the three fiber sensors
were recorded at each weight and position. The first series of complete data points was used to

produce the calibration curves seen in Figures 5.5 and 5.6.
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Figure 5.5: Micron Optics bending calibration curves (Sensors 1 — 3).
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Figure 5.6: Low-Cost System bending calibration curves (Sensors 1 — 3).
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5.3.2 Grasper Calibration

The actuation force was measured by applying force normally to the movable grasper handle from 0
to 10 N while two fixed mounts secured the rest of the tool. The grasper jaw tips were secured on a
two-plate rapid-prototyped plastic jig with each plate fastened to either side of an ATI Nano 43
force/torque sensor (Figure 4.4). The first test was used to produce the calibration curves seen in
Figure 5.7a and 5.7b.

A)
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Figure 5.7: Grasper calibration curve (a) Micron Optics; (b) Low-Cost System.
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5.3.3 Axial Calibration

The axial calibration was performed with a slightly different apparatus design than was used for the
first-generation prototype instrument (Figures 5.8a and 5.8b). Instead of fixing the jaws in a rigid
plastic extrusion at a position with presumed zero bending on the tool shaft, three set-screws were
instead used at 120 degree angles to fix the jaws and allow fine tuning in all directions. By using the
Micron Optics interrogator, the spectrums of all three fibers could be precisely aligned to guarantee
minimal bending of the tool shaft. This design was very robust, easy to use, and improved the results

significantly.

[y

s e
S ) voumsy s

Figure 5.8: Axial strain calibration apparatus (a) full view; (b) three point set screw alignment.
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The axial force was measured by stabilizing the tool and tuning the set screws until the shaft was in a
near-zero bending configuration. A zero-bending condition was determined by viewing the reaction
of the signals to low axial force, and maximizing the sensitivity of all the signals in both tensile and
compressive directions. Figure 5.9 shows the maximized tensile peak followed by the minimized
compressive valley. One side of the ATI Nano 43 force/torque sensor was connected to a Zaber Tech
T-LSMO50A linear stage, while the other side was connected to the tool. The linear stage was
manually moved to increase or decrease the axial force on the instrument between 0 and 20 N in
both compression and tension. The first test was used to produce the calibration curves seen in
Figure 5.10.

M FBG Force Sensor Interface

Yoltage Plots | Calibration Setup AY Z Curves Grasper Curve Farce Readout Qptions

5_4’ Start | Stap p l Sync Sensars K-: [ Auka Drift Bias _ [ Refresh Al ]
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4.8 Sensor 2 (Wi -0.154874
Sensor 3 [(W1: 0.55551%

4.2 Sensaor 4 (W)@ 0.00239513

2.6 i [ 4
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Figure 5.9: Low-Cost System axial tuning (positive = tension).
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Figure 5.10: Axial calibration curve (a) Micron Optics; (b) Low-Cost System.
5.3.4 Signal Coupling

When grasping force is applied through the actuating rod, the shaft of the instrument is put into axial
tension due to the construction of the tool. Theoretically, if the axial-grasping calibration curve is
known, when the grasping force is known, the axial corresponding axial force can be calculated and
biased accordingly. If there is no force on the moving handle by the surgeon, the applied axial force
will not increase the grasping force reading since the rotation of the moving grasper handle is

unrestricted. During the tests for grasping using the 4™ sensor, the signal from the 3 shaft sensors
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was measured to determine corresponding axial and bending coupling responses. The first test was

used to produce the calibration curves seen in Figures 5.11 and 5.12.

Axial Coupling Force (N)

Bending Coupling Force (N)

Sensor 1

b —B— Sensor 2

—&— Sensor 3

0 2 4 6 8 10
Grasping Force (N)

8 - Sensor 1
-10 - —=— Sensor 2
-12 —a— Sensor 3
-14 |

0 2 10

4 6
Grasping Force (N)

Figure 5.11: Micron Optics coupling curves.
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Figure 5.12: Low-Cost System coupling curves.

5.3.5 Noise and Drift

The system noise was recorded over a time of 30 seconds for each system (Micron Optics and the
Low-Cost System). 800 readings were analyzed and the maximum and minimum signal values were
recorded to give a noise range (Figures 5.13 and 5.14). There was a minimal amount of outliers that
were filtered out of these results. These signals were then converted into force using the
corresponding axial calibration curves. The system drift was determined by recording the average

signal value before and after a 10 minute interval and taking the difference.

79



A)

B)

Wavelength (nm x 5)

Wavelength (nm x 5)

Sensor 1

Sensor 2
0.8 -

Sensor 3

0.6
04
0.2

-0.2
-0.4 ~
-0.6 A
-08

0 5 10 15 20 25 30 35
Time (s)

1 Sensor 1
0.8
06 - Sensor 3

Sensor 2

04
0.2

-08

0 5 10 15 20 25 30 35
Time (s)

Figure 5.13: Micron Optics noise and drift data (after 10 minute interval)
(@) initial noise; (b) 10 min drift.
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5.4 Performance Assessment

The performance of the second-generation prototype was assessed by running multiple trials with
both the Micron Optics and the Low-Cost interrogators. The same apparatuses used for bending,
axial, and grasping calibration were used. The performance of the FBG sensors was assessed based
on the following measurements, summarized in Tables 5.1 and 5.2. The results are a combination of

errors within both the instrument and the corresponding interrogation system.

1) Accuracy: The RMS bending error of the shaft sensors was determined by hanging weights from 0
to 500 g in 100 g increments in each of the 6 angles for 5 additional trials. The weights were fully
removed before rotating the instrument. The RMS error of the axial force was evaluated by applying
increasing and decreasing forces to the grasper tip over the range of -20 to 20 N in 1 N increments
for 11 additional trials. The RMS error of the grasping force was determined by applying increasing
and decreasing forces to the handle over the range of 0 to 10 N in 1 N increments for 9 additional
trials. From measuring the shaft sensors during the grasping trials, the coupling equation was

formulated. The RMS error of the coupling force was thus evaluated over the same 9 trials.

i) Repeatability: The maximum standard deviation (o) was evaluated for bending, axial, grasping,
and coupling forces using the same tests described above for accuracy.

iii) Hysteresis: The RMS error was calculated between the increasing and decreasing load values of
both the sensor shaft and the grasping sensor using the same data obtained from the accuracy

assessment.

iv) Signal Drift and Noise: The drift of the sensor signals was evaluated after 10 minutes under a
zero loading condition. The maximum signal noise was evaluated for 30 seconds for each fiber under
0 N, 3 N, and 5 N steady loading conditions. A 10 minute drift time was chosen to simulate the

maximum continuous time in contact with the tissue during arthroscopic surgery.

V) Sensitivity: The minimum sensitivity of the sensors in their linear range was tested by applying
force to the grasper tip and grasper handle until the signal was visually discernable from the noise on

the user interface.

vi) Resolution: For the Micron Optics system, the maximum resolution is approximately 1 pm (500
Hz), which correlates to a force of 4.3 mN using the average strain responsivity of all 4 fibers given

by the axial and grasping calibration curves. For the Low-Cost System, the maximum effective
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resolution is limited by the circuitry, software, and serial communication with the ADC. Electrical
noise, inefficient coding, and slow serial communication limited the ADC capabilities. The ADC
resolution would ideally be distributed over a £5 N load range and would be approximately 10 mN
(10 Hz).

Table 5.1: Micron Optics calibration assessment.
RMSerror Maxoc  Hysteresis Noise / Drift

Bending (N) 0.6393 0.2722 0.3812 0.0585 / 0.4066
Force Angle (°) 9.363 5.472 9.954 —
Actuation (N) 0.3716 0.3530 3.8229 0.0585 / 0.4066
Axial Force (N) 0.9643 0.8302 8.5813 0.0585 / 0.4066
Coupling (N) — 0.5895 — —

Table 5.2: Low-cost system calibration assessment.
RMSerror Maxo  Hysteresis Noise / Drift

Bending (N) 0.6861 0.5924 0.9065 0.9477/1.9838
Force Angle (°) 15.993 14.822 14.994 —
Actuation (N) 1.5034 1.4586 3.5315 0.9477/1.9838
Axial Force (N) 1.9472 1.3208 5.9778 0.9477/1.9838
Coupling (N) — 0.6824 — —

5.5 Validation of Force Calibration

The primary change in the second-generation tool was the addition of the axial element. Due to the
increased axial sensitivity caused by this element, bending and axial forces were difficult to isolate
during calibration. The added instrument flexibility is hypothesized to be the main contributor of the
increased bending and grasping errors, as compared to the first-generation design. In order to
compare the Low-Cost system to the commercially-available Micron Optics system, the arthroscopic
tool was evaluated using both systems with identical calibration methods. The following validation
will discuss the benefits and drawbacks of each system, and will compare the overall performance of

each.

5.5.1 Bending Forces

The measurements taken from the three fibers at each of the 60° increments were tabulated and

equated based on their corresponding locations to give a maximum resultant force and an angle of
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force application. A variety of factors can explain the RMS errors of 0.213 N, 0.6393 N, and 0.6861
N, for the 1%t generation tool and Low-Cost System (1G-LC), 2" generation tool and Micron Optics
System (2G-MO), and the 2" generation tool and Low-Cost System (2G-LC), respectively. The
most prominent is the addition of the axial element adding additional degrees of movement to the
tool. In the bending calibration curves, there is a tendency for increased bending in the 60 degree
direction. This caused divergence from the theoretical calculations used for the 1G tool and required
a new calibration technique to be adopted. This specific observation helps explain the larger errors in
the predicted angle of force application. The new technique characterized the bending of the tool
more fully, 33 vs. 90 points; however, it did not fully reduce the error caused by the increased

movement.

As the new calibration process was developed, there was one key challenge. When a fiber that is
positioned at the current neutral axis (NA) changes from compression to tension, the signal output
remains the same, irrespective of weight; therefore, this signal can not be used in force estimation.
Theoretically, these NA points for different fibers should be offset by 60 degrees, allowing the other
two fibers to successfully predict a force. At approximately 250 degrees, however, all three fibers are
close to convergence, causing larger errors. This error could be improved with further analysis of the
axial element cut design, by adding a fourth fiber for redundancy, or by plotting more data points at

this angle.

While the RMS error was similar between the LC and MO systems, by looking at the maximum
standard deviation (Max o) and hysteresis errors, it can be seen that the MO system is much more
precise: 0.2722 vs. 0.5924 and 0.3812 vs. 0.9065, respectively. This is primarily due to reduced
noise for the MO system, by a factor of 16. As the RMS error is much larger than the Max o for the
MO system, a better selection of calibration curve is likely to improve the results significantly.
Further improvements in axial cut patterns, fiber placement, angle measurement, and weight
application will help to reduce errors further and reduce dissimilarities between fibers. The
calibration curve was also made with a least-energy spline method to join the discontinuous sample

points: additional points for this curve could give more accurate results.

Addressing the Bending Validation in Section 4.4.1, it is important to note that the increased noise in
the 2G-LC system vs. the 1G-LC system and the increased errors in each section are a result of an

LPG reference fiber compared to the previously used FBG fiber. This ensures the monotonicity of
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the calibration curves over, at minimum, the full loading range (20 N), as opposed to the curves for
the first-generation system that had a uniqueness range of only 5 N. The broader spectrum, however,
decreases the signal to noise ratio, resulting in increased noise. The noise and drift values are
independent of loading condition as the fluctuations are located primarily in the system, not at the
instrument level, and are electrical rather than optically based. Originally it was conjectured that a
stiffer tool with FBG sensors could broaden the range of the sensors; however, once the signals were
viewed on the Micron Optics Interrogator, it could be seen that a stiffer tool would not be effective
enough. The broader spectrum also puts less emphasis on perfect pre-straining, significantly

reducing the challenges of fiber adhesion.

5.5.2 Grasping Forces

The grasping force was not significantly affected by the new axial element or other changes in the
new instrument, and thus maintains similar sources of error for RMS and hysteresis as in Section
4.4.2. The RMS errors of 0.747 N (1G-LC), 0.3716 N (2G-MO), and 1.5034 N (2G-LC) correspond
closely to the noise values in each respective system, as explained in Section 5.3.5.

5.5.3 Axial Forces

The axial force element in the second-generation instrument significantly amplified the axial
deformation of the sensor shaft, allowing measurement of axial force. The RMS errors of the 2G-
MO and the 2G-LC systems are 0.9643 N and 1.9472 N, respectively. The Micron Optics system has
a much lower noise level, and thus provides a more accurate representation of the possibilities of
axial measurement. The RMS and Max o errors, both being just under 1 N, can be caused by excess
movement in the axial testing apparatus, different speeds of loading and unloading, drift over the 80
seconds of loading during each test, and unequal axial deformation or twisting within the axial
element cuts. The largest trend errors visible in the test readings were during 15 and 20 N of
compression, measured by the ATI F/T sensor, where the deformation of the axial element began to
level off. For the tested instrument, the axial element was set at 1 cm from an initial 2 cm length in
order to decrease excess bending while still providing sufficient axial deformation to allow
measurement of axial forces. This change may have decreased the possible axial deformation of the
element at large compressive loads. Sensor 3 was modeled by a second-order polynomial in order to
address this effect while maintaining uniqueness in the plot, although the effect could not be

completely controlled. Another possible cause of this error could be contact between the sensor shaft
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and the outer shaft. The outer shaft is intended to be floating in the axial direction, as the design
includes approximately 1 mm of axial clearance. If the tool was compressed by more than 1 mm
during large compressive loading, the forces would level off as well. The large hysteresis errors for
axial measurement, 8.5813 N (2G-MO) and 5.9778 N (2G-LC) may be caused by the time delay for
the elastic deformation in the axial element to return to normal. This effect gives significance to the
fact that the large loading time of 80 seconds may increase the RMS error of the system depending
on different loading rates. While this loading time was kept constant throughout testing, additional
experimentation can be done using different periods. Further, these different time periods could be

related to loading times in real surgeries.

As this is the first time axial force has been measured on this arthroscopic instrument, there are a
variety of improvements that can be made in future generations of the tool. The concept of
measuring axial deformation while maintaining bending and grasping has been proven possible. The
radial cuts in the sensor shaft were a simple and effective method to achieve this goal while keeping

the size factor of the tool at a minimum.

5.5.4 Coupling Offsets

The coupling offsets caused by grasping were validated by the Max ¢ between the results. The RMS
accuracy error could not be measured as there was no calibration apparatus available to accurately
apply both an axial and grasping force simultaneously. Designing such an apparatus would give
better measurements of the coupling accuracy. The coupling deviation values of 0.5895 N and
0.6824 N for the 2G-MO and 2G-LC systems are directly dependent on the errors among the other
loading methods, and as such are in the same range. Improving the actuation, bending or axial force

errors would further improve the coupling errors.

Initially, grasping was hypothesized to contribute almost completely to axial loading alone. When
the bending curves showed increased tendency for bending at specific angles, however, the coupling
offsets were broken down into both an axial and bending component. When the coupling offsets
were measured as a direct summation between axial and bending forces though, after subtracting the
axial force from the coupling offsets, in some cases the resultant bending forces did not fall into a
bending state predicted by the bending calibration curves. This occurred more in the Low-Cost

system than the Micron Optics System. The main reason for this fault is concluded to be as a result
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of the noise in the system skewing the bending signal at low loading conditions. This effect can be

seen in the flat bending calibration curves for 100 gram loading in the LC system (Figure 5.6).

5.6 Summary

The primary change in the second-generation instrument was the addition of an axial element to
increase the axial sensitivity of the tool. This necessitated a new fiber adhesion method using
weights to pre-strain the fibers. With the ability to measure axial force, a coupling measurement was
also made between grasping and axial forces for greater accuracy of the system. Changes were also
made in the calibration equations, specifically in bending, to give more accurate results. With the
availability of a Micron Optics interrogator at this point in the project, the performance of the
instrument was assessed both with the low-cost system described herein, and with the Micron Optics
system. Sources of error and areas of improvement are also discussed for future instrument
development. Appendix V provides a complete calculation example using the calibration graphs and

coupling biasing.

87



Chapter 6

Conclusions and Future Work

6.1 Introduction

The work presented in this thesis describes the process behind developing a fiber optic force sensing
system and arthroscopic tool set. A review of the current state-of-the-art shows the absence of a
commercially available 4-DOF force-sensing arthroscopic grasper, and a 3-DOF force sensing
arthroscopic probe and shaver. The arthroscopic grasper was evaluated both with the Low-Cost (LC)
System and the Micron Optics (MO) Interrogation System in order to formulate a comparison

between the two units.

The small-scale size and high-resolution response needed in the arthroscopic tools encouraged
development of a separate fiber optic sensing system using fiber Bragg gratings. By adding slots in
an inner sensor shaft, these fibers could be used as strain sensors to measure the applied forces on
the soft tissues and bones inside the patient’s body. Common in long-shaft surgical tools is the
difficulty of measuring axial forces. For this purpose, additional axial sensing elements were
developed to increase axial sensitivity. The most significant amount of work was done in developing
the fiber optic system as a low cost option ($4,500 CAD vs. $25,000 CAD) for laboratory research.
Through thorough research into the development of low-cost all fiber systems, a final solution was
created, complete with software and electrical signal processing. Calibration and testing experiments
performed with the instruments showed their effectiveness and performance in force measurement.
This proves their usefulness in a preliminary training environment for surgeons. The sensorized tool
presented herein is a tested solution for measuring forces in a surgical training environment;

however further improvements can be made in future development.

6.2 Contributions

The work presented in this thesis will benefit the engineering and medical communities by describing
the development of an arthroscopic instrument and force sensing system capable of measuring small-

scale MIS tissue interaction forces. Specific contributions of this work include the following:
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e The fiber Bragg grating system that was developed at a low-cost provides a reasonable solution
to investigate the use of FBGs as sensors in future medical tool devices. Before the development
of low-cost sensing systems, the expensive interrogation of the sensors was the largest
roadblock. By using a simple ratiometric photodiode setup with corresponding transimpedance
amplifiers and a low-noise ADC converter, the low forces that can be sensed by this tool are
effective for the scale of arthroscopic surgery.

e The calibration and experimentation using this set of force sensing instruments (grasper, shaver,
probe) illustrates the high resolution and high signal-to-noise ratio that is possible from the use
of fiber optic sensors. The complete description of the design and manufacture of these tools
shows the ease of fiber sensor adhesion compared to the complex alignment of common strain
gauges. All of the new instruments were also designed to maintain the same small arthroscopic
form factor.

o The grasper incorporates fiber slots on an inner sheath to guide fiber optic sensors
down the shaft. This design allows the instrument to sense forces on the tool tip
without increasing the overall size of the tool. An axial element that was designed by
cutting a notched pattern in the inner shaft allows forces to be sensed axially. The 3D
sintering machine in Robarts was used to manufacture the grasper jaws, showing the
possibilities of the technology. The three-fiber setup on the shaft in combination with
the axial element allows forces to be sensed in 3 dimensions at the tool tip.

O The shaver and the probe also incorporate fiber slots along inner sheaths to prove the
tools with force-sensing capabilities. The probe, as with the grasper, was designed
with a “floating” outer sheath, to allow slight compression axially so as to measure

axial compression while maintaining rigidity of the instrument.

6.3 Recommendations and Future Work

Throughout the development of these tools and corresponding sensing system, areas of improvement

and points of consideration were identified that can increase the overall performance of the MIS
system. These areas of future work are presented below:

e The low-cost FBG interrogation unit, while currently only being used with the developed

arthroscopic tools, can in fact be set-up with any FBG sensor system to sense strain. As the

high cost of FBG interrogation is the primary limiting factor to the adoption of fiber optic
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sensing technology, this low-cost system is an excellent solution for increasing the accessibility
of these sensors in research. Other than strain, FBGs can also be used to sense displacement,
pressure, acceleration and temperature, making this system increasingly versatile.

Near the conclusion of this thesis, a fusion splicer was used in lieu of SC-SC mating
connectors. This greatly reduced alignment and air-space losses, improving the signal.
Similarly, professional polishing of the cleaved fiber ends may also improve the signal. An
improved signal makes it easier to filter out any noise that is affecting the accuracy of the
measurements. Another major recommendation would be to further research the effects of fiber
twisting and bending on optical losses. The optical signal through the fibers making up the
circulator largely decreased under a bending ratio of less than 2 cm, while the sensor fibers
could bend down to 0.5 cm while retaining full signal. This could be caused by a difference in
the fiber manufacturing process. When twisting the tool, the twisting of the fibers sometimes
also led to signal losses. There was minimal study done on the effect that ambient light and
temperature fluctuations have on the system, however better knowledge of this may also
further reduce system noise. As the system runs on a wavelength of approximately 1550 nm,
the effect of ambient light is assumed to be minimal. The temperature effects should first be
tested by putting the tool in a 37 °C environment to simulate surgery. This could be done using
a water bath, as the fiber optics are not affected by water. By attaching the grasping force fiber
to the tool handle, the surgeon’s hands may also heat the instrument. By exposing the entire
tool to different controlled temperatures, the relationship between signal and temperature could
be determined. To deal with excessive temperature effects, a reference unstrained fiber could
be designed into the tool, the location of the grasping fiber could be altered, or the tool signals
could be zeroed after entering the body.

Since the success of implementing the sensing method and design have been demonstrated in
an arthroscopic grasper, manufacturing equivalent sensing medical tools such as shavers,
probes, punches, angled tool tips, catheters, arthroscopes and various other tools is a logical
next step. As the addition of axial force sensitivity using a slotted axial element is a fairly
recent development, further research can investigate alternative methods for increasing and
decoupling actuation and bending signals. While torque sensing (tissue twisting) was not
implemented on the tool presented herein, testing in real surgeries will decide if the ability to

measure this force component would improve surgical procedures.
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e While the tools have not been exposed to the chemicals and temperatures used in standard
cleaning and sterilization procedures, the fibers themselves are chemically-inert and high-
temperature-resistant. Biocompatible and autoclavable medical-grade adhesives are available
and could be adopted for future versions of the instruments.

e The medical grade finish of the tool is possible using a combination of sanding, grinding, and
glass bead blasting.

e The precision of the micromachine degrades significantly with the simultaneous use of
multiple axes. The finish and precision given by the EDM machine is so superior to
conventional milling that tool designs should initially design for machinability on the EDM.

e The 3D sinter technology in Robarts is an excellent resource for complex parts. This was used
to manufacture the grasper jaws. The current rough finish of the technology can be improved
using small diamond files and glass bead blasting. Currently, an electropolisher is being
purchased for this machine to further improve the finish of the printed parts, reducing post
processing significantly.

e The low-cost design objective was placed more on the FBG interrogation unit than the tool,
since the cost of commercial interrogation units is significantly higher than the cost of
manufacturing sensorized instruments. If the entire system is to become commercially
available, different machining processes may be necessary to replace EDM machining of the
tool with another process such as casting. Another point to consider in commercialization is
which components on the tool should be single-use. For instance, if the blades on the newly
developed shaver dull, then they should be made disposable. Currently the grasper can be
disassembled such that the fiber sensor shaft can be separately removed. The fibers can then be
removed from the shaft using acetone. In this way, the sensors can be kept while the remaining
tool is disposed of. There will eventually be a choice between the cost to disassemble, sterilize,
and reassemble the tool, and the cost to completely dispose of the tool.

e The most complex part of manually assembling the tool is in accurately pre-straining the fiber
sensors during adhesion. The fibers should be pre-strained equally so that the sensing range
falls in the linear region of the reference grating’s spectrum. An improved method to simplify
this adhesion process would significantly reduce manufacturing time and improve

performance.

91



e To improve the robustness of the fiber connections, a mechanical connection can be used such
as a “Quick Connect SC Connector”.

e Optimal tolerancing between the sensor shaft and the outer shaft on the grasper should be
investigated in future tool generations to balance the axial restriction of the sensor shaft, while
still having both tubes bend as one for easier calibration.

e Different angles of fiber adhesion around the shaft and different numbers of fibers to provide
sensor redundancy for error reduction (varying from 3 fibers equally spaced at 120°) can be
experimented with to show whether different combinations can improve instrument
performance.

e The way in which the information will be displayed to the surgeon, whether as a constant data
stream, or by a colored force indicator, should be examined in the future for effective visual
communication.

e The calibration procedure for the bending force of the tools currently consists of manually
hanging incremental weights from the tip of the grasper and recording the signal. It has been
suggested that an automatic calibration system with motors and linear stages may be preferable
to gain more accurate results through finer increments, and to also decrease the time needed for
the process. Another improvement for the bending force apparatus would be to make the
rotating gear more secure, and to add graduations along the gear for more accurate angle
measurement. Also, the gear cannot rotate fully 360 degrees, necessitating removal of the tool
for certain angles. The procedure to measure the grasping force relies on the transfer of force
on an offset plastic attachment to the ATI force/torque sensor. Development of an improved
method for accurately measuring grasping force would improve accuracy of the calibration.
Axial calibration is the most difficult, as bending is difficult to eliminate in any setup. The
current plastic jig can be further improved to limit this coupling as much as possible.

e A main recommendation for the calibration of this system, particularly in the area of grasping
but also possible for all loading methods, is to develop an adaptive control system to measure
the effects of loading time on the signal outputs. With the large hysteresis errors in the
accuracy results due to the time dependent nature of stress-relaxation, it is certain that adaptive
control would significantly improve the results. Figures 6.1a and 6.1b show individual cases of
5 N applied grasping force over 1 second for each system where the system was zeroed

between each test. These graphs are examples of the type of tests necessary to develop a
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complete characterization of adaptive force control. These tests can be done for incremental
weights over incremental time periods. The software would require additional functionality to
steadily record and analyze data at a fast data rate.

e Recommended improvements to circuit board design were discussed in Section 3.4. The main
point is to increase the data transfer rate by either changing the micro-controller or GUI code,
by purchasing a different type of ADC, or by increasing the processing power of the PC. An
additional point of consideration is that connection to a 120 VAC internal power supply as
opposed to a separate 5V power supply will decrease the total space requirement of the system
and make the system more versatile. This would require the most additional development for
the circuit board.

e An EM tracker can be attached to the tool to measure X, y, and z positions and corresponding
rotations to increase the data feedback during surgical procedures (Appendix II).
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Figure 6.1: 5 N grasping force over 1 second intervals (a) Micron Optics; (b) Low-Cost System.
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Appendix I: Software Interface

B FBG Force Sensor Interface
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Figure A.1: Raw data voltage plot showing synced vs. unsynced signals.
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B FBG Force Sensor Interface

Yalkage Plats Zalibration Setup

| Start] Stop r [

Bending Calibration [

A E Curves Grasper Curve Force Readout Qpkions
Sync Sensors r [ Auto Drift Bias ’ [ Refresh all ]
Load Calibration ... ][ Save Calibration ... ] [ Refresh ]

0 degrees G50 degrees

120 degrees 180 degrees

240 degrees

300 degrees

[ 100 grams ] [ 100 grams ] [ 100 grams ] [ 100 grams ] [ 100 grarns ] [ 100 grams ]
[ 200 grams ] [ 200 grams ] [ 200 grarms ] [ 200 grams ] [ 200 grarms ] [ 200 grams ]
[ 300 grams ] [ 300 grams ] [ 300 grams ] [ 300 grams ] [ 300 grams ] [ 300 grams ]

[ 400 grams ] [ 400 grams

] [ 400 grams ] [ 400 grams ]

[ 400 grarms ]

[ 400 grams ]

[ 500 grams ] [ 500 grams ] [ 500 grams ] [ S00 grams ] [ S00 grams ] [ 500 grams ]
Axial Calibration [ Load Calibration ... ][ Save Calibration ... ] [ Refresh ]
[ -500 grams ] [ -400 grarms ] [ -300 grams ] [ -200 grams ] [ -100 grams ]
0 grams ]
[ 100 grams ] [ 200 grams ] [ 300 grarms ] [ 400 grams ] [ 500 grams ]
Grasping Calibration [ Load Calibration ... ][ Save Calibrakion ... ] [ Refresh ]
Bias 0123
|3-29052||||||||||||||||||||||||
atk
. Releasing Graspinig

Figure A.2: Bending, axial, and grasping force calibration.
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B FBG Force Sensor Interface
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Figure A.3: Bending and axial force calibration curves.
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B FBG Force Sensor Interface
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Figure A.4: Grasping force calibration curve.
x: force(N) y: signal (V)
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B FBG Force Sensor Interface
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Figure A.5: Visual bar graph force output with recording option.
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B FBG Force Sensor Interface
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Figure A.6: Additional options for port control and zero estimation.
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Appendix Il: EM Tracker Design Concept

Figure A.7: EM tracker design.
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Appendix I1I: SLD Power and Voltage Curves
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Figure A.8: Benchtop SLD power and voltage curves.
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Appendix IV: Material Decision Table

TABLEA.1

BENDING AND SHEAR STRESS MATERIAL ANALYSIS

Bending Stress and Strain

shearmod = 79.3
F distributed range is 0 to 10N
Lerasperis fixed at 8.85 mm

d moment limitis the distance from trocar to tissue
yMNA->FEBG is fixed for machineability of FBG slots
Elastic Modulus is eitherStainless Steel or Titanium, however 55 is less expensive and strong enough

D outer minimum is failure of the tool under 10 N

D outer maximum is fixed to a 4.5 mm tool size
D innmer should be maximized to increase strain, but can go to a minimum of 0
Dinnermaxis fixed to keep room for FBGs

1 pEresolution would need 1 pm wavelength accuracy

106

proportional to strain inversely proportional to strain
Fdisuib | dmoment | YNAXBE] o ooy | pomm) | Ditmm) | strain (e | stress (upa) Changes
(Nfmm} [mmj) Lmmj}
0.1000 44.16 198 205,000 4.57 3.45 26.17 5.36 55, 1/10 N dist load (standard)
0.1000 44.16 198 125,000 4.57 3.45 42.91 5.36 Ti
0.0113 44 16 198 205,000 457 3.45 295 0.60 55,1/10 M point load
0.1000 44.16 198 205,000 4.31 3.45 37.80 7.75 55, decrease Do
0.1000 54.16 198 205,000 4.57 3.45 32.02 5.56 55, increase d moment
0.1000 54.16 198 205,000 4.31 3.45 46.36 9.50 4 &5
0.1000 44.16 198 205,000 4.57 0.00 17.63 3.61 55, decrease Dito 0
26.0000 44.16 198 205,000 4.57 0.00 4583.25 939.57 55, Fmax, decrease Dito 0
24.0000 44.16 198 205,000 4.57 2.45 4511.73 945.41 55, decrease Di to 2.45
24.0000 44 16 198 205,000 457 4.05 1104112 226343 55, increase Di to 4.05
18.0000 44 16 198 205,000 4 57 3.45 4699 46 963.39 55, dist Load 18N
14.0000 44,16 1.98 205,000 4,57 3.45 3655.13 749.30 55, dist. Load 14N
10.0000 44,16 1.98 205,000 4,57 3.45 2610.81 535.22 55, dist. Lead 10N
965 MPa full hard, 760 MPa half hard
1.55 Deflection @ 18N distload (mm)
1.21 Deflection @ 14N distload (mm)
ShearStress
0577 ¥s | Thickness | |nertia Area Max
(MPa) {mmj (mm®™4) {mm"2) a FarceiM)
118.285 0.3 3.8445 3.84 7.67 41




Appendix V: Calculation Example using
Coupling Biasing

Figure A.9: Tool testing condition on knee simulator.

Description

Figure A.9 shows a sample tissue grasping test on the CSTAR knee simulator [51].
Step One — Apply Forces to Tool and Record Signals

Sensor 1 =2.28976 (nm x 5)

Sensor 2 =-0.96115 (hm x 5)

Sensor 3 =1.57362 (nm x 5)

Sensor 4 = -1.4473 (nm x 5)

Step Two — Calculate Grasping Force

Using the sensor 4 reading and the grasper calibration curve in Figure 5.7b:

| Grasping Force = 3.7109 N
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Step Three — Calculate Coupling Offsets

Using a grasping force of 8.2692 N and the coupling calibration curve in Figure 5.11, the coupling
offset errors are:

Sensor 1 =0.7059 (nm x 5)

Sensor 2 = 0.4084 (nm x 5)

Sensor 3 = 0.3504 (nm x 5)

Step Four — Evaluate Resulting Signals

Subtracting the coupling offsets from the original signals:

Sensor 1 =1.5839 (nm x 5)

Sensor 2 =-1.3696 (nm x 5)

Sensor 3 =1.2232 (nm x 5)

Step Five — Calculate Average Axial Force

Converting the resulting signals to Axial Force using the axial calibration curve in Figure 5.10b:
Sensor 1 =-7.8484 N

Sensor 2 = 9.5933 N

Sensor 3 =-5.8323N

| Average Axial Force =-1.362 N (tissue pushing)

Step Six— Evaluate Resulting Signals

To decompose the signals into axial and bending components, the average axial force can be
converted into sensor signals and subtracted from the current signals. Using the axial calibration
curve, the signals at the specified average axial force of -1.362 N is:

Sensor 1 =0.1989 (nm x 5)

Sensor 2 =0.29718 (hm x 5)

Sensor 3 =0.3088 (nm x 5)
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Subtracting these values from the current signals returns the pure bending signals:
Sensor 1 = +1.3850 (hm x 5)

Sensor 2 = +0.9144 (nm x 5)

Sensor 3 =-1.6668 (nm x 5)

Step Seven- Interpolate Bending Forces

Below shows the interpolation results of the bending calibration curves in Figure 5.6. Figure A.10
displays the predicted force and angle bending method.

Bending Force = 2.5508 N

Angle of Force = 71°
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Appendix VI: Permissions and Approvals

The following forms and permission statements are presented in this Appendix:

Written permission statement from SAGE Publications for Figure 2.1
Online permission from Springer for Figure 2.2
Written permission from IOP Publishing for Figure 2.3

o S. Sokhanvar

Online permission from Elsevier: Annals of Thoracic Surgery for Figure 2.4

Online permission from Elsevier: Sensors and Actuators A: Physical for Figure 2.5

Written permission from OSA: Biomedical Optics Express for Figure 2.6

Written permission from SPIE for Figures 2.7-8
o M. A. Balicki

Online permission from Springer: International Journal of Computer Assisted Radiology and

Surgery for Figure 2.9

Online permission from Wikipedia for Figure 2.10

Written permission from Daniele Tosi for Figure 2.12

Online permission from IEEE: Journal of Lightwave Technology for Figure 2.14
o Figures 2.13, 2.14, 2.15, 2.18, 2.19 are cited in text by IEEE standards

Free Open Access License Information for Figure 2.16
Written permission from 10OP Publishing for Figure 2.17
o J. A R. Williams
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Dear Daniel,
Thank you for your email.

Please consider this email as written permission to include figure 3 from the article ‘Force sensing and its
application in minimally invasive surgery and therapy: a survey.” Form our publication Proceedings of the
Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering Science as part of your
forthcoming Master’s Thesis.

Please note:

This permission doesn’t cover any 3rd party material found in the work.
The author needs to be informed of this reuse.

A full academic reference to the original material needs to be included.

Best Wishes,

Leah Griffiths

Permissions Assistant

SAGE Publications Ltd

1 Oliver’s Yard, 55 City Road
London, EC1Y 1SP

UK

www.sagepub.co.uk

SAGE Publications Ltd, Registered in England No.1017514
Los Angeles | London | New Delhi

Singapore | Washington DC

112


http://www.sagepub.co.uk/

Copyright

l'._‘ Clearance
@ -

Account
Info

Center
. Title: Desigh, Development, and Logged in as:
@ SPrlnger Testing of an Automated Daniel Turkewich
the language of science Laparoscopic Grasper with 3-D

Order Completed

Force Measurement Capability

Author: Gregory Tholey
Publication: Springer eBook
Publisher: Springer

Date: Jan 1, 2004
Copyright @ 2004, Springer-Verlag Berlin
Heidelbarg

Thank you very much for your arder,

This is a License Agreement between Daniel 5 Yurkewich ("You") and Springer ("Springer')., The
license consists of your order details, the terms and conditions provided by Springer, and the
payment terms and conditions,

Get the printable license,

Licernze Murnber
License date

Licensed content
publizher

Licensed content
publication

Licenzed content title

Licenzed content
author

Licenzed content date
Type of Use
Partion

Author of thiz
Springer articla
Criginal figure
nurnbers

Title of your thesis [
diszertation
Expected cormpletion
date

Estirnated
size[pages]

Total

3406041093388
Jun 11, 2014
Springer

Springer eBook
Design, Devaloprnent, and Testing of an Avtornated Laparoscopic Grasper with 2-D
Force Measurernent Capability

Gregaory Tholey

Jan 1, 2004
Thesiz/Dissertation
Figures=s

Mo

figure 1

Farce Sensing in Avthroscopic Instrumments Uzsing Threaded Fiber Bragg Gratings
Sep 2014

99

0.00 CAaD

Copyright & 2014 Copuright Clearance Center, Inc All Rights Reserved, Privacy staternent.

Camrnents? We would like to hear from you, E-mail us at custornercare@copyright. corm

113



Dear Daniel Yurkewich,

Thank you for your request to reproduce 10P Publishing material.

Figures 2,3 & 4- Smart Materials and Structures, vol. 16, pp. 989-998, 2007.

We are happy to grant permission for the use you request on the terms set out below.

If you have any questions, please feel free to contact our Permissions team at permissions@iop.org.
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Kind Regards,
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A diagram of a Fiber Bragg Grating. The image shows the structure of a positive-only index change Fiber Bragg Grating. The refractive index profile of the
fiber core shows the change of the refractive index along the core. The spectral response on the Fiber Bragg Grating shows how the incident broadband
signal is split into the transmitted and reflected components, about the Bragy wavelength.

“ectorized version of Image: Fhi. GIF

2008-07-02

Sakurambao

Original image FBG. GIF was released under a GFDL license

*lmage:Fhy. GIF

o File:Fiber Bragy Grating.svy is a language neutral version at comrmons

Licensing;

Permission is granted to copy, distribute and/or maodify this document under the terms of the GNU Free
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Thank you for your request to reproduce 10P Publishing material.

Figures 2 & 3- “All-fibre optical sensing system: Bragg grating sensor interrogated by a long-period grating,”
Measurement Science and Technology, vol. 9, pp. 1969-1973, 1998

We are happy to grant permission for the use you request on the terms set out below.

If you have any questions, please feel free to contact our Permissions team at permissions@iop.org.

I should be grateful if you would acknowledge receipt of this email.

Kind regards,

Lucy Evans
Publishing Assistant
IOP Publishing

Conditions

Non-exclusive, non-transferrable, revocable, worldwide, permission to use the material in print and electronic form will
be granted subject to the following conditions:
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