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Abstract

Bone cutting in surgery is currently done using un-intelligent tools that depend on the profi-
ciency of the surgeon to prevent damage to underlying critical structures. As one can imagine,
damage isn’t always prevented. Iatrogenic damage to dura and sub-dural neural structures during
osteotomical procedures such as a craniotomy can result in increased patient morbidity.

This dissertation proposes the development of a robot-guided laser osteotome (bone cutter) with
the use of inline optical coherence tomography (OCT) to precisely control the cutting depth in
real-time. The all-fiber system design integrates a high peak-power pulsed Yb-doped fiber laser
(1064nm) coupled directly into the sample arm of a swept-source OCT system (. = 1310nm) with
a fourth-order power disparity between the OCT system and fiber laser. Sub-millimeter accuracy
was achieved in percussion drilling of phantom and porcine bone.

Through the use of optical topographic imaging (OTI), this work presents a novel method for the
surgeon to identify arbitrary trajectories for desired cuts. A surgical pencil is used to demarcate
cutting trajectories for the robot to follow directly onto the boney surface. OTI imaging combined
with a novel algorithm developed through this work allows the penscribed line to be isolated and
translated into spatial attitude information for the robot to guide the end effector-mounted laser
along. Sub-millimeter trajectory following accuracy was achieved. This work also demonstrates

the first use of OCT in continuous, real-time refocusing of the optical end-effector in order to main-

i



tain cut quality. The focus of the laser was able to be maintained within the Rayleigh length of the
focused Gaussian beam for linear feed rates up to 1mm/s at a 45° surface incline. Finally, opti-
mization of bone ablation is explored in this dissertation. The use of graphite as a high-absorption
topical chromophore and the use of nitrogen as an assist gas in the form of a coaxial jet are both
analyzed to determine how to achieve the highest etch rate in bone. The results in this dissertation
show that the topical application of graphite was able to significantly reduce the mean and variance
of etching performance; an improvement by at least two orders of magnitude in the time to 0.5mm
etch depth is demonstrated. It is also demonstrated that etch rate during ablation can be optimized
for coaxial nitrogen flow (30SCFH out of a nozzle with 3mm output diameter); higher and lower
flow rates showed slower etch rates.

It is hypothesized that a system such as the one developed in this dissertation will increase the pre-
cision of bone cutting, decrease the amount of time needed to make cuts into sensitive structures

and also address certain issues of unsuccessful uptake of lasers in modern medicine.
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Chapter 1

Introduction

STEOTOMY, or the cutting and removal of bone, is a fundamental part of surgical prac-
O tice. Modification and excision of osseous skeletal tissue is required in countless modern
surgical procedures, though the concept of bone cutting is far from avant-garde. Archaeologi-
cal evidence shows that osteotomy of the skull has been performed by and on humans since the
mesolithic period [10]. The first recorded mention of osteotomy technique was made by Hip-
pocrates circa 415 BC [11], where he described osteotomy via traumatic fracture - luckily, tech-
niques have progressed a long way from this. Despite a well-patinaed history, the physics of
osteotomy has remained relatively unchanged: simple machines, such as wedges, levers and abra-
sive tools forcefully interact with the bone for splitting, cutting, etching, removal, and grinding.
These primitive interaction modalities have remained ubiquitous irregardless of surgical specialty.
Arguably, the most significant technological change that came about in osteotomy practice was
with the introduction of motor-actuated tools, starting in 1908 by Bryant [12, 13], and to a lesser
extent with the introduction of piezoelectric actuation in 2004 by Vercellotti [14, 15]. To date,
dominant osteotomy techniques still require tool-tissue contact, and still rely on the surgeon’s ki-
naesthetic sense (their sense of fouch/feel) to be executed successfully - this is not too dissimilar
from carpentry. The “tools of the trade” resemble many of those found in standard hardware stores
for purposes of cutting bulk building materials (eg. wood, metal, etc.). As discouraging of a no-
tion as this may be, one can take comfort in knowing that these tools, however primitive, are used

to save lives in the hands of highly skilled surgeons. Still, higher precision, greater control and



faster execution is always demanded from even the most advanced of technologies, be it medical
or other. Improvement in osteotomy technology may lead to increased cutting precision and accu-
racy, cleaner incisions, less peripheral tissue damage and shorter surgery times. The development
of tools that can achieve increased spatial accuracy in cutting, have real-time control of incision
depth, and improve the consistency in cut quality is imperative for decreasing healing times and

improving patient outcomes [16].

Cranial osteotomy, known as craniotomy, is performed when the surgeon requires access to the
intracranial space for many types of brain surgeries. Currently, power-actuated tools for cran-
iotomy offer little in the way intelligent safety design. Perforators, which are multi-sized bits used
for cutting circular holes into the human cranium, use a simple clutch mechanism as a basic me-
chanical safety control system. The perpendicular force applied by the surgeon during drilling
engages the clutch and allows the bladed tip to spin; once penetration of the inner skull table oc-
curs, the sudden drop in axial force disengages the clutch and tip rotation ceases [17]. As one can
imagine, this mechanism is highly sensitive to angle: any deviation from the drill being held per-
fectly perpendicular to the skull surface reduces reliability of timely clutch disengagement. Side
cutting saws used for opening skulls, known as craniotomes, only rely on a small piece of metal
angled over the distal end of the spinning cutting blade to shield the dura from accidental puncture
[18]. This can limit angular positioning, increase friction during lateral motion, and potentially
exacerbate already damaged dura via inadvertant snagging. Both of these very common tools still
rely heavily on the surgeon for safe operation. This means that the tools have no active, engineered
intelligence for soft tissue damage mitigation. The most significant determining factor of whether
accidental dural penetration occurs or not is ultimately the surgeon’s individual skill.

Although these simple mechanisms offer some (albeit minimal) amount of safety, iatrogenic dam-
age to distal cranial soft tissue during skull opening does occur. According to a study by Engelhardt
et al., nearly a third of craniotomies resulted in dural tears, with a significant amount of these being
multi-layer tears [19]. Dural tears such as these increase the risk of infection and cerebral spinal

fluid (CSF) leaks. Accidental tears have an increased probability of occurring due to dural layers



sticking to the inside of the skull. This is more prevalent in elderly patients, patients with hyper-
ostosis frontalis, and/or patients with extracerebral lesions such as meningiomas [20]. As well,
risk of iatrogenic damage can occur when patients have bone-related maladies, such as, but not
limited to osteoporosis, osteomalacia and osteosarcoma. Dural tears can also be acutely dangerous
if any of the dural venous sinuses are breached. These channels exist within the layers of the dura
mater and are responsible for draining venous blood and CSF. Injury to these structures can result
in massive bleeding and/or thrombosis. Recognizing how commonly this procedure is performed,
the potential medical impact of accidental dural tears can be significant for the population of neu-

rosurgery patients.

The use of lasers in medicine has been proposed almost as early as the days of Maiman and his
pioneering ruby laser [21]. Numerous studies have been performed to determine how lasers can
be used to cut tissue, photonically treat diseases and diagnose pathologies. The development of
medical lasers promoted a certain romantic, futuristic promise of extra-human surgical precision;
so much so that science fiction has largely seemed to do away with bladed scalpels in exchange
for laser ones (eg. Star Trek, Final Fantasy, etc). Promises of similar magnitude can be said to
have been made in the field of medical robotics. Koh’s pioneering medical robotics work in the
late 1980’s was thought to mark the beginning of the automated surgery era [22] . So have these
technologies failed in their promises? Did they not live up to their fervor? The answer may be
that the timelines were over-imagined, not the technologies themselves. Lasers and robotics do
have the potential to revolutionize surgery the way they have the manufacturing sector. However,
each technology has it’s own progression-impeading hinderances to surmount before ubiquitous
operating room (OR) adoption can happen. Besides the obvious technical hurdles, what remains a
challenge is the harmonious integration of these technologies into current surgical work-flow, not
only for the surgeons, but for nurses and all other OR personnel. Marvels of engineering ingenuity
run the risk of becoming storage relics if they are too difficult to use, maintain, or slow down the
entire procedure without much added benefit. If a simple scalpel takes less than a minute to pre-

pare and performs the same task to an sufficient degree, then it’s hard to make the case for complex



laser and robotic systems that provide only marginal medical benefit. Feats of medical engineering
must not be overshadowed by poor user-interface design, long setup time or incompatibility with
the OR environment; the proposition of benefit must be clear and worthwhile.

The purpose of this dissertation is to contribute technical advancements in the design of a system
that can perform high-precision laser osteotomies to within sub-millimeter distances of full pene-
tration. The surgeon will be able to intuitively and quickly define trajectories without additional
planning necessary than the current practice. Above the existing paradigm, the system will aim
to make osteotomies safer and faster without the trade-offs of work-flow disruption or steep user
learning curves. The ultimate goal of such system would be to out-perform standard surgical saws
in speed, safety and precision.

Robot assisted laser osteotomy is no trivial feat. No attempts that have been made in the past
have successfully transitioned into clinical use thus far. It is the belief of the author that the rea-
son for this is because issues of depth control and ease-of-use have not been properly addressed.
Besides the clinical potential of the system that will result from this PhD dissertation, other contri-

butions include:

e Design of a novel ablation depth controlled all-fiber laser apparatus;

A study of bone ablation using inert gas assistance with varying parameters;

A demonstration of the efficacy in thermal ablation of bone using a topically applied chro-

mophore;

A novel method for defining arbitrary cutting trajectories on the surface of boney tissue;

A novel method to maintain beam waist of focused gaussian beam onto target surface.

Most of the individual technologies that are leveraged throughout this dissertation have been
developed to their current maturity relatively recently. Therefore, it seems that these technolo-
gies have converged at what may be the correct time for the work outlined in this dissertation to
take place successfully. The goal of this work is to impact the practice of neurosurgery and to in-

crease the standard of care for patients. This dissertation is rooted in practicality and as such, it is
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hoped that this research will successfully make the bench to bed-side transition one day, eventually

rendering the surgical drill a tool of the past.

1.1 Outline

This dissertation is organized as follows:

e Chapter 2 gives a background of osteotomy, laser-tissue interaction fundamentals, laser os-
teotomy, Optical Coherence Tomography (OCT) fundamentals and brief histories on neuro-

surgical robotics and the use of OCT for ablation monitoring;

e Chapter 3 details the construction and experimental results of the novel OCT + fiber laser
system that was designed for this work. Two addendums are included in this chapter: 1)
details of an alternate structure that uses bulk optics to integrate the fiber laser into the sample
arm of the OCT system and 2) details of an alternate method for k-clock sample trigger delay,

which is discussed in detail in this chapter;

e Chapter 4 details the novel algorithm developed for penscriptive visual servoing of the
robotic manipulator. Experimental results are presented and discussed to demonstrate system

viability;

e Chapter 5 presents experiments and results of the study conducted to optimize laser bone

ablation using graphite as a topical chromophore and a nitrogen assist gas jet;

e Chapter 6 demonstrates the use of OCT for real-time refocusing and correction of drift along

the optical axis of a robotic end effector used for laser osteotomy;

e Conclusions are made and areas of future research are discussed in Chapter 7.



Chapter 2

Background

ERVOUS tissue is typically less robust to damage than muscle, bone, cartilage and many
N other forms of tissue found throughout the body. This is due to nervous tissue’s severe
lack of regenerative capabilities when compared to most other forms of somatic tissue [23, 24] .
Therefore, surgery in and around neural anatomy is a process that requires precision and patience
to avoid iatrogenic damage. Loss of organ functions, sensory loss, paralysis and death can occur

upon significant damage to the spine and brain.
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Figure 2.1: Layers covering the brain [1].

Figure 2 shows the layers of tissue above the brain surface. Typically during most cranial



procedures that require an open surgical incision and osteotomy, the soft tissue layers of the scalp
and periostium are first peeled back to reveal the skull surface. Underneath the skull, the brain is
encased in a sack of water-tight soft tissue known as the dura mater. Inside, the brain is held in
neutral bouyant suspension in cerebrospinal fluid (CSF). The endostium (not shown) is a layer of
soft tissue attached to the outer surface of the inner layer of cortical bone just before the dura.

The skull itself is composed of three distinict layers of bone. Both superficial layers of the skull
bone are composed of cortical or compact bone, which is composed of densely packed layers of

cylindrically shaped clusters known as osteons (shown in figure 2(a)).
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/
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(a) Cross section of an osteon (b) Trabeculae

Figure 2.2: Fundamental units of the two types of bone (cortical [2] and trabecular [3]).

Sandwiched in the middle of the two cortical layers resides the trabecular or cancellous bone.
This layer composed of strut-shaped soft tissue units known as trebeulae. The trabecular bone
layer is typically where bone related metabolic activity occurs and as such, tends to be heavily
vascularized compared to cortical bone. Figure 2(b) shows a microscopic image of trabecular
bone.

The spinal column consists of a series of irregularly shaped vertebral bones that extend from
the base of the skull down to the pelvic girdle. The spine is separated into three distinct regions: 7
cervical vertebrae (C1-C7), 12 thoracic vertebrae (T1-T12) and 5 lumbar vertebrae (L1-L5). The

individually articulating vertebrae terminate at the sacrum, which consists of five fused vertebrae.
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Figure 2.3: Details of the spinal column [4] and vertebrae [5].

Inferior to the sacrum, attached via a partially flexible joint sits the 4 fused vertebrae of the coccyx.
The central hole of each vertebral disk, known as the vertebral foramen line up to form the spinal
canal, a protective boney channel that runs the entire length of the spinal column. This channel
encases the spinal cord. Similar to the brain, the spinal cord is wrapped in a water-tight covering
known as the meninges. Inside the spinal canal, protective adipose tissue cushion the encased
spinal cord from direct contact with the internal foraminal surfaces. Anterior to the foramen sits
the vertebral body, which forms the bulk of the disk. The posterior surface of the vertebrae has
the prominent transverse process, a boney spike jutting out posteriorly. To each side of that is the
lamina and the facet joints. Two more prominent spikes, the transverse processes, stick out of

either side of the disk.

2.1 Osteotomy in spine and cranial surgery

Osteotomy can be classified in to three categories: excision, reparative and for approach [27]. Ex-
cision osteotomy is any procedure which requires the removal of pathological bone, be it infected,
cancerous or spurious ossification. Reparative osteotomy requires modification of the bone for pur-

poses of anatomical correction. Osteotomy for approach purposes is required when osseous tissue
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Figure 2.4: Common examples of cranial osteotomies.

needs to removed in order to gain access to a region of interest. Sections of cut bone are sometimes
(but not always) returned to the original removal site at the end of the surgery. A common example
of this would be removal of a skull flap (craniotomy) to gain access to the intracranial space.
Tools used to perform osteotomy are considerably similar to those found in carpentry. Larger
osteotomies are typically performed with drills (motorized and hand-powered), saws (manual, re-
ciprocating and circular), chisels and osteotomes. When more precision is required, tools such as
rongeurs, forceps, scissors, files, rasps and gouges are used. Regardless of which tool is used, the
application of some combination of mechanical forces to hard tissue remains the dominant physi-
cal mechanism. Because of this, risk of iatrogenic mechanical damage to surrounding soft tissue,
such as the cutting burr plunging into the soft cranial tissue is a real risk [28, 29, 30]. This risk can
easily be actualize into morbidity if the surrounding soft tissue is especially sensitive; this is the
case in neurosurgery.

Certain large cuts are quite common in brain surgery. As mentioned earlier, a craniotomy, shown
in figure 2.1, is a common cut that is made to remove a flap of bone to gain access to the soft tissue

inside the intracranial space. A burr hole, or trepanation, is made in the skull when a large cut



is not needed such as in the case of cranial biopsies. Both are done with powered and/or manual
drills.

Bone cutting in the spinal column offers different challenges to the surgeon, given the tighter
space and irregularity of the shapes of the bones. Usually drills with finer tips are used to mill
through boney surfaces, compared to the larger drill heads and more plunge-like drilling motions
with regards to the skull. A laminectomy is common procedure where the surgeon cuts away the
lamina of the vertebrae. This is done to accommodate insertion of surgical hardware (i.e. screws,
rods, plates, etc) or to relieve stenosis of the vertebral foramen. A laminoplasty does involve full
penetration of at least one lamina. Instead, a lamina is “scored” so that it can be folded to increase

foraminal space.

2.2 Laser osteotomy: techniques and challenges in modern med-
ical uptake

Despite numerous investigations over the last few decades exploring the use of laser bone ablation,
no standard practices exist of laser osteotomy in most types of surgery. In fact, the use of lasers in
surgery is generally quite limited. FDA approved procedures for soft tissue excision in a handful of
surgeries does exist (i.e. TURP surgery for the prostate) but is still limited. Approved procedures
involving bone (but not necessarily osteotomy) include thermal ablation of vertebral facet nerves,
and disc decompressions to reduce disc herniation [31]. Limited use of laser osteotomy is approved
in dentistry. For example the Biolase WaterLase iPlus is a hand operated dental laser device that
is FDA approved for soft and limited hard tissue work inside a patient’s mouth. Currently there
are no FDA approved devices that use laser technology to perform osteotomy on the spine or
skull.

So far, however, most bone ablation studies have been conducted on animal models and ex-
vivo human tissue specimens. Laser osteotomy studies have been conducted in various aspects of
osteotomy, including peripheral tissue damage [32, 7], post-operative recovery [33, 34, 35, 36, 37],
and hemostatis (especially in oral osteotomies) [37, 38, 39]. As such, lasers show a great potential

in improving osteotomy over current surgical drills.
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2.3 Laser interaction with osseous tissue

ASER light is a multi-purpose tool in the context of surgery and medicine. Laser light can be
L used in low beam-energy applications such as innocuous diagnostic imaging or high beam-
energy applications for therapeutic methods, such as drug activation and tissue ablation. For pur-
poses of osteotomy, high beam-energy with high energy density (focused beam) is primarily used
to etch away bone material. Interaction of laser light with any biological tissue is primarily gov-
erned by the absorption and reflection characteristics of the tissue. According to Niemz, the pro-
cess of ablation starts with heat generation through laser light interaction with the tissue based
on laser and the tissue’s optical parameters, the heat is then transported through the tissue, which
subsequently leads to the various heat-induced effects [7].
For ablation and therapeutics, absorption tends to be the dominant parameter. In tissue, light

attenuation due to absorption can be described by Beer-Lambert’s Law:

I(z) = I,e H*, 2.1

where [(z) is the intensity at depth z along the optical axis, 1, is the coefficient of absorption,
which is a function of the wavelength and material. Scattering behaviour may also be taken into
account to better understand the interaction dynamics of light as it enters tissue. The scattering
coefficient, y; describes the scattering behaviour of light similar to j,. Given this, the mean free

path L,,,, (typically) in cm, is naturally

Lyp = —, (2.2)

where

pt = fbs + fas (2.3)

This describes the mean length that a photon can travel within a medium before an interaction
event (absorption or scattering) is likely to occur. For OCT imaging, L,,, is important because only

photons that experience coherent backscatter, that is photons that have experienced no absorption,
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minimal scattering events (total length travelled being less than the coherence length of the source),
and are able to travel back directly into sample arm, retain a coherent phase relation with the
photons travelling in the reference arm so that interference fringes can be produced (see section
2.5). This can be further understood by the anisotropy factor g, which is a value between -1 and
1 that describes the likelihood of forward scatter during a photon scattering event. ¢ is used to

modify p, such that

py = (1= g)ps, (2.4)
Where 1 is known as the reduced scattering coefficient. g = 1 describes purely forward
scattering (no scattering at all), g = —1 describes purely backscattering, and g = 0 describes
isotropic scattering, that is, scattering with equal likelihood in any direction. This is contrasted to
the photons used for etching material, where absorption and depth of penetration (and by extension
forward scattering and anisotropy) are dominant factors; coherence is not necessary to consider for
the ablation source.
According to Neimz, we can use the absorption coefficient from Equation 2.3 to understand

the heat deposition S in a local cylindrical volume as a function of time [7]:

S(r,z,t) = paI(r, z,t), (2.5)

where [ is a the electric field intensity of the incident light, r is the radial distance perpendicular
to the optical axis, z is the distance travelled along the optical axis and ¢ is time. This absorbed
energy is transferred into heat and phononic vibration in the tissue lattice, and part of the heat
energy does get transferred into thermoelastic expansion. For the purposes of this dissertation, we
only consider the light-to-heat transfer portion of the interaction.

To provide a cursory understanding of heat flow through a material, we introduce thermal
relaxation time, 74, Which is defined as the time it takes for the temperature of a volume of
material to reach 50% of the maximum temperature, above a baseline. It can be related to 1, with

the following relation:
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1
— = 4k7therm7 (26)

[

Where £ is the thermal diffusivity (in m?/s). Isolating 7;4cym, We get:

PCp
4K py2’

2.7)

Ttherm =

where p is the volumetric mass density (in kg/m?), ¢, is the specific heat capacity of the material
(in J/kg-K) and K is the thermal conductivity (in W/m-K). This concept is important to understand
since it can allow laser ablation parameters, such as pulse duration and exposure time, to be selected
such that thermal breakdown can be caused to occur in the target tissue volume. According to
Niemz, if the exposure time is greater than 7., heat can diffuse into a multiple of u—la into the
tissue.

We see from equations 2.2 and 2.7 that light diffusion into tissue is heavily dependant on
1, and total heat deposition and thermal relaxation are dominated by . Since most forms of
tissue have significant water content, the absorption characteristics of water are understood to have
a significant and even primary role in laser tissue interaction. Figure 2.3 shows the absorption
spectrum for water. It can be seen from the figure that water is highly absorbing in the UV region
and beyond 10um, with a sharp spike at near 3um. A valley is seen in and around the visible band;
this understood to be responsible for many of the photochemical reactions necessary to life and
evolution (ie. photosynthesis, optical vision, vitamin D synthesis, etc.).

Bone is a complex matrix that is optimized to withstand loads and forces. Human bone, by
composition, is 50-60% hydroxyapatite, a hard, inorganic material composed of calcium phosphate
crystals. Approximately 22% of bone consists of organics, which is primarily collagen and a small
amount of protein. Approximately 15-20% of bone consists of water. It is vital to understand the
absorption characteristics of the molecular constituents of bone to ascertain a better understanding

of it’s interaction with laser light.
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Figure 2.5: Absorption spectrum of water [6].

Mechanisms of interaction

To understand what happens locally to a volume of tissue during application of light energy, we
must introduce the Arrhenius Damage Integral, which describes the thermal injury inflicted onto
the tissue based on the rates of reactions of the reactants with the application of energy above a
threshold, the activation energy F,. The equation, with temperature-time dependance, is described

as follows [40]:

(T, t) = / " ATy, 2.8)
0

where T'(t) is the local tissue temperature with respect to time (in Kelvin), R is the molar
gas constant. A, referred to as the frequency factor or pre-exponential factor, is a quantitative
description of the frequency of molecular collisions that are specifically conducive for the specific
reaction to take place; the units are s .

Depending on pulse duration, wavelength and energy density, a variety of ablative interaction

mechanisms between a given material and incident laser light can occur at the atomic level. In-

teraction mechanisms/behaviour vary as a function of power density and pulse duration/exposure
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time. The main mechanisms of interaction are [7]:

Photochemical Interaction

Thermal Interaction

Photoablation

Plasma Induced Ablation

Photodisruption

In the context of this dissertation, the mechanisms of main importance are thermal interaction
and plasma induced ablation.
Thermal interaction, as suggested by the name involves localized heating of a specific volume of
tissue. In order to etch away tissue, the level of heating has to produce a vaporization effect for
material to be carried away. Figure 2.3 shows the effect thermal ablation has on the direct heated
volume and surrounding tissue. As seen, layers in the tissue form according to the amount and
duration of deposited heat energy with respect to depth. Just underneath the pocket of where the
tissue had been vaporized, a thin layer of carbonized tissue is formed. Vaporization and carboniza-
tion occur when the tissue is heated to 100°C and greater (boiling point of water at sea level). A
layer of coagulated tissue underneath. This occurs when the tissue has reached a temperature of
approximately 60°C. The heat damage that both these layers exhibit are irreversible; this tissue has
been destroyed. The hyperthermic layer which forms between the coagulated zone and unaffected
tissue can heal, as not enough heat energy has been deposited into this layer as to cause cell death.
This occurs when the tissue has been heated to approximately 45°C; not high enough to denature
proteins and collagen. Nuss et al. conducted a study of bone ablation and found that the zone of
damage did not extend to more than 15um beyond the edge of the ablation site using an Nd: YAG
laser (1064nm) for radiant exposures ranging from 8 to 27 J/cm? [41].

Plasma induced ablation occurs when the electric field component of the incident laser light has
a high enough intensity to cause optical breakdown of the material in the localized volume. When a

certain threshold intensity is reached, the incident field induces ionization inside the target volume.
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Figure 2.6: Heat affected zone (HAZ) during laser tissue ablation [7, 8].

This threshold is dependent on the intramolecular forces within the material. It is important to note
that optical breakdown is a special case of the more general dielectric breakdown. Thresholds for
plasma formation are heavily dependent on laser pulse duration and irradiance. Generally, most

solids and fluids experience optical breakdown and intensities around 10'! W/cm?.

2.4 Use of assist gas in laser material processing

Use of assist gas jets in laser material processing has been known to be beneficial in applications

involving cutting of bulk materials. Gas jets, usually co-axial with the beam, help by:

e Clearing away melt, dross, debris and plasma so that laser light can interact with the bottom

of the channel that is cut into the material, known as the kerf;

e Keeping workpiece cool, reducing extent of the HAZ and sometimes reducing laser energy

necessary to produce similar cutting results;
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e Evacuating oxygen around the ablation site to reduce flare-ups (in the case of inert gases);
e Forcing spatter away from the optics.

Assist gas jets were shown to dramatically improve etch rate up to a certain point, after which
no improvement and even slight detriment was shown to occur [42]. It was realized that this
unexpected decrease in cutting efficiency was found to be a result of shock waves induced as a
result of high-pressure incident gas jets for applications that use high flow rates and pressures [43].
In the case of ablation for osteotomy purposes, nitrogen would be the gas of choice given it’s
bio-compatibility and availability in standard ORs. As well, medically relevant pressures and jet
velocities for cutting would be much lower than the efficiency boundaries discovered by Gabzdyl

[42].

2.5 OCT fundamentals
2.5.1 Interference of light

Optical Coherence Tomography (OCT) can be understood by understanding the principles govern-
ing light interference. Two coherent light beams of a single wavelength with intensities /; and /5,
respectively, occupying the same region of space will yield a resulting intensity / described by the

interference equation [44]:

]:]1+IQ+2 ]1[2008(,07 (29)

where ¢ is the phase difference between I; and I>. It can be shown through the inherent
oscillatory behaviour of the cosine function that in every full cycle of ¢ from 0 to 27, the resulting
intensity / will fluctuate between 0 and 2/, where 1, = I; + Is.

Figure 2.7 shows a simple Michelson interferometer. Light from a coherent light source (usu-
ally a laser) is split into two distinct beams of a fixed ratio at the beam splitter. Each beam travels
toward a mirror, where it is reflected back. The two reflected beams are then recombined at the
beam splitter, resulting in a steady-state intensity. Equation 2.9 describes the behaviour of the in-

terferometer when viewed from from the position of “Observer”, shown at the bottom of the figure.
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The resulting phase difference ¢ that governs the behaviour of the interference term of the equation
is directly proportional to the difference between D; and D,, which are the distances between the
beam splitter and each respective mirror; this is known as the path difference. If the path differ-
ence is increased and/or decreased with respect to time (i.e. keeping one mirror fixed and linearly
translating the other along the optical axis), a series of oscillations in intensity will be seen at the
observer end; this is known as fringes. Analyzing these fringes will result in information about the
path difference.

It 1s important to note that Equation 2.9 makes the simplification that the interference of the
two light beams will oscillate indefinitely as the path difference grows without bound. This is
not the case with real coherent sources because interference can only take place when the path

difference stays within a limited length known as the coherence length, which is solely a property

of the source.
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Figure 2.8: Functional diagram of a swept source OCT system.

2.5.2 Swept source OCT

Swept Source Optical Coherence Tomography (SS-OCT) takes advantage of the wavelength de-
pendent depth discrimination of backscattered light that occurs when coherent light is incidentally
directed onto layered media, such as tissue. Figure 2.8 shows a schematic of an SS-OCT system.
When compared to Figure 2.7, it is important to note some differences. First, the light source is
changed to one where the output’s center wavelength is time dependent. Another difference is that
one of the arms of the interferometer is now terminated at a tissue sample rather than a mirror.
This means that the portion of backscattered light sent back to the beam splitter is largely attenu-
ated. Lastly, a photodiode is placed at the observer end of the interferometer so that the intensity
resulting from the fringe signal is realized as a photocurrent.

The following equation describes the photocurrent induced at the detector of the SS-OCT

scheme in fgure 2.8 [45, 46]:
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Lot = R[(Prej + Poamp / 2)d2) + 20/ Pres Poamp / ) cos(2k(t)z + B(2))dz], (2.10)

where:

e R is the responsivity parameter of the photodiode;

P,.s 1s the power in the reference arm;

Pyamp 1s the power in the sample arm;

r(z) is the depth dependent reflectivity profile of the sample;

k(t) Describes the time-varying output of the swept source;
e ['(z), known as the coherence function describes the coherence of the swept source;

e ®(2) is the depth dependent phase profile of the sample.

Analyzing the equation further, it can be shown that the DC response of the photodiode is

represented in isolation by:

Inc = R(Pres + Pramp / r2(2)dz), @.11)

and the AC term, which describes the interference behaviour, is represented by:

Tjo =2 refPsamp/ ) cos(2k(t)z + ®(2))dz, (2.12)

In SS-OCT, a single axial (depth) scan at a single point on the sample happens with each sweep
of the full bandwidth of the swept source; this typically happens at kilohertz speeds. The resultant
interference-induced photocurrent signal is then acquired and a Discrete Fourier Transform (DFT)
is performed. The resulting signal is known as an A-/ine. The transverse resolution of each A-line,
0., 1s dependent on the numerical aperture of the focusing optics and the center wavelength of the

line-width, described by the following equation [46]:
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Ao
=0.37— 2.1
Oy 037NA, (2.13)

The axial (depth) resolution is characterized by the coherence length of the system, approxi-

mated by the following equation [45]:

_ 2In(2)N]
AN

where )\ is the line width center frequency and A\ is the 3dB bandwidth of the laser spectrum.

5, =1, (2.14)

Since depth information is inherent in each A-line, a two-dimensional image can be acquired if the
incident beam is scanned in the transverse direction. If the beam is scanned along the third axis, a
three-dimensional volume can be acquired.

The sweeping frequency of the source determines how many A-lines are able to be acquired per
second; thus it is the determining factor of frame rate and overall system speed (assuming suffi-

ciently fast acquisition electronics).

2.6 A brief history of neurosurgical robots

Sakaguchi reported a proof of concept robot that was to be used for percutaneous nephrostomy
[47]; this was one of the first reported papers published in the realm of surgical robotics. The
first recorded use of a robot in an operating theatre was in 1985 in British Colombia, Canada [48].
The Arthrobot was used for joint positioning curing orthopaedic knee surgery. Shortly after, at the
Memorial Medical Centre in Long Beach, CA. A PUMA robot was used in performing a sterotactic
biopsy on a brain lesion of a 52-year old patient [22]. The robot was used to hold a guide for the
biopsy needle which was to be inserted into the patient’s brain. After the end-effector of the robot
was positioned in the desired pose, the robot was locked in position and the power was removed.
The robot was shown to have 0.05mm position accuracy. This was also the first example of a robot
used in neurosurgery.

In 1991, researchers at the University of Toronto and Hospital for Sick Children used a PUMA

200 robot in one of the first applications of robotics in paediatric neurosurgery [49]. The robot
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was used to hold a cylindrical retractor measuring 7.5cm in length and 2cm in diameter. This
was done so to assist the surgeons in removing astrocytic brain tumours from 5 separate paediatric
patients. The robot and the BRW (Brown-Robert-Wells) stereotactic head frame were both bolted
on to the same platform to keep everything rigid. The result was that the robot was able to hold the
retractor in the pre-operatively planned trajectory. Even though the PUMA 200 was known to have
an accuracy of 0.05mm, observed error was cited to be as high as 2mm. Patient morbidity was low
and no patient mortality was reported. Similar work in robotics use in stereotactic surgery was was
reported in 1995 by Glauser et al. at the Ecole Polytechnique Federale de Lausanne (EPFL) [50].
The MINERVA system was used to perform biopsies of lesions on 8 patients were performed using
this system; 6 were deemed successful while one had to be aborted due to physical constraints and
the other turned out to be a histological mis-diagnosis. The procedures in this study were executed
under real-time CT guidance.

Another PUMA robot, this time the 260 model, was adapted for use in the very first spine
surgery application by a group in Gernoble, France in 1992 [51]. Sautot et al. used the robot to
intraoperatively position and hold a laser guide for drilling holes into the vertebrae of a plastic spine
model. Such holes are commonly made in procedures such as spinal fixations to anchor fixation
devices, such as pedicle screws, into vertebrae. The goal of this project was to use the robot to help
the surgeon accurately follow the optimal, pre-planned trajectory during surgery so that the risk
of cortical bone-breach and/or spinal column and peripheral nerve laceration is reduced. Besides
claiming sub-millimeter accuracy, no quantified value was given. However, the experimentally
made holes (done percutaneously) were said to have been executed without deviation from the
preoperatively planned trajectories.

Starting in the late 1990’s, a tele-operated manipulator-based robot for frameless stereotactic
neurosurgery was developed by the Robotics Institute of Beijing University of Aeronautics and
Astronautics and the Navy General Hospital in Beijing, China. This culminated in the CAS-BHS
system, the Sth generation prototype. It was used in 2007 and was evaluated on 10 patients in
the city of Yan’an in Shaanxi province, while the surgeon was stationed in Beijing (approximately

1300km away). The study showed that after a 12 month follow up, 9 of the 10 patients showed
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neurological improvement and no complications were reported to be found [52]. In 2014, the
CAS-R-2 system, an earlier prototype from 2001 [53], was used on 7 patients for the implantation
of radio frequency thermocoagulation (RFTC) electrodes in the bilateral mesial temporal lobes. Of
this study, four patients achieved Engel Classifcaton level I (no more disabling seizures) [54].
Ortmaier proposed the KineMedic in 2005, a 7-DOF manipulator based robotic arm guided by a in-
frared fiducial-based navigation camera system (BrainLab) for pedicle screw placement [55]. The
project was done through the Institute of Robotics and Mechantronics at the German Aerospace
Center (Deutsches Zentrum r Luft- und Raumfahrt e.V., or DLR).

A master-slave manipulator device was developed by Mitsuishi et al. at the University of Tokyo
in 2012 to perform neurosurgical anastomosis. 0.3mm and 0.5mm blood vessels phantoms were
successfully anastomosed, but no clinical trials or animal trials were reported [56].

In 2012, researchers at Hitachi Ltd. and Shinshu University School of Medicine (Nagano
Prefecture, Japan) developed the NeuRobot, a tele-operated neuroendoscopic robot with three mi-
cromanipulators. The group successfully demonstrated fenestration of the third ventricular floor
and septum pellucidum, third ventriculostomy, and biopsy of the choroid plexus and thalamus on
cadaveric head models [57]. In 2011 and 2012, Heinig demonstrated a stereotaxy robot, dubbed
MARS (Motor Assisted Robotic Stereotaxy System) and reported a mean positioning error of
0.60mm with a mean deviation and mean repeatability of 0.23mm and 0.06mm respectively. A
clinical trial of a tumor biopsy was successfully conducted [58, 59, 60]. Arata et al. developed a
neurosurgery-specific master console to guide a robot during a procedure. This console was de-
veloped using a 5-DOF parallel linkage platform with pneumatic sensors that were able to detect
suction and contact forces [61]. In 2014, Grau et al. used a transcranial magnetic stimulation
(TMS) robot to transmit information between the brains of two subjects [62]. The robot, the Ax-
ilum Robotics TMS Robot, is a CE and Health Canada approved system.

In 2010, researchers at Karlsruhe Institute of Technology (KIT) developed a the world’s first
robotic laser osteotomy system. Two iterations of the system were initially developed (for cran-
iotomy [14] and cochleostomy [63]), the first with the carbon dioxide laser payload being carried
by a 6-DOF RX90B-CR, the second with a 7-DOF KUKA LWR4+. This project developed a a
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complete workflow, beginning with image acquisition and continuing with optimized trajectory
planning and finally execution on ex-vivo animal bone specimens. Imaging was done via pre-
operative CT scans. Marking and cutting experiments using simple trajectories (lines, cuboids, tri-
angles) were carried out on sample tissue and showed accurate results with no greater than 0.56mm
deviation. This work was done for the ultimate purpose of precision guided cochleostomy surgery.
To this end, the work is still continuing with inline OCT imaging for high-precision tracking and
depth monitoring [64, 65, 66, 67, 68, 69, 70, 71, 72, 73].

Advanced Osteotomy Tools AG (AOT) is a company based in Basel, Switzerland with a device
similar to that similar to the Karlsruhe researchers. Named CARLO (Computer Assisted and
Robot-guided Laser Osteotome), the system has been demonstrated to cut simple geometries. The
system consists of a KUKA LBR IITWA robot carrying what appears to be a laser payload with
“opto-acoustic” depth monitoring devices for depth control during ablation. The system is in de-

velopment for use in oral and maxillofacial surgery [74, 75].

2.6.1 FDA approved neurosurgical robots

At the time of writing of this dissertation, only 6 robots are approved for neurosurgery:

-SpineAssit, Mazor Robotics
-Renaissance, Mazor Robotics
-Mazor X, Mazor Robotics
-ROSA, MedTech
-Neuromate, Renishaw

-Excelsius GPS, Globus Medical

It must be noted that these robots do allow for osteotomy in the very strict sense of the word, in-
sofar as they allow for percutaneous holes to be drilled into boney structures for minimally invasive
and/or stereotactic procedures. However, these systems only allow for single holes to be drilled at

a time and do not perform the osteotomy autonomously; all holes are drilled by the surgeon, using

24



a conventional bone drill via an end effector-mounted sleeve, positioned along the hole trajectory
for drill bit guidance. Bone flaps and burr holes for direct access to the intracranial space cannot

be realized using any of these systems.

Mazor Robotics, a company based in Caesarea, Israel, has solely focused their product line
thus far on percutaneous pedicle screw insertion. The SpineAssist robot was their first to receive
FDA approval, in 2004. The robot is a 6-DOF miniature parallel manipulator hexapod designed
to guide the surgeon’s tools along a pre-determined trajectory to allow for optimal pedicle screw
placement [76]. Comparable in size to a soft drink can, the robot sits outside the body on a rigid
linear track running along patient’s spine, to which it is firmly afixed. The frame is placed over
the vertebral level of interest and intraoperative fluoroscopy (anteroposterior and oblique views)
is used to register the spatial placement of the frame with the pre-op CT scan. The robot is then
attached to the frame and software commands the robot to the desired attitude over the vertebrae in
order to position the sleeve along the desired screw trajectory. Mazor introduced the Renaissance,
an update to the SpineAssist, in 2011 [77]. The Renaissance was reported to have an improved
human interface, improved registration procedures and stereotactic brain surgery capabilities. The
Mazor X system consists of a cart-mounted 6-DOF robotic manipulator with a much larger working
volume compared to the two other robots in the Mazor line up. However, much like the other two
systems, the robot is rigidly attached to the patient anatomy during setup. The system has the
capability of rendering a 3D map of the surgical field surface using a laser scanner system [78].
Khan et al. reported in 2018 a study where the Mazor X system was used to place 75 screws in
twenty patients. 74 of the 75 screws were classified as Ravi scale grade I (no breach or deviation
from planned path [79]) and the mean time for insertion of each screw was 3.6 minutes. This group
also reported that the learning curve was minimal for the use of this system [80].

The Excelsius GPS by Globus Medical (Audubon, Pennsylvania, USA) is a relative newcomer to
the spinal fixation market. The system received FDA approval in August 2017 [81]. This system
also uses a manipulator to place a sleeve in the path of the pedicle screw to guide the surgeon’s

tools. A unique feature of this robot is that it can measure forces in real time that are imparted
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on the surgical site and issue a warning if these forces reach a danger zone. As well, unlike the
previous systems, the Excelcius GPS does not have to be rigidly connected to the patient’s anatomy.
To date, only a single study can be found reporting on the system’s efficacy on two patients. This
study showed a screw tip deviation of 2.1mm and a mean angular offset of 2.4 degrees for 8 screws.
88% of the screws inserted were evaluated to be grade A and the rest grade B using the Gertzbein-
Robbins scale [82].

The Renishaw Neuromate is a multi-DOF manipulator-based systems used for stereotacitc
surgery. The manipulator-based robot acts as a sterotatctic instrument holder to help surgeons
guide and secure tools and instruments such as biopsy needs and deep-brain stimulation (DBS)
electrodes. Just as with the previous robots, the patient must be rigidly fixed to the base of the
robotic system for accurate registration and guidance. According to Yasin et al., the stereotactic
approach using the Neuromate has comparable diagnostic capabilities and complication rates to
traditional stereotactic biopsies [83]. In 2013, Abhinav et al. reported on a study where the Neuro-
mate was used to place intracerebral, deep brain electrodes (stereotactic electroencephalography,
or SEEG) for the treatment of focal epilepsy. It was found that even though the system allows for
accurate implantation and that no major complications were reported, the mean time of electrode
placement was increased from 3.1 hours to 5.6 hours. The authors state that a source of error was in
the application of the robotic system rather than it’s accuracy capabilities. The authors specifically
mentioned application of the frame as a source of error [84]. The ROSA, by Medtech (Montpel-
lier, France, now Zimmer Biomet, Indiana, USA) is a robot similar to the Neuromate and Mazor
X. The ROSA is capable of both stereotactic brain procedures and assistance in pedicle screw in-
sertion. Chatillon et al. used the ROSA system for implantation of 80 electrodes in 13 patients
and compared that to the manual placement of 37 electrodes in 6 patients. It was found that using
the ROSA offered a 2.5mm increase in target error accuracy and a 2.6mm improvement in axial

deviation [85].

26



A note on the da Vinci robot

Even though it’s not used or neurosurgery, the Da Vinci robotic surgical system by Intuitive Surgi-
cal (Sunnyvale, California, USA) is the most well-known and one of the most widely used surgical
robots in the world. The system consists of a surgeon console and a tele-operated bedside robot.
It has three arms that are used to hold multiple tools including endoscopes, scalpels, scissors, etc.
These arms are introduced inside the patient’s body via minimally invasive ports. In 2000, the
system became one of the first to be FDA approved (for laparoscopic surgery at the time [86]).
At this time, the system is able to perform bariatric, urological, gynaecological, lung and general
surgical procedures [87, 88]. According to [86], there are over 4 400 Da Vinci systems in hospitals
worldwide and over 43 000 surgeons trained on them. As of 2017, over 5 million MIS surgeries
have been performed using the Da Vinci system. The Da Vinci is mentioned in this dissertation
because it is seen as a pioneering surgical robotic system, and any advances in robotic surgery in

general can be seen to have directly or indirectly benefited form Intuitive Surgical’s work.

2.7 Objectives

The objective of this doctoral dissertation is to make a novel contribution to the fields of medical
robotics and laser osteotomy. Inspired by the work of Burgner [14], we propose that the methods
developed in this work can be used to further the technology related to robotic laser osteotomy, for
which the ultimate goal is to reduce or eliminate methods of bone cutting via mechanical contact.

This dissertation has the following sub-objectives for contrubuting to the field of biophotonics

and surgical robotics:

e The integration of a high-powered fiber laser with coaxial inline OCT for depth guidance

through an all-fiber beam path;

e Trajectory generation and end-effector orientation of a 7-DOF robotic manipulator using

simple penscription and structured light imaging.

e Enhancement of bone ablation at 1064nm through the use of a topical chromophore (graphite);
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e Enhancement of bone ablation at 1064nm using a coaxial nitrogen assist gas jet;

e The use of OCT for real time, sub-millimeter axial correction of the end-effector of a robotic

manipulator in order to maintain beam focus;
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Chapter 3

Fiber Laser and Inline OCT Integration

The work presented in this chapter resulted in the following journal publication [89]:

Jivraj, J., Chen, C., Huang, Y., Ramjist, J., Lu, Y., Vuong, B., Gu, X. and Yang, V.X.,
2018. Smart laser osteotomy: integrating a pulsed 1064nm fiber laser into the sample arm of
a fiber optic 1310nm OCT system for ablation monitoring. Biomedical Optics Express, 9(12),
pp.6374-6387.

3.1 Introduction

As mentioned previously, the ability to monitor axial penetration during laser ablation into bone
tissue is desirable because it can be used as a feedback mechanism for depth control. This way, the
critical bone-endosteum interface, which demarcates the edge of the soft-tissue volume inside the
neurocranium, can be approached with caution so as to not accidentally penetrate and damage the
underlying dura and neural tissue. Without a feedback mechanism, a priori knowledge of ablation
dynamics and assumptions about tissue homogeneity would need to be used to estimate removal
depth per pulse of unit time [90, 91]. This would lead to variability in ablation results and poor

adaptability to different tissue compositions.

Chapter 2 explained that the current paradigm to stop a mechanical bone drill from full breach

into the dural layer is by the use of a cam-connected cutting bur bit. High magnification cameras
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have been used to view the surface of the cut during ablation, but this is inherently limited due to

the lack of direct sub-surface information available [92].

In this chapter we explore the combination of OCT with a high-powered ablation laser for feed-
back control of bone ablation. OCT provides the inherent advantages of high-speed, sub-surface
imaging, as well as the ability for the OCT laser light to be coaxially coupled to the machining

beam.

3.1.1 OCT coupled ablation for process visualization

Ohmi et al [93, 94] demonstrated inline OCT monitoring of in-situ ablation of a human tooth using
a Q-switched Nd:YAG laser at 1.06 ym with a 10ns pulse width.The OCT and ablation laser were
time-multiplexed across a dichroic mirror usng an electronic shutter. A certain number of pulses
were fired onto the tooth, at which point the shutter was closed to block the ablation laser, and
the OCT system was allowed to take a B-mode image. This process was repeated until the crater
reached various depths. A study by Oh et al [95] achieved high-speed imaging of ablation using a
swept-source OCT (SS-OCT) with an A-line rate of 115kHz and a video rate of 200 frames/s. Sim-
ilar studies were done using FD-OCT systems combined with Nd: YAG and YAG lasers achieving
25 frame/s acquisition speeds [96, 94]. Torkian et. al. compared results of ablation crater metrics
(width and depth) of porcine vocal cords between OCT and histology; no significant differences
were found, thus proving OCT as a viable method of ablation depth measurement [97]. Although
the authors of this study did not monitor ablation depth in real-time, the results prove that OCT
is not only effecting in qualitative visualization of crater formation but is a viable tool to gather
quantitative ablation related data - exactly what is needed to provide feedback in a closed loop
controller. The first study showing in-situ, real time depth profiling during ablation was done by
Webster et. al. [98]. The system described in the study used a single laser source for both ab-
lation and imaging. A 1064nm mode-locked fiber laser with repetition rate of 10MHz and pulse
duration of 20ps was expanded, then split using a Michaelson interferometer into reference and

sample beams. The sample beam was reflected off of a galvanometer-mounted mirror (used for
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beam positioning) and through a focusing objective lens. The light that was backscattered from
the ablation process was combined with the reference beam at the interferometer and collected at
the detection arm, where it was sent to a spectrometer. This study was able to demonstrate etch
progression during ablation of stainless steel using M-mode OCT imaging (capturing OCT inter-
ferometric data at a single point rather than raster scanning the beam). The images generated were
able to show when the ablation process sped up or slowed down. The A-line rate of the OCT system
was 46kHz, despite the source’s 10MHz pulse repetition rate. A similar studies by the same group
demonstrated full control using OCT-based metrology as the feedback mechanism [99]. Demon-
stration of successful OCT feedback used during hard tissue ablation was demonstrated in [100].
The authors were able to control the percussion drilling to within 50m of full breach of cortical
bone, thereby proving the potential of OCT in controlling laser ablation for surgical applications.
Similar work using all-fiber designs have been carried out by Beaudette et al. [101, 102]. In both
these studies, a coagulation laser was coupled to an OCT imaging system using a double-cladded
fiber coupler, achieving essentially single-fiber beam delivery for coagulation and monitoring. The
power scalability for this method is limited for two primary reasons: first, fiber couplers tend to
have a low damage threshold (typically in the hundreds of milliwatts). According to Boulnois [8],
ablation in the thermal regime during laser-tissue interaction roughly begins at a power densty of
10 W/cm? with an exposure time of roughly 10~3s; plasma mediated ablation requires higher pow-
ers at smaller exposure times. This demonstrates the need for coupling of higher power sources
with OCT for effective etching of bone in a controlled manner. Second, the OCT system is left
vulnerable to damage from the higher power coagulation light source. As well, in [101], a required
beam-dump at port 4 of the coupler reduces overall efficiency of the entire system. In a 2015
study [9], we presented a precursor of this work where the integration of a 1kW peak power/10W
average power fiber laser and swept-source OCT system was achieved using a series of edge-pass,
free space filters. M-mode progression of wood ablation was shown for up to 2mm in ablation
depth. This paper demonstrated the first time two laser systems of such high power difference
were coupled into a single delivery fiber for use in an ablation-monitoring application. In 2017, a

continuation of this work demonstrated a phenomenon where the peaks of the PSF were shown to
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Table 3.1: Parameters of fiber laser.
Wavelength 1064nm

Average Power | 3.35W
Peak Power 419W
Pulse Duration 160ns
Pulse Frequency | 50kHz

broaden as a function of optical path difference [103].

In this paper, we present an integrated high peak-power 1064nm fiber laser within the sample arm
of an OCT system at 1310nm center wavelength. This configuration allows for coaxial beam de-
livery without the use of a dichroic mirror at the output stage or any other free-space bulk optic
elements for use in coupling. We also address and resolve the issue of depth-dependant PSF peak

broadening.

3.2 Methods
3.2.1 Ablation fiber laser

The high powered fiber laser used for ablation is based on work by Lu et al. [104]. It consists
of active Yb-doped fiber cavity (Nufern LMA-YDF-10/130-VIII) approximately 10m in length.
The cavity is enclosed by Two fiber Bragg gratings (FBGs) etched onto mode-matched passive
fiber (Nufern SM-GDF-10/125). One of the FBGs has high-reflectivity (HR-FBG) at the Bragg
wavelength of 1064nm (>99%), and the other is a lower reflectivity used for output coupling (OC-
FBG). Just after OC-FBG is another length of passive fiber with a cladding-mode pump stripper
and APC connector terminating the output end. A 976nm fiber coupled laser diode (RealLight
MO976£3-110-F105/22-D1) is used to pump the cavity via a (2+1)x1 high power pump and signal
fiber combiner (ITF MMO021112CC1A). All fiber used has a core diameter of 10um; this means
that the output ablation beam and OCT beam remain single-mode. Table 3.1 summarizes ablation

laser characteristics.
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3.2.2 Swept-source OCT

An SMF-28 based fiber optic swept-source OCT (SS-OCT) system was used for this study. A
MEMS swept-source (Santec HSL-20-50-S) with A. = 1310nm and a A\ =110nm and average
output power of 18.5mW was connected to a Michaleson interferometer of 50/50 coupling ratio.
A Thorlabs BD415C balanced detector was used to detect the interferogram. The a-Ine rate of the
system was 50kHz with a 62% duty cycle. The k-sampling trigger was output directly from the
MEMS unit.

3.2.3 Fiber laser and OCT system coupling

Beam coupling was achieved through the use of 3 tilted fiber Bragg gratings (TFBGs) placed in
series between the output of the OCT sample arm and the signal port of the pump and signal
combiner. The total attenuation at the Bragg wavelength of 1064nm was approximately 20dB.
Such a high attenuation was necessary since the peak power of the laser was 4 orders of magnitude
higher than the swept-source average power; this means that light from the signal port of the
combiner that is generated in the fiber laser could damage the OCT system components. Path
matching between sample and reference arms of the OCT system was achieved by extending the
reference arm roughly the same same distance as the length of the fiber laser; SMF-28 fiber was

used.

Bending loss and amplification

It was found that the MEMS generated swept-source light (1310nm) was being highly attenu-
ated through integrated fiber laser sample arm. Splice losses and insertion losses due to passive
components were found to be minimal. Further investigation revealed that bending of the passive
constituent fibers of the fiber laser were responsible for the very high losses. The passive SM-
GDF-10/125 fiber has a numerical aperture (NA) of 0.086 at 1310nm, which is much lower than
that of the SMF-28 (0.14) [105]. Bending of this passive large mode area (LMA) fiber allowed
for guided mode leakage into the cladding and the subsequent ejection through the cladding mode

pump stripper near the output pigtail. A series of bending experiments were carried out to deter-
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Figure 3.1: Schematic of the integrated OCT and fiber laser system. The entire fiber laser is built directly
into the sample arm of the OCT system. Both systems are entirely fiber-based (aside from standard reference
arm and focusing optics), allowing compact, robust packaging and elimination of dual-beam free-space
alignment.(Reprinted with permission of the Optical Society of America)

mine loss severity due to this limitation; a straight length of fiber was bent along a semi-circular
path with a varying radii. The swept-source generated light was launched through one end and
measured out of the other. The results are summarized in figure 3.2. The figure shows that at a
15mm bending diameter, the LMA passive fiber suffered an 9.7dB attenuation of the OCT light;

under he same conditions, SMF-28 exhibited a loss of only 0.15dB for comparison.

An optical amplifier was used to increase the over-all OCT light power within the system in order to
compensate for the relatively high losses through the integrates sample arm. A Covega BOA1017
was spliced between the swept-source and interferometer; the average power going into the in-
terferometer was increased to which increased to 85SmW. This raised the final average power of
OCT swept-source laser light to 6.5mW, measured at the output pigtail of the fiber laser integrated
sample arm. The measured power loss after the ablation laser is approximately 8.15dB resulting
in a measured sensitivity of 80dB; the theoretical sensitivity of 81.7db sensitivity. The expected
sensitivity was measured to be 98dB measured before the TFBGs and ablation fiber. Even though

this attenuation is a limitation of this structure, the sensitivity is still more than adequate to provide
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Figure 3.2: OCT swept-source light ejection from fiber core due to bending. For the data shown in this
figure bends of 10 different diameters were performed, repeated three times and averaged. The red line
represents the Nufern SM-GDF-10/125, and the blue line represents standard SMF-28 fiber. It is important
to note how dramatic the ejection from the core of the Nufern SM-GDF-10/125 fiber is, up to approximately
53mm of bending diameter, compared to SMF-28. (Reprinted with permission of the Optical Society of
America)

clear and consistent surface detection. Strategies for mitigating further power lose due to output

fiber bending are discussed at the end of this chapter.

K-space re-sampling and point spread function

The point spread function (PSF) can be defined as the impulse response of any imaging system;
put simply, it demonstrates the smallest possible detail that an system can resolve. In OCT, the PSF
is taken axially at varying depths by placing a mirror in sample arm to simulate a perfect scatter.
This results in a sharp peak in the Fourier spectrum of the signal. A top-hat filter may be placed
inside the sample arm as well to ensure that the interferogram is not saturated (this would cause
the appearance of multiple false surfaces due to higher-order integer harmonics being present in
the Fourier spectrum due to the change in frequency composition of a saturated or clipped signal).
The 3dB bandwidth of the peak is determined to be the resolving power of the system. The optical
path difference OPD is increased by moving the mirror linearly along the optical axis, further away

from the objective lens. The peak is measured at multiple distances to ensure that the resolution
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Figure 3.3: Point spread function (PSF) of system with no K-clock timing consideration. Optical path
difference-dependant peak broadening is very evident due to un-delayed sampling trigger. (Reprinted with
permission of the Optical Society of America)

stays relatively constant.

A phenomenon was seen in the PSF of the system described in this chapter that, to the knowl-
edge of the author, has not been reported elsewhere in literature. It showed that the PSF was
severely broadening as a function of optical path difference; this is shown in figure 3.3. The cause
was determined to be the increased fiber length that the inline fiber laser added to the overall length
of the OCT system. The total approximate length of the integrated fiber laser sample arm (as well
as the reference arm) before the focusing optics was 23.1m; this excessive length introduced a sig-
nificant increase in the round-trip time for the photons travelling through arm of the OCT system.

For a single trip, this delay was estimated to be:
delay = il) = 112ns

where n is the core refractive index of SMF-28 fiber (1.45205).The total estimated increase in
round trip (2 single trips) time was 224ns. This delay was causing an equal electrical phase de-

lay between the interferogram signal generated by the balanced detector and the k-clock sampling
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Figure 3.4: Point spread function (PSF) of the system with delayed MZI interferometer resampling clock to
match round trip time of OCT light. Peak broadening is now approximately uniform due to high dispersion
mismatch introduced by the inline fiber laser. (Reprinted with permission of the Optical Society of America)

trigger generated by the swept-source laser unit; which resulted in aliasing during sampling of the
fringe signal.

To solve this it was determined that the k-clock sampling trigger needed to be delayed an equal
amount. To achieve this, a custom Mach-Zehnder interferometer (MZI) based k-space resampling
clock was constructed with approximately a total optical path length large enough to induce ap-
proximately the same delay and dispersion. The resulting PSF is shown in figure 3.4. As expected,
all peaks are approximately evenly broadened. This is due to material dispersion mismatch caused
by the sample and reference arms being constructed of mismatched fibers (SMF-28 in the reference
arm and passive and active LMA fibers in the sample arm). Since this dispersion is constant, A 2"
order software dispersion correction algorithm, similar to that found in [106] was used to correct

this. The resulting PSF is shown in figure 3.5 with corresponding axial resolution values.

3.2.4 A-line triggered ablation pulse phase delay

Light generated in the fiber laser and travelling back through the combiner, into the OCT system
is highly attenuated by the TFBGs placed in series. However, some leakage light still gets through
and impinges on the OCT signal during A-line acquisition. The timing diagram demonstrating

this is shown in figure 3.6. This impingement manifests itself as vertical stripes in the m-mode
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Figure 3.5: Point spread function (PSF) of the system with delayed MZI interferometer resampling clock
to match round trip time of OCT light and 2" order software dispersion compensation. All axial resolution
measurements are full-width, half-Max (FWHM). (Reprinted with permission of the Optical Society of
America)

image (shown in figure 3.7). The leakage pulses cause the detector to saturate and hence no useful
m-mode data can be acquired during this time. To solve this problem a time-multiplexed scheme
was devised so that the fiber laser would only pulse during the portion of the OCT A-line cycle
where no actual signal was being acquired.

The new timing scheme, shown in figure 3.8, was based around the A-line trigger pulse that is gen-
erated by the MEMS swept-source. The TTL-voltage signal, usually used to trigger the digitizer
to begin execution of the A-line acquisition protocol, is split off and sent to the trigger input of
an arbitrary waveform generator (Tektronix AFG3022C). The waveform generator is programmed
to output 2us pulses, 8.9us after the rising edge of the A-line trigger. This signal is then fed to
the laser diode driver (IXYS Colorado PCX-7420) that is responsible for driving the fiber laser’s
pump diode. Given that the fiber laser used in this system is gain-switched [104], pulsing of the
laser occurs only during this time, and not during OCT acquisition. Figure 3.9 show the result of
m-mode acquisition during percussion drilling into a piece of wood. Figure 3.10 shows the same

for a piece of porcine scapula bone. Both images show total elimination of the vertical striping
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Figure 3.6: Timing relation between OCT data acquisition (A-line rate = 50kHz) and ablation laser pulses
(50kHz) when no synchronization is implemented (i.e. free-running ablation laser pulsing). The red box
highlights which the portion of the cycle where the A-line acquisition takes place. It can be seen from the
figure that the ablation pulses (c) clearly impinge on the OCT A-line (after the A-line trigger (a) and during
the positive duty-cycle of the swept-source output (b). (Reprinted with permission of the Optical Society of
America)

phenomenon.

3.2.5 Ablation depth control implementation

Feedback from the m-mode A-line acquisition was used for depth control in this work. The scheme
that was implemented is shown in figure 3.11. The in-house developed software (based on [107,
108] was programmed to execute peak-detection, since it was assumed that the strongest peak
of the Fourier spectrum would correspond to the reflection of where the surface of the specimen
impinges the optical axis. For every incoming A-line, the position of the peak is detected on the
Fourier axis and compared to a target position (defined by the user). A microcontroller is connected
to the computer via USB serial communication. The microcontroller has a single digital output pin
connected to a high-speed AND logic gate; the other input to the AND gate is connected to the
output of the waveform generator (mentioned in the previous section) who’s TTL output drives
the laser diode driver. The output of the AND gate is connected to the driver’s trigger input. The

microcontroller’s digital pin is by default set to logic 1, fulfilling the AND condition everytime a
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Figure 3.7: Depth progression of ablation front during ablation of wood (M-mode). Ablation laser induced
artifacts are due to reflected energy through the fiber combiner saturating the balanced detectors. (Reprinted
with permission of the Ontical Societv of America)
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Figure 3.8: Timing relation between OCT data acquisition and ablation laser pulses with A-line triggered
asymmetric pulse triggering timing scheme implemented. Red and blue boxes highlight portions of the
cycle where A-line acquisition occurs and does not occur, respectively. Notice ablation (d) pulses occur
only during the latter half of the cycle whilst no A-line acquisition is occuring (i.e. when swept-source
output (b) is low). This is due to the fixed timing implemented between laser trigger pulse (c) and the A-line
trigger (a). (Reprinted with permission of the Optical Society of America)
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Figure 3.9: Depth progression of ablation front during ablation of wood (M-mode) using asymmetric pulse

timing scheme. Ablation laser induced artifacts are no longer seen. (Reprinted with permission of the
Optical Society of America)
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Figure 3.10: Depth progression of ablation front during ablative irradiation of fresh porcine scapula (M-
mode) using the asymmetric pulse timing scheme described above. A: heating of distal cortical bone surface;
B: penetration through cortical layer and center trabecular layer; C: heating of proximal cortical bone layer;
D: hole side wall reflection; E: laser shut off, subsequent tissue relaxation/contraction. (Reprinted with
permission of the Optical Society of America)

pulse is received from the waveform generator. Once the computer has detected that the peak has
reached the target depth, a packet is sent to the microcontroller, commanding it to flip the digital

pin to logic 0, breaking the AND condition and stoping the ablation laser.

3.3 Experiments and Results

Phantom drilling

Phantoms made of medium density fiber board (MDF) were used to demonstrate the ability of the
system, due to it’s material uniformity and it’s desirable response to thermal ablation. 12 holes
were percussion drilled into the MDF phantom at 5 target depths (0.5mm, 1.0mm, 1.5mm, 2.0mm,
2.5mm), resulting in 60 holes in total. Axial depth targeting results are shown in figure 3.12 and
summarized in table 3.2. The mean depths were measured using b-mode OCT scans taken using a

separate, calibrated, OCT system.
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Figure 3.11: Diagram of system with integrated depth control. Detection of A-line peak at a target depth
triggers a drive-signal shutoff to the ablation laser’s pump diode driver. (Reprinted with permission of the
Optical Society of America)

Table 3.2: Results summarizing drilling depth accuracy experiments on MDF phantom.

Target Depth | Measured Depth | Mean error | Standard Deviation
0.5 mm 0.52 mm 0.020 mm 0.042 mm
1.0 mm 1.01 mm 0.010 mm 0.050 mm
1.5 mm 1.47 mm -0.030 mm 0.065 mm
2.0 mm 1.957 mm -0.043 mm 0.051 mm
2.5 mm 2.42 mm -0.080 mm 0.061 mm
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Figure 3.12: Ablation depth control trials on MDF phantom. Images a) to e) show OCT scans of the trials
starting from 0.5mm target depth to 2.5mm, incrementing by 0.5mm respectively. Scale bars represent
0.5mm. Results are summarized in f). Red squares represent mean measured depths with standard deviation
of each panel figure, indicated by the each corresponding label. (Reprinted with permission of the Optical
Society of America)

Table 3.3: Results summarizing drilling depth accuracy experiments porcine scapula specimens.
Target Depth | Measured Depth | Mean error | Standard Deviation
0.3 mm 0.306 mm 0.060 mm 0.071 mm
0.5 mm .0479 mm -0.021 mm 0.054 mm

bone drilling

20 holes at two target depths, 0.3mm and 0.5mm, were drilled into the cortical bone of porcine
scapula specimens. Table 3.3 summarizes the measured depth of the bone drilling.The mean depths

were measured using b-mode OCT scans taken using a separate, calibrated, in-house OCT system.

3.4 Discussion and Conclusion

In this chapter, the novel integration of a swept-source OCT system and an ablation fiber laser is
demonstrated, as well as the ability to execute depth-controlled ablation with sub-millimeter accu-

racy using this system. This all-fiber topology can be applied to medical and non-medical ablation
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applications. It was also demonstrated in this chapter that bending losses of 1310nm light used
for OCT is significant in through the passive Nufren SM-GDF-10/125 fiber. A phenomenon that
showed OPD-dependant peak broadening was described, and a successful solution was proposed.
A second solution is proposed in the addendum.

The lack of dichroic mirror in this system proves to be advantageous with respect to space
constraints. The system can be made extremely compact, and more importantly the output stage
can be realized with a single collimating lens and a single focusing lens; this makes it ideal for
mounting onto a robotic end-effector, as is a salient theme in throughout this dissertation. It is
predicted that the body of the laser structure can be realized in a package the size of a text book,
since the two largest components are the Santec HSL-20-50 swept-source (194x135x53mm) and
the RealLight M976+£3-110-F105/22-D1 pump diode (85x58x20mm). By virtue of the system
being all-fiber, coaxial beam coupling is inherent and the need for free-space beam alignment is
eliminated. As well, using this structure allows for large laser power disparities between the OCT
system and the ablation laser. Power scalability is also achievable using this structure since deeper
or an increased number of TFBGs can be used, increasing the ablation laser power rejection ratio

but still remaining virtually transparent to the OCT swept-source light.

This structure does have some potential limtations. First, the highly dispersive nature of the
fiber does create problems for the OCT imaging. We have demonstrated a solution to this using
software-based dispersion compensation, however that does cause and increase in computational
overhead. Another problem is the significant attenuation of the of OCT light due to the large mode
area fiber used to construct the ablation laser. This does significantly does degrade OCT SNR.
Although we have demonstrated the successful use of an optical amplifier to increase the overall
swept-source power through the entire system, the backscatter travelling from the sample and back
through the same fiber is subject to the same high attenuation. However, since the surface of the
ablation kerf is most prominent feature, depth control is still easily realized. One strategy that was
adopted in order to mitigate bending losses was through the use of an inexpensive armoured sheath

to encase the output pigtail. This limited the bend radius to greater than approximately 60mm,
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greatly reducing the bending attenuation effect. Armoured optical cables such as this are already
adopted in many industrial and medical applications that require any sort of critical optical fiber
outside to be protected from mechanical and even chemical damage.

We attribute the realized error being larger than the resolution system due to control loop, which
slower than the ablation laser pulse rate. Increasing loop speed could potential achieve greater tar-
geting accuracy, however the reported targeting accuracy in this chapter surpasses the suitability for
bone drilling. As well, faster computation electronics or faster communication protocols between
the computer and microcontroller could significantly speed up control loop frequency, but could
potentially increase system cost and complexity as well. The obvious limitation of the peak de-
tection algorithm could include false depth targeting due to spurious reflections being interpreted
as peaks, as well as decreased backscattering due to carbonized tissue becoming the dominant
absorber during drilling progression. Using this novel structure, top-down ablation control was
successfully demonstrated. This system has the potential to visualize sub-surface interfaces well

before penetration by the ablation laser.

3.5 ADDENDUM 1: Alternate method for sample arm cou-
pling of fiber laser

Figure 3.13 shows an alternate method for coupling the fiber laser to the sample arm of the OCT
system. This method uses free-space bulk optics instead of inline fiber gratings. Two collimating
lenses are placed in-line between the sample arm and fiber laser. Between the two collimators are
two Thorlabs FEL1150 edge-pass filters (cut-off wavelength at 1150nm). The attenuation of the
1064nm light going into the OCT system was measured to be 63dB. Although this method was
not a realization of the full fiber design, it was demonstrated with success in [9]. Results from this

structure is shown in 3.14
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Figure 3.13: Schematic showing alternate method for coupling fiber laser into the sample arm of the OCT
system. Note that this method eliminates the all-fiber design of the sample arm optics.

47



Depth (mm)

R "l

Time (s)

Figure 3.14: Depth progression of ablation front during ablative irradiation of fresh lamb scapula (M-mode)
using alternate coupling structure and software dispersion compensation. 1: ablation laser off; 2: ablation
laser switched on; 3: ablation of superior cortical bone layer; 4: ablation of inner trabecular bone layer; 5
ablation of inferior cortical bone layer; 6: breach of inferior bone-air interface; 7: laser switched off ; *:
side walls of ablated hole.

48



3.6 ADDENDUM 2: Alternate method for k-clock delay

As described in this chapter, the k-clock had to be delayed in order to match the delay caused by the
OCT light making a round-trip time through the fiber. This was solved optically using a delayed
Mach-Zehnder sampling clock; the delay was induced by adding a proportional length of SMF-28
fiber to the clock input. However, an electrical solution was also experimented with which used
an amplifier and proportional length of coaxial conductor in order to achieve a comparable delay
of the original k-clock electrical signal generated by the swept-source unit. The signal was first
amplified using a Mini Circuits ZHL-6A RF amplifier (S00MHz bandwidth), then sent through
roughly 45m of coaxial cable. This is shown in figure 3.15.

The signal delay of the cable and amplifier resulted in a delayed k-clock signal that was practi-
cally useful. Figure 3.16 a) shows the PSF after implementation of the electrical k-clock delay but
before software dispersion compensation. All peaks are seen to be uniformly broadened, which is
expected due to dispersion mismatch caused by the sample and reference arms being constructed
of different fibers. Figure 3.16 b) shows the PSF after using same software dispersion compensa-
tion method used with the optical method. The figures show that this method is practically viable.
However, this method showed the peaks of the PSFs rising as a function of optical path difference.
This was thought to have been caused by slightly imperfect matching of the required k-delay. In
the end, the optical method was chosen in the end due to easier tunability of the delay.

Although the optical method previously detailed yielded an overall better PSF, this electri-
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Figure 3.15: Schematic showing electrical based scheme for k-clock sample trigger delay.
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Figure 3.16: a) Point spread function (PSF) of the system with k-clock delay to match round trip time of
OCT light. Peak broadening is now approximately uniform; irregular peak shapes are due to high dispersion
introduced by the inline fiber laser. b) Point spread function (PSF) of the system with k-clock delay to
match round trip time of OCT light and 2" order software dispersion compensation. Both figures show
rising amplitude as a function of optical path difference, which is not to be expected.

cal method does offer a practical solution at a significantly reduced cost. The cost of the high-
bandwidth electrical amplifier and long coaxial cable is estimated to be roughly $430 CAD at the
time this dissertation was written (= $150 CAD and $280 CAD for coaxial cable and amplifier,
respectively). To demonstrate the cost disparity, a comparable integrated Mach-Zehnder interfer-
ometer clock such as the Thorlabs INT-MZI-1300 has a current listed price of $2556.38 CAD
($1944.66 USD); the electrical solution is roughly one-sixth the cost of the comparable optical
method. This cost disparity could potentially be greater not only because the cost of the extra
delay-inducing fiber must be cosnidered, but also because the INT-MZI-1300 outputs a 200MHz
k-clock signal; the optical method described in this chapter necessitated a custom-built MZI clock
with a roughly 300MHz bandwidth. The cost of the custom clock is estimated to be much larger

than the integrated solution.
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Chapter 4

Robotic Trajectory Generation via
Structured Light Penscription

The work presented in this chapter resulted in the following journal publication [109]:

Jivraj, J., Deorajh, R., Lai, P., Chen, C., Nguyen, N., Ramjist, J., and Yang, V. X. (2019).
Robotic laser osteotomy through penscriptive structured light visual servoing. International

journal of computer assisted radiology and surgery, 14(5), pp. 809-818.

4.1 Introduction

Robotic systems potentially offer higher precision and repeatability during surgery, however us-
ability remains a significant limiting factor. The current paradigm for trajectory planning in robotic
osteotomy is done on a computer system, usually before the procedure, using a pre-surgical CT
scan [110, 111]. This approach is non-intuitive and limited in terms of flexibility (ie. depending
on how the exposure turns out and whether other factors that only become obvious during surgery
might necessitate a change in the original plan). Also, complex shapes and geometries that are
easily realized by hand may be harder to realize with a purely robotic system, even though modern
robotic manipulators have the potential to be more dexterous and could have a larger range of mo-
tion compared to humans. Robots potentially have the ability to surpass humans in surgical ability
[112], but it is important that trajectory generation methods not be as complex as the capabilities

of the robot itself.
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In this chapter, a very intuitive interaction method for the surgeon to guide the robot where
to perform the osteotomy is presented. This method makes use of standard, high-contrast, sterile
surgical pens or pencils (readily available in any operating room) to demarcate cutting trajectories.
By having the robot follow a hand-drawn line that is directly penscribed on the exposed bone
surface, the experience becomes very similar to the current situation of a senior surgeon teaching a
resident and directly marking where the cut is to be made. This method also allows for osteotomy
of complex trajectories that a human can draw easily by hand, but with the additional precision,

repeatability and potential speed (feed rate) a robotic system can provide.

4.1.1 Related Work

As mentioned above, current schemes proposed to robotic laser osteotomies involve trajectory
generation on screen, using pre-surgical imaging, and not directly on the patient tissue/anatomy
[112, 113, 114, 115, 116]. Similar work to the method described in this chapter, where a robotic
system follows a high-contrast line on the workpiece, has been carried out in the real of vision-
guided robotic welding. In this area, a robotic manipulator (typically 6-DOF) with a welding torch
end-effector is visually guided along a seam between two plates of metal. This has very obvious
parallels to robotic laser osteotomy because the welding payload, just like an optical payload, has
to be guided along a defined trajectory at a specific orientation with respect to the surface, and at a

specific stand-off distance to the workpiece.

Schemes using structured light have been used to guide robots along welds. A light stripe and
laser scanning system has been used by Xu et al. to identify the weld seams between metal plates
[117]. The was demonstrated using a method that directed a laser line to perpendicularly intersect
with the seam to be welded [117, 118, 119, 120, 121]. A a plano-convex cylindrical lens was used
to expand a collimated red laser beam into a straight line. A camera captured an image of the
workpieces to be welded together, along with the laser line. The width of the same was calculated

by analyzing the laser line’s turning points on the image. A passive CCD (without a laser line) was
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used by Ye et al. and to detect the center of a target seam during pulse metal active gas (pulse-
MAG) welding through the center of the weld pool in real-time during welding [122]. Given that
the welding process produces more than enough light to saturate the CCD, highly attenuating fil-
ters optical filters were placed in the optical path. To isolate the edges of the same in order to
find the center, common image processing techniques: mean filtering, Sobel edge detection, image
dilation, image erosion, area filtering and edge searching via Hough transform were used, in that
order. The error was reported to be & 1mm from the seam. A similar process was extended to gas
metal arc welding (GMAW) by the Xu et al. [123]. Using improved image processing techniques,

the error was reported to be reduced to £0.3mm.

4.2 System Description
4.2.1 Vision system

A custom, in-house built surgical navigation prototype system previously used in [124] was used
in this chapter. The system included of a digital micromirror device (DMD) projector-based struc-
tured light imaging system integrated with an infrared tool tracker (Vicra, Northern Digital Incor-
porated), built into a surgical light head. This was mounted onto a multi-DOF surgical light arm
which allowed positiioning above a surgical field in the same way as is done in a standard operating

room (OR) setting with a standard, ceiling-mounted surgical light.

4.2.2 Robotic hardware

The robot used in this chapter was the A KUKA LBR14 IIWA, a compact, 7-DOF manipulator
arm that is designed to work in close collaboration with humans, such as in the OR. The robot
was mounted onto a in-house built prototype cart designed to be used patient-side during surgery.
An end-effector with focusing optics and a planar IR fiducial tracking frame was mounted onto
the most distal DOF of robot. Inverse kinematics were not required to be calculated since the
robot software and interface is designed to move the payload to any point in the robot’s workspace,

defined by Cartesian coordinates; joint-space angles are determined internally within the robot

53



controller. Orientation of the payload is defined by Euler angles, allowing for full attitude control

in a simple, command-based way.

4.2.3 System integration

Figure 4.1 shows the complete system diagram. The coordinate space of the IR tracking camera
within the surgical navigation system is taken as the reference frame for the entire system. That
means that the point cloud gathered by the DMD-based structured light (SL) system is referenced
to the IR tracking camera. Position and orientation data of the payload based on the fiducal tracking
frame is also within the same coordinate space. Since the fiducial frame is rigidly connected to the
robot, a homogenous Cartesian transform was used to transform the Cartesian coordinates of the
SL surface into the robot’s working space (i.e. with respect to the robot’s origin) [125]. Custom,
in-house designed software was developed to perform this transformation in real-time at a rate of
20Hz (this was limited by the framer rate of the IR tracking camera). This software allowed for
trajectories to be defined directly using cartesian data from the SL surface and transformed into
direct position and orientation set-points for the robot to follow, no matter what orientation the
robot payload was initially in with respect to the navigation system (as long as the fiducal track-
ing frame remained unoccluded). These targets are sent to the robot point-by-point via ethernet

communication.

Optical Payload

A Thorlabs F810APC-1064 collimator and A Thorlabs AC254-150-C achromatic doublet focusing
lens were fixed in a lens tube were mounted onto the robot payload. Through this optical set up,
laser ablation and OCT imaging were done for system characterization. An in-house built fiber
laser with the following parameters was used in this experiment: A, = 1064nm, F,,, = 4W,
Liocar = 14.7cm, Dypor = 45pm. The OCT imaging system was a MEMS-based swept source
system with a S0kHz a-line rate and approximately 9um axial resolution. Both ablation laser and

OCT imaging were done using the robot mounted lens setup via an APC-terminated armoured fiber
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Figure 4.1: Diagram of complete system. Tracking and structured light optics are housed in the surgical
light head. Payload of robot guides the objective lens of the fiber laser ablation system over the target.
Cartesian data is sent to the robot via ethernet by the navigation computer.
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pigtail connected to the collimator.

4.2.4 Workflow

The workflow for the system is proposed as follows:

1. The surgeon performs the initial soft tissue exposure above target area of the craniotomy. The

scalp is pulled back, revealing only the boney surface of the skull.

2. The surgeon uses a sterile surgical pencil or pen (color being in high-contrast to the bone)

and draws an outline of the desired craniotomy by hand.

Note: the previous two steps typically exist in a standard craniotomy protocol. The third step

would be the drilling by hand; the hope is that the next four steps would take less time than this.

3. The navigation system is positioned above the exposure and an SL surface is taken. On screen,
the surgeon or an assistant picks two points: the first point being where the surgeon would like the
cut to begin, the second being the approximate radius and/or center point of the trajectory. Note

that this only has to be approximate.
4. At this point, the software, using the algorithm described in the following section, segments
the trajectory and generates all necessary cartesian position and pose information for the robot to

follow.

5. The robot is wheeled in place with it’s payload in vicinity of the surgical cite and being full

view of the navigation system.

6. Upon the surgeon’s command, the robot ablates the bone along the drawn line, autonomously.
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4.3 Algorithm
4.3.1 Acquisition and Isolation

Once the user draws a trajectory on the exposed bone surface, an SL point cloud S; of the surgical
site is acquired. Sy consists of an n by 7 matrix [p,, pn, Pn. Nn, Nn, N, ¢u], where n is the
number of surface points acquired, P, = [ p,,, Dn, pn.| are the cartesian coordinates of each point,
Nyys Ny, Ny, are vector normals to the surface at each point, and ¢, is a relative contrast value
(0-255) of each point. The point cloud is displayed on the screen, and the only input to the GUI
by the used is required at this point. Two points are selected on the digitized 3D surface; the first
point u; marks where the surgeon would like to start the cut, and the second point uy marks the
approximate center of the trajectory; This is shown in figure 4.2 b). The euclidean distance, d; is
then calculated.

A simple distance threshold operation is performed where all the points in S; that fall within

dy, centred at u, are preserved in set Sq:

P, € Sy dy < (dy +dy) (4.1)

where d,, is the euclidean distance between uy and point P, and d; is a factor that extends the
radius of the sphere slightly further to ensure the entire trajectory is included; typically d; << d;.

Sq therefore consists of [y, Pm, Pm.], Where m is the number of points in Sq and m << n.

4.3.2 Image space mapping and detection

The point cloud Sq was flattened to 2-dimensional XY-space since the depth coordinate informa-
tion alone does not represent any unique points in the space; unique points are purely determined
by what was visible in the XY-plane during acquisition. This way, simple image processing tech-
niques can be used to isolate the trajectory information and the corresponding depth information Z

can be introduced back without any loss of data or perspective. To flatten the point cloud into an
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Figure 4.2: Steps of the penscription detection algorithm. a) Phantom with penscription. b) View of the
entire SL surface. c¢) Points picked by user (start point and approximate center). d) Mapping to flattened
image space. e) Image dilation of mapped image. f) Gaussian blur of mapped image. g) Sobel edge detec-
tion filter. h) Nearest neighbour growth algorithm to detect residual points that represent penscription. i)
Mapping back to image space. j) Skeletonization of trajectory via averaging. k) Trajectory after multi-order
least squares polynomial fit. 1) Normals for end-effector orientation generated using principal component
analysis.
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image representing the XY plane, each [p,,, pm,] coordinate pair is assigned to a pixel in the image
space. However, by the nature of the acquisition system, the points are not captured with uniform
spacing. This non-uniformity arises because the acquisition system captures the point-cloud data
with a certain distribution; that is, even though the system has a quoted resolution of 0.5mm, not all
points within the SL surface are spaced 0.5mm apart in all three dimensions. Without uniformity,
common image processing techniques will have difficulty in simple tasks such as edge detection..
Therefore, an image I is first established where each pixel represents a uniform spacing that is
smaller than the resolution of the system (in this case, 0.1mm was chosen to be sufficiently small),
ensuring every point in [p,,, pm,, ] will have a unique corresponding pixel to be mapped to in image

space. The size of I is ¢ x j pixels, where

. [max (p,) — min (py,)

i { 01 w 4.2)
and

. max (pmy) — min (pmy)

[l sty

The points Sq can be negative or positive floating point numbers, but in image space the pixels
are assigned only positive value integers. The following relations map every point in Sq4 to a cor-
responding pixel in image space I;, ensuring a one-to-one positive integer mapping of all positive

and negative values in Sq with the most negative values starting at 1 in image space:

XofPixel =
of Pize 0.1

4.4)

Hpmy — min(py,, ) + O.IH
0.1

YofPixel = 4.5)
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Filtering and edge isolation

The contrast value of every pixel in I is initialized to O (black). Each point in Sq4, defined by
coordinates [py,, pm,], is mapped to I; by setting the contrast of each corresponding pixel to a
value of 255 (White), generating a binary image, shown in figure 4.2 c¢). The resulting image is
very sparse, with fairly large discontinuities (black space) between the white pixels corresponding
to surface points. In order to use further image processing techniques, the discontinuities are filled
in using a simple morphological dilation operator, found in [126]. Rhomboid dilation of between
5 -15 pixel edge length was chosen through experimentation. The result of the image dilation is
shown in figure 4.2 d). Before the dilation, the pixels that represented the outline of the cutting
path are sparse and non-contiguous. After dilation, the trajectory becomes contiguous and made
isolation more effective.

Since the outlined cut path tends to be a large feature in the image, a gaussian blur of (0.2-0.5
standard deviation) is performed to low-pass filter the image in order to remove smaller features
and high frequency artifacts caused by the dilation. Next, a Sobel filter is used to isolate edges on
the low-pass filtered image [127]. Figure 4.2 f) shows the edge well isolated from any surround-
ing noise or spurious features after the Sobel filter. The resulting image after processing will be

referred to as I.

Iterative Nearest Neighbour (INN) growth algorithm

Once the edge is well isolated, an iterative growth algorithm based on the Iterative Nearest Neigh-
bour method is performed to capture all the points in the trajectory, without capturing surround-
ing noise which may still be present and could be incorrectly interpreted as part of the cut path.
The previous steps are imperative because the INN method relies on good isolation of the low-
frequency feature. The algorithm first designates u, as a pixel of interest (POI) and finds neigh-
bouring pixels in a small surrounding neighbourhood area that have non-zero pixel contrast values
(the image is no longer binary because of gaussian blur and Sobel filter previously performed) and

chooses the closest one. This pixel is then stored in a new set, discarded from the original set, and
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becomes the new POI. The process is continued for a maximum number of iterations v. Formally:

1. The image I, consists of an ¢ by 7 grid of pixels, each with an associated contrast value c
(between 0 and 255). The goal is to isolate pixel set &, which contains [ unique pixels that approx-

imate the outline of the cut path; [ << k where k = ij and ¢ C L.
2. forn =1, POI, = u;.
3. forn =2..v, POI, = ¢,_1

4. The pixel distance between each PO/ and all pixels in Iy where ¢ # 0 is calculated and
closest neighbouring point ¢ € ® is found. ¢ is “removed” from the I, by setting ¢ = 0. When
¢n = ¢n_1, the algorithm is terminated, leaving [ unique points. Typically, v is chosen such that

v >> .

Mapping back to cartesian space

Given that the cartesian coordinates [p,,, pm,] for all Sq were preserved as pixel coordinates [
7] using equations 4.4 and 4.5, a reversal of the process is done in order to find the corresponding

points in the point cloud represented by each pixel.

Prn, = Min(pp,, ) +0.1¢; — 0.1 (4.6)

P, = Min(py,,) + 0.1¢; — 0.1 4.7)

At this point, the corresponding z-coordinates p/, are re-introduced to give a complete 3-

dimensional approximate isolation of the cut-path, denoted as S, (where S, C Sg). This is shown
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in figure 4.2 h).

Averaging and Skeletonization

As mentioned before, the isolation of the cut-path is in actuality isolating the edges of a void that
is shaped as the cut-path, due to the high-contrast black marking on the surface of the bone. This
presents the problem of filling in points in that void where the data does not exist. To begin to
solve this, iterative spatial averaging is performed on the points of Sq that lie in proximity of S,.
This is done by taking the mean of all the points in Sq4 that fall within a predefined radius of each
point in S,. The reasoning is that the collective points in the radius r4 will closely approximate the
actual surface of where the penscribed void lies becausebecause most bones, with the exception
of irregular bones, do not exhibit sharp discontinuities (i.e. spikes or pits) within a distance that
would be typical of the line thickness. The new resultant point is saved in set Sy, and this process

is continued for all points in S,. Formally,

1 1 1
Sp = [g Z Ppa b Z Ppy b Z Pyp.] (4.8)

where [pp, pp, pp.] are the coordinates of the points that fall within 7, of each pointin S,. This

process is repeated for all points in S,,. Figure 4.2 j) shows the outcome of this.

4.3.3 Natural Direction Ordering and polynomial fit

Re-ordering to follow natural path direction

The trajectory thus far is populated in a matrix that is randomly ordered. If any robotic system is
fed this data in it’s current sequence as waypoints, the motion of the robot will be unpredictable.
The cartesian points therefore need to be ordered in a ’natural” order, meaning in a way one would
sequentially and intuitively follow the trajectory - i.e. along the cut-path, and in a consistent direc-
tion relative to that cut-path. A seemingly simple problem, this becomes complicated given that

the initial surface is randomly oriented with respect to the world reference frame and no single
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dimension or natural vector along the surface lies perfectly along any of the three cardinal world
axes.

First, u, is selected as the first point ¢; in the sorted trajectory T. All the points in the randomly
sorted trajectory are arranged from smallest to largest euclidean distance away from it. The closest
point nn; to ¢, is then isolated, and the direction vector between the two, ny, is calculated. nn; is
chosen as 5 (the next point in T') and u; is discarded from the original, non-ordered set. After this,
the process for arranging the randomly sorted points from smallest to greatest euclidean distance is
repeated with respect to ¢, rather than ¢;. This time, the closest ftwo points nn; and nns are isolated
and the direction vectors between each of them and ¢,, ny, and n,, , are calculated. The angles
between these two direction vectors and the previous direction vector n; is calculated. The point
corresponding to the smallest of these two angles is taken as the next point ¢3, discarded from the
original set, and this entire process is repeated until there remains no more points in the original,
un-ordered set. The resulting set T has all the points ordered by distance and angular proximity.
This results in a trajectory that approximately follows the natural order of the original cut-path

with some high frequency jitter.

Polynomial fit and jitter filtering

Once the trajectory has been re-ordered to follow the cut-path, a multi-order polynomial fit is
performed on the data to approximate the cut-path into a smooth curve and remove high frequency
translational jitter. The polynomial fit is done using a least mean square error method [128]. Each

axis is fit separately and the final trajectory is is combined into the matrix [X'Y Z], where:

X (m) = coym™ 4 coum” ™ 4 L F Coum+ G (4.9)

Y (m) = c,;m" + c,,m™ ' + .+ cym+ ey, (4.10)
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Z(m) = c,m™ + c,ym™ P+ . com e 4.11)

where

m = 1...length(T) (4.12)

and ¢, ¢, and c, are the polynomial constants of each individual axis.
The order n of the fit is increased relative to the complexity of the cut-path, but it was found
upon experimentation that a 20" order fit worked well in most situations without any spurious

oscillations. The result of the polynomial fit is shown in figure 4.2 k).

4.3.4 Surface normal generation

Once the cartesian coordinates representing the trajectory have been calculated, a vector that is
normal to the surface and pointing distally with respect to the body needs to be calculated to give
the desired orientation of the payload optical axis. A commonly used method of statistical analysis
known as principal component analysis (PCA) [129] is used in this method to find the the vectors
that originate on the surface of the scan and point away from the center of the body, referred to as
the distal normal vectors. PCA uses the variances of a multivariate dataset to find linear orthogonal
vectors, or components, within the data, which could be interpreted as useful relationships upon
analysis and interpretation. Here, we take advantage of this method because we assume that small
clusters of points along the surface point cloud (points in the trajectory and within proximity) ap-
proximates a plane. This plane can be defined by the first two principal components that represent
the two largest directions of variance within the cluster; the third component will naturally give a
vector perpendicular to the first two and approximately normal to the cluster.

Point ¢; in T is selected as the center, and a cluster of points within a fixed radius (typically on the
order of 5-10mm) are selected. For each cluster we effectively define a new set of three axes by

weighting each of the components of T by a set of three weighting factors W. Formally:
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wITE T w

wTw

wy, = arg max( ) (4.13)

where k£ = 1...3 for each of the three principal components based on the three principal axes

(X,y,2). T is the new data set with previous principal component removed:

k-1
T =T-) Twaw, (4.14)

n=1
The rows of the 3x3 matrix w defines the unit vectors of the three principal components. The
first two define the cluster surface approximation, and the third results in the distal surface normal.

This process is repeated for each point in T such that every point will have it’s own associated

distal surface normal vector. The result of this is shown in figure 4.2 1).

4.4 Experiments
4.4.1 Deviation in target plane

10 straight lines, approximately Scm in length were drawn onto wooden blocks and were used as
cutting targets. Wood was used as a substrate because of its ability to be consistently and clearly
marked by the laser. A fiber laser (\. = 1064nm, P, = 4W, Lo = 14.7cm, Dypor = 45um)
was coupled to the focusing optics of the robot payload in order to trace the followed cut-path by
directly ablating the substrate during path execution. A fast moving air stream over the cutting area,
provided by a pressurized air hose, was used to evacuate smoke and eliminate flame generation.
Image processing techniques were used to calculate the accuracy of the cut after each trial. A
picture of the wooden block after the cut was taken and the penscribed line and the cut line were
isolated. The center-lines of both were approximated using a multi-order polynomial fit and the
mean euclidean distance at each point on the center-line of the cut from the center-line of the
penscribed line was calculated. Figure 4.3 show this distance error along the progression of the

cut for one of the trials. The mean distance error is 0.46mm for the straight line cut trials and a
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Figure 4.3: Error between penscription and ablated kerf (centerline-to-centerline) for a single straight line
cutting trial.

standard deviation of 0.36mm. As seen in figure 4.4, as the block was moved in the YZ-plane of
the tracking volume, there was a slight increase in cartesian error. It is known by [130, 131] that
NDI Polaris tracking camera does have a non-homogeneous distribution in its tracking volume,
and this is likely the main source for variations observed in the mean error and standard deviation

through n=10 trials.

4.4.2 Deviation along optical axis

Having the laser beam impinge the surface of the cut right at the beam waist is important for
cutting efficiency and volumetric confinement of the ablation. Therefore, the deviation along the
optical axis was measured to quantify focal shift with respect to the surface of the target. Just as
before, 10 straight lines approximately Scm in length were drawn onto a piece of medium density
fiber board. The 10 targets were placed in the workspace of the robot and the imaging system.
Optical coherence tomography (OCT) was used to measure optical axis deviation by coupling

the beam into the robot-mounted optical payload. As the robot moved the optical payload along
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Figure 4.4: Placement of target center in YZ-plane of the NDI Polaris tracking volume. The two red points
represent the trials with the highest error found (approximately double the mean). This suggests that a
sweet-spot of where the target should be placed in the tracking volume.
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Figure 4.5: Deviations along optical axis for a single straight line cutting trial, measured using m-mode
OCT.
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the penscribed line on the target, m-modem images were captured at an a-line rate of 50kHz;
movement in the optical axis was seen as surface shift between a-line scans. The results from a
single trial are shown in figure 4.5. The mean of all the trials was found to be 0.36 mm with a

standard deviation of 0.16mm.

4.4.3 Reproduction of surgical osteotomy trajectory

To demonstrate the viability of this system for use in osteotomy, a reproduction of a real surgi-
cal osteotomy performed at Sunnybrook Health Sciences Centre (Toronto, CA) was performed on
a pig scapula. The individual steps for the algorithm execution are shown in 4.6. The trajectory,
4.7 b) (outlined in red for visual clarity) was hand sketched onto the bare bone of a fresh porcine
scapula, shown in 4.6 a) and figure 4.7 c). The result of the cut is shown in 4.7 d). The mean

deviation from the penscribed path was found to be approximately 0.53mm.

4.5 Discussion and Conclusion

In this chapter a novel method for planning of osteotomies in surgical interventions is presented;
primarily craniotomies in neurosurgery. Existing robotic surgical systems lack intuitive interaction
and planning schemes, and therefore potentially hinder adoption. Our method presents a highly
intuitive planning method that takes advantage of the current common practice of drawing targets
onto a boney surface for osteotomy with a sterile pencil or marker. The only training required
of a surgeon or OR staff would be in executing placement of the two points on the SL surface
(starting point and approximate center) using a CAD-based GUI. The sub-millimeter accuracy
achieved in the work described in this chaper is comparable to studies involving robotic bone
drilling [132, 133, 134]. According to [135], we navigation systems are deemed acceptable with
a target registration error between 1.0-1.5mm; we have achieved an mean error well below this

whilst using robotic drilling guided by a clinical navigation system. We believe that this technique
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Figure 4.6: Algorithm steps for osteotomy experiment. a) Scapula with penscription. b) SL surface. c) User
selected points. d) Mapping to flattened image space. e) Image dilation. f) Gaussian blurred. g) Sobel edge
detection filter. h) Nearest neighbour growth algorithm. i) Mapping back to image space. j) Skeletonization
via averaging. k) Post multi-order least squares polynomial fit. 1) Normal vectors generated using principal
component analysis.
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Figure 4.7: a) Patient scan of a frontal ethmoidal sinusectomy. b) Red outline showing trajectory. c) Trace
of osteotomy outline onto porcine scapula. d) Ablated trajectory.

can allow for more advanced cuts that may be difficult to produce by hand. For example, our
technique can allow for simple change in orientation of the laser beam with respect to the bone
surface; this requires simply applying angular offsets to the normal vector that is determined using
the PCA-based technique described in section 3.4. By manipulating beam orientation, it is possible
to achieve complex edge profiles of the bone flap, such as chamfer, mitre, fillet, etc. As well, beam
orientation manipulation can potentially allow for the robot to target the beam in scenarios of
over-hang obstructions. This technique can be used with various lasers with different etch rates,
since multiple passes over the same trajectory (for multi-pass full penetration) is simply achieved
by biasing the values of the trajectory along the optical axis by a fixed amount with every pass.
This would bring the beam focus further and further down inside the kerf with each pass. Our
hope is that this planning methodology can be used in future robotic systems in order to make the
speed of procedures quicker and make the use of robotic systems in the OR less intimidating and

cumbersome.
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Chapter 5

Bone Ablation Etch Rate Optimization
Using Nitrogen as an Assist Gas and
Graphite as a Topical Absorber

The work presented in this chapter resulted in the following journal publication [136]:

Jivraj, Jamil, Chaoliang Chen, Dexter Barrows, Xijia Gu, and Victor XD Yang. ’Op-
timization of laser osteotomy at 1064 nm using a graphite topical absorber and a nitrogen

assist gas jet.” Biomedical Optics Express 10, no. 7 (2019): 3114-3123.

5.1 Introduction

In this chapter, etch rate optimization of laser bone ablation at 1064nm using the laser system
described in Chapter 3 is explored. This is done using a coaxial nitrogen assist gas jet and graphite
as a topical chromophore. Nitrogen is commonly used OR gas, making it ideal as a potential
optimizing agent. Graphite is chosen, aside from it’s high absorption cross section, because in
Chapter 4 the method of pencription for robotic trajectory generation was developed; the ability of

a sterile surgical pencil to serve additionally as an ablation optimizer is an attractive prospect.
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5.1.1 Topical chromophores

The use of topical chromophores have been studied in laser skin resurfacing applications to in-
crease thermal ablative damage for improved resurfacing results. Sumain et al. proposed the
viability of carbon-based topical chromophores on skin with 532nm laser irradiance for increased
laser light absorption and subsequent heat transfer to dermal tissue [137]. The results showed that
the coagulation depth was dependant on laser dose, and it was claimed that the use of the carbon-
based chromophores were effective. However, no bare-skin irradiance baseline was established for
comparison.

Indocyanine green (ICG) based topical dye has been used in select studies as a dermal topical ab-
sorber to increase thermal damage depth for skin resurfacing. Diven et al. showed that the use
of ICG based dye on human cadaveric and guinea pig skin in conjunction with laser irradiation at
805nm produced significant penetration of thermal damage compared to irradiation on bare skin.
It was reported that with application of an ICG-based dye, thermal-induced coagulation was seen
to be as high as 416m immediately after ablation on live guinea pig specimens. It is important to
note that an inverse relation between irradiation power and coagulation depth was seen when sam-
ples were immediately compared via histology just after ablation; 3W of laser irradiation produced
deeper damage penetration (416pm) than at 1I0W (390 pum). A baseline of Opm damage at 10W
was established when no dye was used. However, after 1 week and 1 month, depth of scarring
was seen to positively correlate with irradiation power [138]. Mordon et al. experimented with the
efficacy of ICG aqueous solution versus ICG emulsion (phosphatidylcholine and soybean oil) in-
jections in laser photocoagulation of blood vessels in hamster skin flaps [139]. It was demonstrated
that a 50 and 60 percent reduction in laser fluence at 805nm was achieved using the ICG emulsion
compared to the aqueous solution to achieve vessel coagulation and skin ablation, respectively.
Roh et al. experimented with various fluence and exposure parameters of a 1064nm ND:YAG laser
for treatment of enlarged facial pores. One group of subjects in the study was treated with a topical
lotion of suspended carbon particles prior to ablation. This study proved the efficacy of 1064nm
ablation for pore size reduction, however no significant difference was seen with the application of

the topical lotion. [140].
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For osseous tissue, Kang et al. showed a three to six fold increase in ablation crater depth and
volume by using a thin layer of distilled water on top of the target bone [141]. The thin layer of
water was found to have decreased the damage threshold for the bone.

Ultrashort pulsed (USP) lasers have shown promise in laser osteotomy, since the peak-powers
achieved using these types of lasers are easily able to induce non-thermal interaction (such as
optical breakdown); because of this, little to no heat is generated at the ablation site. However,
USP lasers do suffer some drawbacks. The very large field intensities achieved can potentially
cause self-focusing due to spatial index variations caused by the Kerr effect [142]. This can be
avoided by using high numerical aperture (NA) optics, but that would inherently lead to shorter
stand-off (focusing) distances of the objective optics, which may potentially reduce or negate the
general non-contact benefit of laser surgery. Given that the penetration depth of ultrashort pulses
is extremely shallow (approximately 1xm due to highly efficient absorption by surface plasma),
etch-rates of USP lasers tend to be comparatively slow. As well, USP lasers have much larger costs
and system complexity compared to nanosecond pulsed fiber lasers.

For wavelength-multiplexed applications, high peak powers generated by USP lasers may provide
challenges when optically coupling with coaxial monitoring beams, such as in applications using
optical coherence tomography (OCT) based monitoring and control [89, 143]. High peak powers
could lead to potentially damaging leakage into common optical paths.

Thermal damage to an ablation target is a concern that is explored in multiple studies, as excessive
thermally-induced necrosis will prevent or delay healing [144, 145, 146, 147]. Ablation in the ther-
mal regime is limited by excessive heat accumulation and diffusion into tissue. Therefore, reduced
exposure time to the laser for a given target volume would be advantageous since it would limit the
overall of heat deposition and diffusion into the surrounding tissue. An interesting study was done
by Sotsuka et al., where bone ablation at 1070nm was compared with saw based osteotomy [148].
It was found that there no significant differences in healing times between the two. However, it
was concluded that the laser ablation was a combination of thermal and plasma mediated ablation,
therefore less charring was seen around the osteotomy site upon histological examination. Ther-

mal ablation has the potential of being useful as well. Thermal ablation using radio frequency AC
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current is routinely used to treat bone lesions [149]. As well, laser ablation in the thermal regime
has shown promise in applications of hemostasis [150], vascular stenosis [151] and cauterization

[152], which could prove useful during osteotomy for reducing and/or stopping bone bleeds.

5.1.2 Graphite as a topical chromophore

In this chapter we explore the increase in efficacy of bone ablation at 1064nm in the thermal
regime using graphite as a topical chromophore. Since 1064nm has a relatively low absorption
cross-section for the various constituent materials of bone (ie. water, hydroxyapetite, collagen,
etc.), most of the ablation response in the thermal regime happens after the surface incident to the
beam has been heated enough for carbonization to begin. Once the black, carbonized tissue begins
to form, the material removal process quickly accelerates due to the very large increase in light
absorption by consequence. Before this, however, the time it takes for the carbonized tissue to first
form (we refer to this as ignition time) is quite variable and unpredictable due to the inhomogeneity
of bone tissue. Therefore, the use of a chromophore with a large absorption cross-section (similar
to the carbonized tissue) as a topical absorber would significantly reduce the mean and variance of
the ignition time. This is also important in isolating the effect of the gas-flow over the ablation site
and reduce the effect of highly varying ignition times for the bone surface. Graphite was used as a

topical chromophore for three main reasons:

1) High optical absorbance

2) Current use in many forms of bone surgery, where surgeons use sterile bone pencils to de-

marcate critical structures and cutting trajectories [153]

3) Ease of application via a simple pencil applicator
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5.1.3 Coaxial assist gas

Also in this chapter, we use a coaxial nitrogen gas jet to further increase the efficiency of ablation.
Coaxial assist gas jets are commonly used in industrial laser machining applications. The gas
flow helps to clear smoke, dross and plasma plume (assuming sufficient energy density) from the
ablation site, allowing for incident photons to continue hitting the kerf bottom via an unobstructed
path. Assist gas flow over the workpiece can also help in cooling the material and to mitigate the
spread of heat damage and thermally induced cracking. Assist gas flow in the context of laser
osteotomy is currently not well understood. Given the benefits seen in laser materials machining,
the use of coaxial or blanket gas flow onto bone during laser ablation could have benefits such
as increased etch rate and smaller heat affected zone (HAZ). Also, since pressurized gases such
as nitrogen and oxygen are readily available in almost every operating room for multiple uses
(anesthesia, insufflation, pneumatically actuated tools, etc.), the augmentation of laser osteotomy
using assist gases for various surgical scenarios seems reasonable to investigate. This technique
was first proposed by Wong et al. [154], where it was roughly determined which flow rates would
be considered relatively safe in the context of neurosurgery. This was done by measuring the
deflection of exposed sections of a porcine spinal cord (via laminectomy) using inline m-mode
optical coherence tomography (OCT) whilst directly impinging the tissue with a nitrogen jet. The
spinal cord was shown to compress almost Imm for a flow rate of 70SCFH, using a nozzle with an
exit diameter of 3mm, and a tissue-nozzle separation distance of roughly 2mm. It was thought that
any deflection beyond this point would induce unwanted somatosensory evoked potentials (SSEPs)
and motor evoked potentials (MEPs). The study carried out in this chapter, which is a companion
study to [154], investigates the effects that a nitrogen assist gas jet has on the etching efficacy of
thermal bone ablation at 1064nm. The nozzle design and flow rate parameters were determined
from insights gleaned from the results of [154]. We use a novel method of reducing variability
in ignition behaviour of bone at this wavelength (1064nm) by using a graphite topical absorber;
this is the first time, to the knowledge of the authors, such a technique for bone ablation has been

reported in literature.
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Figure 5.1: System diagram. The fiber laser system was built directly into the sample arm of the OCT based
depth ranging system, allowing for real-time monitoring of the kerf bottom using m-mode imaging whilst
ablating.

5.2 Methods
5.2.1 Ablation laser and in-line Optical Coherence Tomography system

The in-house built fiber laser system with integrated in-line OCT introduced in Chapter 2 was used
in this experiment to ablate the samples and monitor progression of ablation craters in real-time

[9, 89].

The 1064nm ablation laser light was produced by a high power fiber laser based on a de-
sign from [104]. It consisted of an all-fiber active cavity approximately 10m in length, con-
structed of Yb-doped fiber (Nufern LMA-YDF-10/130-VIII). Two fiber Bragg gratings (99.5%
and 10% reflective at 1064nm for high and low reflectivity gratings, respectively) etched onto
matching passive fiber (Nufern SM-GDF-10/125) were spliced onto the ends of the cavity with an
APC connector terminating the output end. The cavity was pumped using a 976nm fiber coupled

laser diode (RealLight M976+3-110-F105/22-D1) via a (2+1)x1 high power fiber combiner (ITF
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Center Wavelength 1064nm
Average Power 8.18-10W
Pulse Repitition Rate | 100kHz
Peak Power 523W-1kW
Spot Size 45pm

Table 5.1: Summary of fiber laser parameters.

Center Wavelength 1310nm
Bandwidth 110nm
Average Power 18.5mW
A-line Rate 50kHz
Axial Resolution (Theoretical) | 9um

Table 5.2: Summary of OCT system parameters.

MMO21112CC1A). All the fiber used in the construction of the fiber laser had a core diameter
of 10um. The output from the laser was coupled from a pigtail fiber into a collimator (Thorlabs
F280APC-C), then into a Thorlabs AC254-150-C achromatic doublet lens for focusing. The lens
spacing between the collimator and focusing lens was approximately 2.5cm. The focal length was
approximately 14.5cm.

The OCT system consisted of a 1310nm centered swept wavelength MEMS laser (Santec HSL-
20-50-S) with a bandwidth of 110nm, sweep rate of S0kHz (single-sided sweep, 62 percent duty
cycle) and average power output of 18.5mW. An integrated Michelson interferometer (50/50 cou-
pling ratio) with balanced detector system was used (Thorlabs INT-MSI-1300). The entire OCT
system was constructed using SMF-28 fiber. The reference arm was constructed using a Thorlabs
F280APC-C fiber-coupled free space collimator. The MEMS laser provides a k-clock output for
sampling trigger.

We refer the reader to [9, 89] for details on the amalgamation of the OCT and fiber laser systems

for inline ablation monitoring.
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Figure 5.2: Results of ablation times for 0.5mm depth with no graphite chromophore applied and with
graphite chromophore applied to bone surface. We see a dramatic improvement in mean and variance of the
time it takes to reach the target depth from when the laser was activated. Y-axis is in log scale.

5.3 Experimental Results
5.3.1 Reduction of ignition-time variance using a topical chromophore

Three fresh porcine scapula from two pigs were used in this experiment. The scapula was chosen
in this experiment due to the similarity in structure to that of human cranial bone. Surrounding
muscle and periosteum were initially left on the bone but were removed minutes before ablation
experiments were conducted. Approximately twenty holes were percussion drilled into the surface
of each scapula; 10 holes were ablated onto the bare bone surface and the remaining 10 after the ap-
plication of bone pencil graphite onto the bone surface. Figure 5.2 shows the ablation results with
and without topical application of graphite on bone surface prior to ablation. The time was mea-
sured between initiation of laser exposure and when the ablation crater reached a depth of 0.5mm
below bone surface. We see from the figure that there is a significant reduction in the mean and
variance with the use of the topical chromophore. The mean time to 0.5mm depth for no graphite
used was 6.525 seconds with a standard deviation of 7.167 seconds, where as with graphite the
mean value was found to be 0.068 seconds with a standard deviation of 0.029 seconds; both values

showed and improvement of 2 orders of magnitude.

78



5.3.2 Gas flow experiments

As mentioned earlier, the experimental setup was similar to that found in [154]. However, the
key difference is that high-powered fiber laser mentioned in the previous section was placed inline
with the OCT to monitor the ablation depth; this is summarized in Fig. 5.1. Graphite was used
as a topical chromophore during these experiments as well, since from the results of the previous
section it is reasonable to conclude that the use of graphite during gas assisted ablation is able
to isolate the ablation results almost entirely as a function of the assist gas as large variances in
ignition time and initial heating would be eliminated. For all the experiments conducted in this
section, the following laser parameters were used: P, = 8.18W, Pjeqr, = 523W, pulse repetition
rate = 100kHz. To ensure consistent flow rate of the assist gas, a mass flow controller specifically
calibrated for nitrogen gas (Alicat Scientific MCR-250SLPM) was connected directly upstream of
the nozzle to control the gas flow in real-time. The system was tested using MDF (medium density
fiberboard) to confirm the behaviour. MDF was selected because it ablates easily and consistently
at 1064nm. We see from the results shown in Fig. 5.3, the etch rate shows linear increase with
respect to flow rate, but shows a plateauing and even decrease in etch rate for higher flow rate
values. This result agrees well with the findings of Gabzdyl [42], showing that the system does

behave as expected.

5.3.3 Cortical bone experiments

Four fresh porcine femurs were stripped of their periosteum tissue layers and cleaned with water.
Porcine femurs were chosen for this part of the experiment due to the very thick layer of cortical
bone (typically >3mm), thus ensuring that accidental breach into the cancellous layer did not
occur. Marks were made with the graphite pencil on the surface of each bone. The flow rates
used with were 0, 10, 30, 50, 70 and 90 SCFH (standard cubic feet per hour); the exposure times
were 250, 500, 750 and 1000 ms. For each flow rate/exposure time combination, 10 holes were
percussion drilled into the femurs, giving a total of 240 holes. The maximum achieved depths were
analyzed immediately via b-mode imaging using a separate, calibrated swept-source OCT system.

The results of this experiment are shown in Fig. 5.4. It can be seen that there is a significant drop in
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Figure 5.3: Effects of nitrogen flow during percussion ablation of medium density fiber board (MDF) for
different exposure times.

etch rate after the 250ms window; however there does appear to be an increase in etch rate with an
increasing nitrogen flow rate. However, even though Fig. 5.4 does show that the etch rate increase
does seem to be linear for the 250ms exposure time, the behaviour seems non-linear with respect to
flow rate for the other exposure times. The data was fitted to a least squares 2"? order polynomial
model with a coefficient of determination of R? = (.98, suggesting a good fit. Below is the fitted

polynomial describing the behaviour:

Veten = —0.035T0/%,,, +0.00259972, + 11.570100 — 5.73170, — 0.008063 100 e + 4243 (5.1)

where v, is the etch rate in pm/s, vy, is the nitrogen flow rate in SCFH, and 7, is the
exposure time in milliseconds. To further investigate the effect of gas flow on the etch rate of
cortical bone, the same procedure was used to drill holes into three more porcine femurs. This
time, the m-mode data from the OCT system inline with the fiber laser (see figure 5.1) was recorded
to monitor the kerf bottom as a progression of time during ablation. For these experiments, only

the nitrogen flow rate was varied; 10 holes were percussion drilled into the femurs for each flow
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Figure 5.4: Mean etch rate as a function of exposure time and flow rate. Etch rate is quite high during the
smallest exposure window and highest nitrogen gas flow. Etch rate is seen to increase as a function of flow
rate specifically, but an increase flow does not linearly translate to increase in etch rate.

rate. Figure 5.5 shows the means of each set of flow rate trials. It was found that the assisted
gas flow for up to 30SCFH showed a clear improvement in the depth achieved, but beyond that
the improvement was reduced to near no-flow condition. It was also found that higher flow rates
did result in a slight increase in slope of the m-mode progression (corresponding to the etch rate)

during the initial, nearly linear portion.

5.4 Discussion and Conclusion

It was found that the mean time of exposure to reach a crater depth of 0.5mm was significant be-
tween holes that did and did not have topical application of graphite. For the samples where no
graphite was used, typically a very long period of heating of the cortical bone surface was seen
before rapid material drilling could take place. This is thought to be due to the relatively poor
absorption of 1064nm light in osseous tissue. Due to the non-homogeneity of bone, these periods
were shown to have an extremely high variance; this is shown in Fig. 5.2. Using a poorly absorbing
wavelength in conjunction with a topical chromophore to cut bone can have the advantage of iso-
lating ablation activity solely to regions where and in close proximity of chromophore application.
This way, a margin of safety can be realized so that inadvertent ablation due to unexpected/sudden

beam shift (ie. getting bumped or knocked) would be less likely to occur. As well, the use of a
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Figure 5.5: Time progression of depth measured via inline m-mode OCT, as a function of flow rate.
30SCFH is shown to most dramatically improve ablation. 70SCFH is shown to improve slope initial ab-
lation progression, just before 200ms.

chromophore can enhance the use of an overall lower-power laser, thereby adding another aspect
of safety in case of failure or damage to delivery fiber.

It was observed that etching efficiency does reduce with respect to increase in exposure time. This
could be because of the kerf bottom being out of the focal region of the laser for extended peri-
ods of ablation. However, it was shown in this chapter that for 30SCFH, the efficacy of ablation
did increase for the same approximate exposure time. Generally, it is desirable to keep exposure
time limited for a given volume to reduce unwanted heat effects; therefore, it is crucial to optimize
etching efficiency to achieve maximal penetration in the minimal amount of time.

The results reported in this chapter show similar findings to that reported by Aljekhadab et al.
[155] where an increased etch rate was reported with the use of airflow over the ablation sample.
As well, in this chapter it is also demonstrated cleaner and more well defined edges of craters
compared to water-layer assist and no assist fluid. The use of nitrogen has some key advantages
in its potential use as an assist agent in ablation over other gases and liquids. Since most of the
atmospheric air is composed of nitrogen, there is no practical need to optically compensate for

change in refractive index, as would potentially be the case if an optically dissimilar gas or liquid
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was to be used. This also means that unwanted absorption or lensing through the assist medium is
eliminated. The use of nitrogen also suffocates the ablation region of oxygen, reducing the chance
of flare up. As well, Nitrogen is readily available as a standard medical gas in operating rooms,
therefore this does not have to be piped from outside the operating or brought in using a pressurized
cylinder. We see the relationship in Fig. 5.4 between flow rate and exposure time vs etch rate to
be strongly second order. We hypothesize that even though the nitrogen jet used in this study is a
of relatively low Reynold’s number, turbulence at the mouth of the kerf increases with an increase
in flow rate, thereby decreasing the laminar flow entering the kerf. This is thought to lead to a
decrease in clearing efficiency of smoke and ejected debris during ablation. The use of a coaxial
nitrogen jet can have some drawbacks. It has the potential to cause surface drying of the bone,
which could lead to undesirable effects such as increased cell death and localized heating. As well,
pressurized fluid flow may cause unwanted spattering of fluids; whether this would be worse than
the use of a high-speed spinning drill bit is a matter of future study.

It has been noted by several studies that ablation of bone, specifically in the thermal regime,
causes a delay in healing post laser osteotomy compared to traditional mechanical methods [156,
157, 158]. Although this study did not quantify the thermal damage conducted into the tissue as
a result of laser energy deposition, the proposed techniques have the potential to mitigate some
of this damaged-induced healing delay primarily in two ways. First, the use of a topical absorber
such as graphite can dramatically reduce the exposure time of the bone to the ablation light, thereby
reducing the overall time that excess heat can conduct into surrounding tissue. Second, inert assist
gas flow may act to locally cool the area, potentially reducing the heat-affected zone around the
ablation site. The hope of this study and such explorations is to help make low-cost, effective laser

surgery more prevalent in clinical practice.
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Chapter 6

Dynamic Axial Correction of Payload using
OCT

The work presented in this chapter resulted in the following journal publication [159]:

Jivraj, Jamil, Chaoliang Chen, Dexter Barrows, and Victor XD Yang. ’Optical coherence
tomography for dynamic axial correction of an optical end-effector for robot-guided surgical

laser ablation.” Optical Engineering 58, no. 5 (2019): 054106.

6.1 Introduction

In this chapter, the hardware and software techniques introduced in the previous chapters are used
to develop a method for the robot to autonomously correct for end-effector deviation along the
target surface using OCT. Maintenance of the beam waist at the surface of the bone in real-time is
critical for optimal ablation quality. The challenge is that unlike in most applications in industrial
laser material processing, most bones do not have large surfaces that are smooth and flat. As
well, minute variations along the surface that can still affect ablation quality are not always fully
captured using current medical imaging modalities given resolution constraints; this means that
adaptation along a surface using a-priori knowledge of surface variations may not be fully affective.
Therefore, it would be quite advantageous for a laser osteotomy system to make continuous, real-

time, sub-millimeter adaptations along the optical axis in order to maintain beam focus along
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uneven surfaces.

Several techniques exist in for laser materials processing to maintain focus of the workpiece
[160]. Field effect sensors, and contact sensors have been demonstrated with success in the pro-
cessing of certain materials. However, in the context of surgery, these sensors can not perform
adequately. Field effect sensors rely on inductive or capacitive interaction between the workpiece
and the sensor to determine axial distance. These methods work for metallic work pieces, but
they can only be used between laser pulses since the high intensity of the electric field of the laser
pulse affects distance measurements. Contact sensors would not be suitable for applications of
laser tissue ablation because of their innate negation of the non-contact benefit of using laser light
to cut tissue. Various optical sensing methods have been reported to measure workpiece distance
along the optical axis in real-time. Techniques involving monitoring of the laser spot diameter
using image sensors have also been developed [161, 162], but may not perform well on irregular
surfaces, defocusing direction may remain ambiguous, and marking the specimen by firing the ma-
chine beam in order to make a spot measurement may cause unwanted damage to the target. Hand
et al. developed a technique that redirected a fraction of the process-generated light into a sepa-
rate optical path for analysis of the chromatic aberrations to determine focal error [163]. Cao et
el. recently developed methods involving a defractive beam samplers[164], as well as hole-mask,
separate interrogation source [165, 166] and multiple intermediate bulk-optic elements and a CCD
to place the target in the focus of the machining beam. By monitoring the change in diffraction
pattern on the CCD, these techniques allow for determination of the workpiece position along the
optical axis and the direction of defocusing.

We explore the use of OCT to guide a robot-guided laser ablation objective payload over a target
for surgery. OCT has been used to guide other types of surgical payloads. Studies have been car-
ried out by Yu et al. [167, 168, 169, 170] for OCT guidance of retinal surgery payloads. B-mode
OCT feedback was used to track the tips of various instruments (micropipette[170], grippers [169],
injection pipette [168]), in real-time. Sub-millimetre tracking accuracy was reported whilst using a
Steward-Gough robotic platform. Cheon et al. explored a similar application in ophthalmic surgery

where OCT was used to guide a needle to a precise depth into a bovine eye [171]. These studies
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prove that OCT can be successfully used in real-time guidance of various robotic surgical payloads.

In this chapter the use of m-mode OCT as a feedback mechanism for dynamic axial adjustment of
the payload of a 7-DOF robot with respect to uneven and rough/non-planar surfaces is proposed.
The peak of the OCT signal, which defines the surface, is used for correcting the offset distance
along the optical axis between the robot-mounted objective lens and surface of the target. Given
that OCT innately has the ability to measure displacement along the optical axis, ambiguity in
defocusing direction is removed using this method. The application of this technique is for ab-
lation of bone during surgery via robotic path guidance. The technique proposed in this chapter
can be easily integrated into various surgical and non-surgical ablation schemes. Figure 6.1 shows
two widely reported schemes of dual-wavelength beam combination that has been used for abla-
tion process monitoring and control using OCT. a) shows the most prevalent beam combination
method, which uses a dichroic element to guide both free-space beam paths into a single set of
objective optics [172, 99, 173]. b) shows a method that maintains a single fiber output path for
both beams by combining the ablation source (in this case a fiber laser) directly into the sample
arm of the OCT system, reducing the amount of bulk optic elements at or near in the output [9].
Both methods can be easily used to design an optical payload for robot-guided ablation, as shown
in figure 6.2. It is important to note that any method that uses different wavelengths for ablation
and interrogation with a single set of objective optics will have a a shift along the axial direction
between the waists of both beams. This easily measurable offset must be taken into account so that

the ablation beam waist is always kept at the specimen surface.

6.2 System description

6.2.1 Hardware

robotic manipulator

The robotic manipulator used in this system is the [IWA, manufactured by KUKA AG. The ITWA
is a 7-DOF anthropomorphic manipulator designed to work in close proximity with humans, such

as in a surgical setting. The robot has a quoted maximum payload weight of 14kg and a positioning
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Figure 6.1: Methods for ablation and OCT beam combination. Image a) shows the most common method,
using a dichroic mirror to combine the high-powered ablation beam with relatively low-powered OCT beam.
The wavelength-specific transmissivity of the dichroic element prevents high-powered ablation light from
following the beam path of the OCT system. b) shows a method that involves a fiber laser to be built directly
into the sample arm of the OCT system, as proposed in [9].

accuracy of £0.1mm [174]. The robot was sent axial position information in real-time via ethernet
communication protocol using a desktop computer. The update period between the robot and the

computer was approximately 500ms.

Optical Payload and Beam Delivery

The sample arm beam of the OCT system is delivered via fiber to a Thorlabs F§10APC-1064 dou-
blet collimator. The collimated light is then focused through a Thorlabs AC-254-150C achromatic
doublet lens. The measured spot size d,, depth of focus L4 and focal length L is 48um, 2.1mm
and 146mm, respectively; figure 6.3 shows a physical summary. The focusing optics are attached
to the mounting flange of the robot (corresponding to the seventh degree of freedom) using an
optical breadboard. The location of the focal spot is programmed to be the tool center point (TCP)

of the end-effector.
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Figure 6.2: System diagram. The 7-DOF manipulator carries optical payload (with objective optics) over
target. Feedback of axial position over target’s surface is measured in real-time via OCT and correction
is sent to the robot over high-speed serial communication. The two elements highlighted in dashed lines
(objective optics and delivery fiber) show where either of the two method of beam combination explained in
figure 6.1 would take place.

Figure 6.3: Anatomy of a focused gaussian beam. Depth of focus denotes planes along optical axis at which
beam area is twice that of the area at beam waist. L;/2 denotes Rayleigh length. It is typically desirable to
maintain the specimen surface at the beam waist.
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Figure 6.4: a) Schematic of fiber based swept-source OCT system. b) Point spread function (PSF) of OCT
system. Axial resolution = 9um.

Swept-source OCT system

The OCT system consisted of a 1310nm centered swept wavelength MEMS laser (Santec HSL-20-
50-S) with a bandwidth of 105nm, sweep rate of 50kHz and (measured) average power output of
18mW. A fiber-based Michelson interferometer (50/50 coupling ratio) and a Thorlabs PDB415C
100MHz balanced detector was used. The signal was acquired using an Alazartech ATS9350
digitizer card. The entire OCT system was constructed using SMF-28 fiber. Figure 6.4 a) shows
the diagram for the OCT system and 6.4 b) shows it’s point spread function (PSF). Peak detection
of the Fourier transformed interference fringe signal (acquired by the balanced detector) was used
to determine the axial offset of the surface of the target; this information was processed in real-time

using a desktop computer using in-house developed software.

Explanation of elimination of de-focusing direction ambiguity

Given the nature of the swept-source OCT interference fringe signal captured by the photodetector,
de-focusing directional ambiguity is eliminated. The frequency composition of the fringes is depth-
dependant - higher frequencies are proportional to larger optical path difference. Figure 6.5 shows

this concept in greater detail. The plot in the diagram shows the fringe signal after the Fourier
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Figure 6.5: Elimination of ambiguity in de-focusing direction. The plot represents the fringe signal post-
Fourier transform. The peak represents the position of the target surface along the optical axis. The fre-
quency is directly proportional to the optical path difference, therefore position of the peak along the fre-
quency axis represents the absolute position of the surface along the optical axis.

transform; the sharp peaks represent the surface reflection. The further the peak travels along the
frequency axis, the larger the optical path difference, meaning the further the surface is away from
the payload along the optical axis. Any point along the frequency axis can be arbitrarily chosen as
the target position; typically this is where the beam waist is placed in relation to the target. Any
deviation from this chosen position can be easily compensated for by determining the difference

between the current position along the frequency axis and the desired, focused position.

System Integration

A high-speed serial communication link between the two desktop computers was established so
that OCT-acquired axial peak position could be relayed in real-time to the computer commanding

the manipulator. The workflow for the system was designed as follows:

1. Acquire interferogram from the photodetector.
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2. Perform signal filtering and Fourier transform to attain depth-dependant frequency spectrum.

3. Perform peak detection and check if the peak has moved from initial position (taken to be Omm);

if peak has moved, send robot the updated axial correction to bring it back to Omm position.

6.3 Experiments and Results

A series of experiments were performed in order to characterize the mean distance at which the
robot was able to position the beam waist relative to the surface of a target whilst the target was
linearly translated. The goal was to maintain the surface of the target within the depth of focus, as
close to the beam waist as possible. The axial positions were recorded in real-time using m-mode

OCT imaging.

6.3.1 Step response

The robot was made to adapt to a step elevation change of 2mm, which represents the most ag-
gressive input change possible; with the m-mode system response shown in figure 6.6. The figure
shows the surface at axial error at 0Omm, meaning that the surface is at it’s intended target axial
position. The target surface is dropped 2mm, showing the negative step change in figure 6.6; after
a short dwell period, corrective action is initiated and the robot end effector is moved along the
optical axis until the surface of the target is brought back to Omm axial error. The process is then
repeated with a positive step change.The total response time (10% - 90% definition) of 1.3s was

found, which corresponds to a total response rate of 0.77Hz.

6.3.2 Axial correction on sloped progression

To characterize axial adaptation performance along a gradual elevation change, a surface sloped
at various angles was used as a target, as shown in figure 6.7. The optical payload was linearly
translated 10mm laterally at four different linear velocites (0.5mm/s, 1.0mm/s, 1.5mm/s, 2.0mm/s)
relative to a surface at three different slopes (10°, 20°, 45°). M-mode OCT data was recorded to

show axial deviation from the target similar to figure 6.6; this is sown in figure 6.8). As expected,
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Figure 6.7: Schematic of slope progression experiment. 6 represents the angles that the surface was posi-
tioned to.
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Figure 6.8: Phantom experiments summarizing tracking error versus linear speed and slope. Panels a),
b) and ¢) show m-mode tracking error at 10, 20 and 45 degree surface incline, respectively. Blue line
demarcates Rayleigh length. d) shows mean of tracking error experiments.

the increase in slope angle and linear velocity corresponded to a larger cumulative axial error. It
was also seen that at the most aggressive slope, 45°, linear speeds of up to 1.0mm/s could be
maintained with the axial error still staying below the Rayleigh length of the focusing optics. At

1.5mm/s and higher, the axial error began to drift outside the Rayleigh length.

6.3.3 Experiment on skull phantom

A 1:1 scale human skull phantom was used as a target to characterize the mean axial tracking error.
This allowed for a very close approximation of the system performance characterization for a real

world osteotomy scenario.The phantom was placed such that the transverse plane of the skull was
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positioned perpendicularly to the optical axis of the objective lens, as shown in figure 6.9. The
payload was moved along the sagittal suture, simulating a cranial osteotomy. The mean tracking
error from the beam waist was found to be -0.02mm and -0.2mm for 0.5mm/s and 1.0mm/s linear

velocity, respectively.

6.4 Discussion and Conclusions

We have shown that OCT is a viable method for surface detection and dynamic re-focusing using
a robotic manipulator. The technique developed is able to keep the target within the depth of focus
for the objective lens at surface inclines as aggressive as 45° for linear velocities of up to 1.0mm/s.
For less aggressive slopes, dynamic focusing was successful for linear velocities of up to 2.0mm/s.
This agrees well actual bone cutting feed rates, such as those explored by Davidson et al. [175]
(up to Smm/s). This technique can be useful when the surface profile is not known a-priori, or
if the surface tends to shift during ablation, i.e. during patient breathing. As well, this technique
is able to maintain focus along a surface with variations that are irresolvable using most medical
imaging modalities. The simplicity of this technique lends well to integration into existing ablation
systems where OCT is integrated in-line for depth monitoring [172, 143, 9, 89]. As well, it has
been shown in this chapter that this type of correction is possible without the use of galvo-scanners
for b-mode scanning, thereby reducing potentially maintaining a minimum payload complexity to
a single collimating lens and single objective lens.

As seen in section 3, mean accuracy during increasingly aggressive slope of the surface signifi-
cantly improved with the reduction of speed. This means that the axial error can be significantly
improved if the feed-rate of the workpiece can be dynamically modulated based on axial deflec-
tion/incline as ascertained by OCT surface feedback.

Future steps in this work entail increasing the system loop-rate so that adaptation can occur faster,
thereby potentially adapting to high-frequency surface artifacts and increasing the feed rate of the

workpiece.
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Chapter 7

Summary, Conclusions and Future Work

Lasers have had a relatively slow uptake in medical applications compared to the promise that
researchers saw during the infancy of this technology. Contrasting this to the sheer dominance
of laser technologies in the areas of telecommunications and manufacturing, there is much left
to be desired in terms of laser-based revolutions in medicine. Fortunately, there does exist some
sparse examples of important and prolific laser-based advancements in medicine. Laser interfer-
ometric techniques introduced in the late 1980’s and early 1990’s [176, 177, 178, 179, 180] cul-
minated in the development and dominance of OCT in not only ophthalmology, but increasingly
in various other subspecialties of medicine including dermatology [181, 182, 183], cardiology
[184, 185, 186], and gastroenterology [187, 188, 189]. OCT represents one of, if not the strongest
example of the potential of lasers to revolutionize medicine. In the same spirit, lasers have the po-
tential to dominate in osteotomy procedures. The challenge is to create laser-based tissue cutting
systems that do not rob the surgeon of depth feedback, and are intuitive enough to interact with

such that specialized training and complex setup is mitigated as much as possible.

The following scientific and engineering contributions were made throughout this dissertation

in the fields of robotic surgery and laser osteotomy:

e The integration of a high-powered fiber laser with coaxial inline OCT for depth guidance
through an all-fiber beam path, and with the largest reported ablation laser power to swept-

source power ratio ( greater than 2 x 10% peak to average power). An alternate method was
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presented using bulk optics instead of fiber gratings to achieve the same functionality of

ablation monitoring.

o The first to observe and report the phenomenon of seemingly optical path difference (OPD)
dependant PSF peak broadening, actually due to k-clock mis-sampling caused by abnormally
large optical path length (OPL). Two solutions were realized in this dissertation: 1) using an
MZI-based sampling clock with equal OPL, thereby inducing an equal delay and 2) delay-
ing the original k-clock signal though electrical amplification and subsequent propagation

through a large length of coaxial cable.

e The first to achieve trajectory generation and end-effector orientation of a 7-DOF robotic
manipulator using simple penscription and structured light imaging. This was then applied

to laser osteotomy, also demonstrated for the first time.

e The first to demonstrate the use of a topical chromophore (in this case, graphite) to improve
bone ablation at 1064nm by two orders of magnitude in terms of mean and variance of

ablation time.

e The first to demonstrate the enhancement of bone ablation at 1064nm using a coaxial nitro-

gen assist gas jet.

e The first to demonstrate the use of OCT for real time, sub-millimeter axial correction of the
end-effector of a robotic manipulator in order to maintain beam focus (within rayleigh range)

along the surface of an ablation target.

7.1 Future Work

The areas of robotic neurosurgery and laser osteotomy still remain fruitful for exploration, under-
standing and application. The work presented in this dissertation has lead to some interesting and

potentially impactful lines of inquiry. Some of these questions are discussed below.
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Robust OCT detection of bone-endostium interface during ablation

Leung et al. demonstrated the successful pre-breach detection of a bone-air interface using inline
OCT during percussion drilling [100]. Zhang was able to demonstrate similar results during laser
cochleostomy [63]. However, it remains to be seen if this can be replicated consistently and with
slim margins of error for applications in large osteotomies (ie. bone flaps, mastoidectomy, etc.),
especially during blood obfuscation and heavy formation of carbonization. If this is achieved, then
the possibility for using OCT-guided osteotomy without pre-surgical registration to a CT scan has
the possibility of becoming a clinical reality. Successful, quantitative awareness of approaching
full breach of the proximal cortical bone layer of any bone would approximate, if not surpass, the
feel surgeons currently use during bone drilling to ascertain how deep the cutting instrument has

travelled.

Reduction of roundtrip OCT power loss through fiber laser

As mentioned before, much of OCT power loss through the fiber laser was due to the poor guidance
capability of SM-GDF-10/125 around 1310nm. Future designs of the system could have improved
SNR by using fiber better suited to guide 1310nm light (though that would necessitate a change in
fiber laser design), or to use a different wavelength for OCT interrogation that is able to be guided

well and is out of the rejection bandwidth of the TFBG coupling scheme.

Advanced penscriptive cues for diverse robot behaviour

In this dissertation it was demonstrated that the use of penscription is definitely a possibility for
human-computer (more specifically, surgeon-robot) interaction. Robotic guidance of straight line
and closed/pseudo-circular penscribed trajectories was successfully demonstrated. Further re-
search can be done in not only having the system recognize trajectories, but also to recognize

penscribed cues for various behaviours such as:
e Arrows for cutting directions and feed rate/speed

e ’X’s” for safe/danger zones
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e Shaded-in areas to demarcate volume removal
e Dots or small circles to demarcate rotational axis confinement
e Varying line thickness for thicker or thinner line cuts (achieved through focal shift)

Also, given the precision that robot guided laser osteotomy can provide, complex cut shapes
not easily realizable with conventional osteotomy tools can be experimented with to potentially
enhance healing through increased contact area and/or a decreased need for bone flap fixation
hardware (ie. sutures, staples, plates, meshes, dog bones, etc.). Shapes that tesselate and lock to-
gether, such as the shape of a jigsaw puzzle piece, could potentially allow for increased mechanical

stability during post-op healing.
Nozzle design for assist gas flow

Delivery of assist gas over the ablation site can augmented for potentially improved affect using
different designs for the coaxial delivery nozzle. In this dissertation, the nozzle was kept to a
relatively simple conical design and the gas jet speeds were kept subsonic (for obvious reasons).
Various nozzle designs (ring, convergent, parallel, etc.) can be experimented with to determine
if a change in aero/fluid dynamics during gas-workpiece interaction can improve bone ablation

performance.

Understanding safety margins with the use of an absorbing topical chromophore

The use of a wavelength with small absorption cross section of the substrate (bone) in conjunction
with a highly absorbing chromophore has the potential to mitigate unwanted light-to-heat interac-
tions in surrounding tissue, thereby potentially minimizing the HAZ. As well, depositing enough
of the chromophore onto the surface of the bone may cause shallower penetration for the photons
into the tissue, again reducing the chance of heat generation further into the tissue due to deeper

light penetration.
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7.2 Conclusions

This research has produced advancements in medical robotics and laser ablation of bone tissue. Itis
hoped that further developments in this area will result in the replacement and/or augmentation of
classical osteotomy techniques and tools with the use of higher-precision mechatronic and photonic
methods. It is the author’s sincere hope that bone cutting can be made safer, more precise and less

traumatic to the patient.
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