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Abstract

Glenoid reaming is one of the most challenging milestones of the total shoulder
arthroplasty (TSA) procedure. For a successful TSA, adequate bone resurfacing is required

to ensure a well-conformed positioning of the implant onto the native bone.

In this study, a light-weight robot was employed to assert a prescribed thrust-force and
reaming depth to mimic clinical practice. Reaming of bone-analogs indicated that specimen
density had a linear relationship with reamer velocity and apparent machining stiffness.
Human cadaveric bone studies confirmed a linear relationship between specimen density
and reamer velocity in both subchondral and cancellous regions of the glenoid. A reaming
operation mimicking version correction of glenoid was conducted in a position-controlled
manner. A linear relationship was found between reamer-specimen contact surface and
maximum reaming force. Findings of this study may be useful in simulator design and

automation of this surgical procedure.

Keywords

bone reaming, bone resurfacing, robot, orthopedic surgery, bone machining, reaming
force, reamer velocity, apparent machining stiffness, thrust-force, optical tracking
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Chapter 1

1 Introduction

OVERVIEW: This chapter presents an introduction to the
glenohumeral joint, as well as its pathological conditions.
Medical intervention, especially surgical approaches involved
in the treatment of such ailments are discussed alongside the
role of the glenoid fossa in such treatments. This section also
includes an introduction to bone machining and resurfacing
studies that have been conducted thus far, followed with the role
that technology such as robotics can play in surgically
improving the diseased morphology. A rationale for undertaking
this study has been provided, as well as an outline of the work

that was conducted for this thesis project.
1.1 The Skeletal System

1.1.1 Bone Structure and Composition

The skeletal system made up of bones contributes to approximately 15% of a human
body’s total weight. Bone is a dynamic tissue that supports the body, facilitates movement,
protects internal organs, produces red blood cells, and aids in fat and mineral homeostasis.
Bone tissue is composed of both organic and inorganic matter. The organic structure of
bone is derived from its cells (osteoclasts and osteoblasts), collagen, proteins and
vasculature. The inorganic component of bone consists of the mineralized hydroxyapatite
and other salts of calcium and phosphate. The inorganic element of bone renders it
mechanical properties that can be characterized based on the bone mineral density. The
dynamic nature of bone permits it to remodel itself continuously as per the requirements of
the body at a microscopic level [1]. While bone can remodel itself based on calcium
homeostasis in the body, a major role-player in bone’s remodeling is its response to the

load and resistance that is experienced as mechanical stress. Specialized cells carry out

1



bone remodeling in three consecutive steps of resorption (digestion of bone by osteoclasts),
reversal (by mononuclear cells) and formation (laying down of new matrix by osteoblasts).
Such adaptive remodeling of bone ensures effective load distribution as well as repair to
the microstructure in case of an injury or disease. High loading conditions render a thicker,
denser bone with enhanced strength, whereas low density bone is found in areas of low

mechanical stresses, allowing the body to manage resources well.

Based on its structural organization, bone can be divided into two major divisions:
cortical (or compact) bone and cancellous (or trabecular) bone (figure 1-1).
Characterization of bone into the abovementioned is based on the porosity of the
mineralized tissue. Compact bone gives the bone its hard, outer shell, or cortex [1]. It is
comprised of lamellae: sheets of collagen aligned in a pattern that grants the bone a great
amount of strength. A network of osteons or Haversian canals provides the cortical bone
with blood supply. The mineralized tissue shows little porosity here (5-30%), and the
apparent bone density (mass of mineralized tissue per unit volume) in the cortical bone is
above 1.0 g/cc [1], [2]. This shell of hard bone protects the network of vascularity within.
As one moves towards the end of a bone’s length, an articulating surface with cartilage is
found, and the underlying compact bone is also known as subchondral bone. Cancellous
bone lies adjacent to the compact bone and exhibits high porosity (30-90%) [1]. Also
known as spongy bone, it is less uniform, and has lower strength as compared to the
compact bone. It is the component of the bone that acts to absorb shock and exhibits high

vascularity. The two classes of bone mentioned are visibly distinguishable to the naked
eye [2]-[5].



Cortical Bone

D Cancellous Bone

Figure 1-1 Cortical and cancellous bone structure.
1.1.2 Joints and Articulation

Bones connect to one another in a ‘joint’, granting them ability to move relative to
one another with varying degrees of freedom. This is made possible by an extensive
network of muscles, tendons, ligaments, as well as intervention from the nervous system.
Three kinds of joints exist in the human body: fibrous, cartilaginous, and synovial, listed
in the ascending order of motion that each type allows. A fibrous joint is conjoined with
collagen or connective tissue alone; it does not allow any motion between the two adjoined
bones. A cartilaginous joint is connected entirely by cartilage (hyaline or fibrocartilage)
and allows some motion, albeit not as much as the synovial joint. The synovial joint is the
most common type of joint found in the human body, and has a joint cavity filled with the
synovial fluid. Articular cartilage covers the interacting surfaces of the adjoining bones
here. There are six types of synovial joints in the body, of which the ball and socket joint
is of interest with regards to the presented work [6].



The ball and socket joint (figure 1-2) is classified as a multi-axial joint and shows
the greatest range of motion in the body. At these joints, the rounded head (ball) of one
bone (generally the long bone) fits into the concave articulation (socket) of the adjoining
bone. The hip joint and the shoulder joint are the only ball-and-socket joints of the body.
At the hip joint, the head of the femur articulates with the acetabulum of the hip bone, while
at the shoulder joint, the head of the humerus articulates with the glenoid cavity of the
scapula or the shoulder blade. The femur and the humerus can move in both anterior-
posterior and medial-lateral directions and they can also rotate around their long axis.
Whereas the deep socket of the acetabulum, in conjunction with strong ligaments, serves
to constrain movements of the femur (granting stability and weight-bearing ability at the
hip), the shallow socket formed by the glenoid cavity confers the shoulder joint an

extensive range of motion [7].

Humeral Head

Glenoid Socket

Figure 1-2 Glenohumeral joint with the humeral head-glenoid socket interaction.



1.2 The Glenohumeral Joint

1.2.1 Anatomy and Disease of the Shoulder Joint

The shoulder girdle is composed of four joints. From medial to the lateral side of
the body these are the sternoclavicular, the scapulothoracic, the acromioclavicular and the
glenohumeral (GHJ) joints. The GHJ constitutes the main shoulder joint as it is where most
of the shoulder (ball and socket) articulation is concentrated [7]. One important feature of
the GHJ is that the humeral head is quite large as compared to the shallow glenoid socket,
leading to a smaller contact area which permits an extensive and un-impinged motion. Both
the humerus and the glenoid have articular cartilage lining their respective surfaces which
is a highly hydrated, smooth substance allowing a frictionless motion of the two surfaces
against each other.

Pathological conditions cause wear of the articular cartilage in the GHJ causing
pain and erosion of the bone tissue. Osteoarthritis is a major cause of deterioration of the
joint cartilage. Idiopathic, or secondary (due to an injury to the joint), osteoarthritis causes
degradation of the humeral and glenoid surface cartilage leading to bone on bone rubbing,
producing stiffness and pain in the joint. Rheumatoid arthritis, on the other hand, is an
autoimmune condition which causes inflammation of the synovial membrane, causing it to
thicken, leading to cartilage and bone degradation which eventually leads to the same

outcome as that in osteoarthritis patients.

Soft tissue health is essential to maintaining a healthy joint. The GHJ is supported
by the rotator cuff, which is a network of muscles, tendons and ligaments that allow a pain-
free movement of the shoulder, keeping the humerus in the appropriate anatomical location
[7]-[10]. Soft-tissue problems such as a tear may result in humeral translation and
subluxation that can also contribute to cartilage degradation and erosion of bone over time
[11]-[13]. This is especially problematic because due to an improper humeral-glenoid
contact, bone remodeling may ensue as a result of an altered state of bone stresses.

Treatments for both arthritis-related and injury-related shoulder problems involve varying



degrees of physical and pharmaceutical therapy. However, with consistently unresolved

issues, surgical intervention is sought.
1.2.2 Surgical Treatment of GHJ Pathology

Surgical procedures may or may not lead to a better outcome than non-surgical
treatments, as was found in a study conducted on a set of orthopedic patients, however the
goal is always to relieve pain and enhance mobility [14]. Furthermore, a course of surgical
treatment varies from patient to patient depending upon various factors that include, but
are not limited to, the soft tissue condition, arthritic pathology, age, and the intended post-
surgery usage [15]-[17]. After the knee and the hip joint, shoulder joint replacement (or
shoulder arthroplasty) is the most common type of surgery [18]. One type of shoulder
surgery to relieve pain and joint immobility is a hemiarthroplasty where the humeral head
is removed and replaced with an implant, while keeping the glenoid socket intact. It is a
simpler procedure among shoulder joint replacement surgeries, however, it has been shown
to be significantly inferior to the total shoulder arthroplasty with respect to pain relief and

mobility restoration [18].

Total shoulder arthroplasty (TSA) involves a replacement of the ball and socket
components of the glenohumeral joint (figure 1-3). The humeral head is excised at the
proximal end and replaced with a biologically compatible cobalt chromium alloy ball
attached to a stem. The bone canal in the humerus is reamed, and the artificial component
is press-fit or cemented in place. The glenoid surface, on the other hand, is reamed to match
the curvature of the artificial component that is to be placed on the native site. Holes are
drilled into the native bone to fixate and cement the glenoid component which is typically
made of ultra-high molecular weight polyethylene. Some variations of the glenoid
component include a metal backing that permits bone to grow into and fixate the artificial

joint component further.



Glenoid Implant

Prosthetic Humeral
Head

Figure 1-3 GHJ shown with prosthetic humeral and glenoid implants.

Two other procedures may be conducted in case of a shoulder joint arthropathy
where surgical intervention is mandatory: the ream and run procedure, and the reverse
shoulder arthroplasty. The ream and run procedure is an extension of the hemiarthroplasty
where in addition to the humeral head being replaced with a prosthesis, the glenoid is
reamed to a degree such that its radius of curvature is 1-2 mm larger than that of the
humeral head [19]. This grants the glenohumeral joint a greater stability by correcting
eccentric wear of the glenoid while minimizing the glenoid bone erosion associated with
the hemiarthroplasty [20]. On the other hand, reverse shoulder arthroplasty swaps the ball
and socket joint by implanting a glenosphere on the scapula and a polyethylene socket
insert on the humeral side. This is a suitable procedure for cases where the rotator cuff is
damaged and irreparable, or where a revision surgery is needed, and glenoid bone stock is
insufficient to grant TSA. However, in this procedure the shoulder joint’s moment is
reversed and may lead to an altered muscle load and functionality. Reverse shoulder



arthroplasty also involves reaming and drilling of the glenoid bone to place the implant in
the glenoid socket [21].

1.2.3 The Glenoid Component

The glenoid component plays a key role in the outcome of TSA, and many studies
have shown that failure of the glenoid component contributes to the largest number of TSA
revisions and complications [22], [23]. Adequate bone resurfacing, maintaining enough
bone stock, and seating the prosthesis with an appropriate amount of contact with the native
bone all contribute to a lowered risk of glenoid component failure [24]. A closer look at

the glenoid component is presented in this section.
1.2.3.1 Glenoid Anatomy

Glenoid anatomy assessment involves measuring its height, width, inclination and
version (figure 1-4). These parameters are used in the design and selection of the glenoid
prosthesis for implantation purposes in an arthroplasty. Glenoid height is measured from
its most superior point, down to its most inferior point [25]. An assessment of 412 glenoid
specimens in one study indicated that 71% of the specimens had a pear-shaped anatomy on
its surface, whereas the remaining were more elliptical in appearance [25]. Although the
width of a glenoid can be measured as the distance between the most anterior to the most
posterior point on its face, another way to evaluate a glenoid’s width is to evaluate its
superior width (a smaller measurement) and its inferior width (a larger measurement)
separately [7], [25]. The latter measure of the glenoid width is more common for a pear-
shaped glenoid. Glenoid inclination is defined as the slope of the articular surface along
the superior-inferior axis [26]. And lastly, glenoid version is assessed as a measure of the
angular orientation of the axis of the glenoid articular surface as compared to the scapular
long axis. A posterior angle is regarded as retroversion whereas an anterior angle is called

an anteversion [26].
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Figure 1-4 Anatomic parameters of the glenoid showing height, width, inclination
and version determination criteria.
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Glenoid height was recorded in various studies previously and was found to have
slightly different measurements. One group found the mean glenoid height to be
37.9+£2.7mm [25], whereas another group found the average glenoid height to be
39 + 3.7 mm [7]. A gender comparison for average glenoid height found the mean male
glenoid height to be 37.5 + 2.2 mm, while that in females to be 32.6 £ 1.8 mm [26].

With regards to glenoid width, an average value was reported by one study to be
29.3 £ 2.4 mm when simply measuring the most anterior to most posterior point on the
glenoid specimens [25]. Treating glenoid shapes to be more pear-like, another study
reported the mean superior and mean inferior glenoid width to be 23 + 2.7 mm and
29 + 3.1 mm respectively [7]. Yet, evaluating males and females separately, Churchill et
al. reported that the mean glenoid width among males was 27.8 £ 1.6 mm, and that in the
females was 23.6 = 1.5 mm [26].

A measure of glenoid inclination was conducted by Churchill et al. and it was
reported that the glenoid inclination in females was more superior as compared to males.
On average, the glenoid inclination among men was found to be 4.0 £ 3.4°. On the other
hand, females exhibited an average glenoid inclination of 4.5 + 3.8° [26].

Glenoid version is an important measure as it tends to vary among patients that
present with injury, arthritis or an otherwise unhealthy shoulder. The normal range of
glenoid version is 2° anteversion to 9° retroversion [26]-[28]. It was reported further that
among males, glenoid tends to be more retroverted than females [26]. One study that
assessed glenoid specimens from healthy and arthritic patients showed that there was a
significant difference in the version angle of the glenoid with the pathological glenoid
retroverted by 13 degrees larger than its healthy counterpart. Yet another study found that
while a set of healthy individuals showed a mean glenoid retroversion of 7°, arthritic
patients had an average retroversion of 15.6° [29]. Lastly, a study that also assessed glenoid
version with regards to soft tissue injury found that among patients with a rotator cuff tear,
on average, the glenoid was retroverted by 8-degrees, whereas osteoarthritic and
rheumatoid arthritis patients exhibited a mean glenoid retroversion of 16-degrees and 15-
degrees respectively [30].
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1.2.3.2 Glenoid Pathology

The effect of a pathological condition on the glenoid depends on the type of
affliction in the GHJ, however, with regards to osteoarthritis in the shoulder joint, glenoid
erosion occurs over time due to degraded cartilage, and bone on bone contact [31]. Walch
et al. classified the type of erosion on the glenoid by evaluating osteoarthritic patients, and
categorized them into type A, B or C depending upon the bone wear pattern. A symmetrical
wear on the glenoid is classified as type A, with a less severe erosion called Al and the
more severe pathology termed A2. A more posterior wear on the glenoid can be classified
as type B- subclassified as type B1 and B2. Type B1 glenoid exhibits a narrowed posterior
joint space with no signs of glenoid posterior erosion while type B2 glenoid shows
posterior glenoid erosion with a visible articular biconcavity. Lastly, type C glenoid erosion
presents severely retroverted glenoid owing to the posterior glenoid erosion [13][14]. The

three classifications of glenoid erosion and their subtypes have been shown in figure 1-5.

/ Type B2
\Humerus

Glenoid

Figure 1-5 A schematic showing axial view of glenoid erosion morphologies

classified by Walch et al.
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It was reported by Walch et al. that the retroversion of the glenoid in type A erosion
was 11.5 + 8.8°. In comparison, type B glenoid erosion caused a retroversion to an average
of 18 + 7.2°. A retroversion greater than 25° was classified as type C. Recent studies have
indicated that type B glenoid erosion is the most common owing to the subluxation of the
humeral head [32]. An understanding of the type of erosion that is suffered at the glenoid
allows clinicians to understand the extent of osteoarthritis and select the most appropriate

surgical technique and prosthesis during the joint replacement surgery.
1.2.3.3 Glenoid Design and Fixation

As discussed previously, the most common type of design for a glenoid prothesis
involves either an all-polyethylene component, or a metal backed component with a
polyethylene articulating surface. A study involving over 1500 shoulder arthroplasties
indicated that the metal backed glenoid component design was significantly worse than the
all-polyethylene design in terms of infection, wear, loosening, as well as instability.
Consequently, the metal-backed implant was responsible for a considerably larger number

of revision surgeries than its all-polymer counterpart [33].

With respect to fixation, two designs of the prosthetic glenoid’s mount exist: a
pegged design which involves pegs with rims around each peg to induce a secured fit; and
a keeled design which consists of a trapezoid central piece that is ribbed longitudinally and
has holes in the center of the fixating component (figure 1-6). In a previous study that
considered long term failure rate of the two mount types, it was found that the keeled design
fared better than the pegged design in cases where low bone stock was left. However, the
pegged design had a better seating compared to the keeled design which was more prone
to shifting and exacerbated glenoid erosion [34].

Glenoid implant fixation into the native bone is an important factor guiding the
stability of the glenoid component. Whereas some glenoid components rely upon
mechanical interlock and biological integration, others rely on use of bone cement to fixate
the glenoid. Churchill et al. concluded from a study that cement volume used can threaten
the stock bone due to a significant amount of heat being produced during cement

polymerization. The heat generated may lead to thermally induced osteonecrosis, which
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would eventually lead to glenoid loosening [35]. On the other hand, non-cemented glenoids
have been associated with a higher rate of complications owing to the polyethylene wear

and joint overstuffing [36].

Figure 1-6 Keeled (left) and pegged (right) prosthetic glenoid implants.

One more difference among the glenoid prostheses that is important to discuss is
the flat- versus curved-back design. Szabo et al. found that among the 63 patients who had
66 TSAs, curved-back glenoid prosthesis seated better than the flat-back one [37].
Furthermore, it was found that during cyclic eccentric loading, the curved-back glenoid
component was less prone to loosening, possibly due to increased bone preservation during
reaming for the curved back prosthesis, and due to the fact that curved back glenoid
components converted some of the shear stress into compressive stress at the humeral-

glenoid interface [38].
1.2.3.4 Failure of the Glenoid Prosthesis

The glenoid component is a major cause of pain and discomfort upon failure in
TSA patients. Various failure modes such as wear, unideal loading of the prosthesis and
conformity mismatch have been identified. The component itself may fail due to fracture
in the fixation mount (keel or peg). It may also fail due to erosion of the articulating surface,
or the separation of the metal from the polymer in a metal-backed prosthesis. Cases where

the prosthesis has cracked have also been reported [39].
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Glenoid loosening is associated strongly with limiting the shoulder’s mobility. The
major cause for loosening has been identified to be cyclic, eccentric loading of the glenoid
by the humeral head, commonly known as the “rocking horse” phenomenon. Due to the
induced torque at the fixation surface, a tensile stress is initiated in the bone-implant
interface which eventually causes the prosthesis to dissociate from the site of implantation
[39], [40]. The eccentric loading of the glenoid may be due to glenohumeral implant
conformity, or it may be due to a soft tissue insufficiency in the rotator cuff. Furthermore,
retroverted glenoids also exhibit eccentric loading, which can lead to the same effects as

the ones stated above [41].

Another cause of glenoid failure is the inappropriate seating of the component onto
the native bone. Inadequate bone stock and inadequate bone resurfacing can cause
misalignment of the prothesis and subject it to increased torques on the fixation surface.
Hopkins et al. conducted a study that found lowest rate of failure for glenoids that were
centrally positioned, and highest rate of failure for those that were positioned inclined
superiorly or inferiorly. Furthermore, retroverted implants were found to be at high risk for
loosening [41]. This finding was further supported by Farron et al. as retroverted glenoids
experienced a posterior displacement of the contact point between the humeral and glenoid
implants resulting in undue stress, as well as micromotion of the prothesis [15]. Yet another
study that compared contact stresses in a normal, neutrally implanted, and a 15-degree
retroverted shoulder reported that the retroverted shoulder had significantly smaller contact
between the articulating implants, and therefore larger stresses [42]. It can therefore be
concluded that the existing data points to a significant role of retroverted shoulder in
causing malposition of the glenoid implant, resulting in excessive wear, and untimely

loosening of the implant which eventually requires a revision surgery.
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1.3 Bone Machining and Resurfacing

Machining involves removal of material using a cutting tool such as an end mill, or a
drill. Orthopedic surgery often involves machining of bone using drills, saws, burrs and
reamers. A relation between forces and temperatures generated during these procedures
has been extensively studied as both have a significant role to play in potentially causing
damage to the bone, resulting in injury to the machined and surrounding tissue, or failure

of an implant further necessitating the need for medical and surgical intervention.

One of the more basic studies involving bone machining was conducted by
Plaskos et al. who used bovine femur specimens to conduct orthogonal machining of the
cortical bone samples. During an orthogonal cutting process, a single edge tool moves
along, travelling parallel to the workpiece surface. The cutting force per unit width is
correlated to the depth of cut. Using a fixed tool velocity of 3.5 m/s, a constant width of
5mm and length of 40 mm was machined. It was observed that the force and specific
energy of cutting increased with the depth of cut during this feed-prescribed milling

operation [43].

Fracture fixation often requires placing pilot holes into the bone for insertion of cortical
or cancellous bone screws, or for applying fracture fixation plates. Due to its prevalence in
orthopedic surgery, bone drilling has been extensively studied, especially with respect to
the forces generated owing to prescribed feed rates, and spindle speeds. A study conducted
by Soriano et al. on bovine cortical bone used two different drill bits to study the effect of
feed rate and drill speed on the forces generated. In their tests, feed rates of 0.05, 0.1 and
0.2 mm per tooth were tested at varying spindle speeds of 50, 250 and 500 rpm. It was
found that the forces increased with an increase in feed rate, however, a higher spindle
speed contributed to a lowered force [44]. Ong and Marouf also conducted bone drilling
studies on bovine femur using both the femoral head and greater trochanter. A drill speed
of 1000 rpm, and a feed rate of 90 mm/min was designated while evaluating the effect of
bone density on drilling force. A linear relationship between bone mineral density and
registered drilling force was reported [45]. Contrary to the findings of Soriano et al.,

however, while conducting bone drilling studies on bovine and porcine specimens, Cseke
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and Heinemann reported that while feed rate and drilling forces were related, forces were
not affected by the spindle speed. The feed rate in this study was kept at a much lower
magnitude of 0.2 mm/ min which is noteworthy as at such low feed rate, the effect of
spindle speed on the generated forces likely dissipated [46]. Lastly, MacAvelia and
Salahi’s study with human femurs found that at drilling speeds of 1000, 1250 and 1500
rpm, while keeping consistent drilling feed rate of 120 mm/min and a 7 mm drilling depth,
the forces generated were 198.46 + 14.2 N, 180.66 +14.0 N, and 176.36 £11.2 N
respectively. The drilling forces were found to be linearly related to the bone mineral
density [47].

Another bone machining process that is employed more frequently in maxillofacial
surgeries is sawing. Unlike drilling, bone saws create high linear cutting speeds and are
used for low depth cuts. With the blade spinning at well over 9000 cycles per minute (cpm),
the linear velocity is often well over 3000 mm/s while the depth of cut is on the micron
scale. A study by James et al. investigated the effect of forces generated in bovine cortical
bone as a function of depth of cut and blade speed. They reported that the depth of cut had
a significant effect on the thrust-force generated; and while testing sawing speed of 1700
to 7000 mm/s (linear speed) for depths ranging 2.5-10 um, the rise in thrust-force was
between 8 and 16 N/mm of cutting depth [48]. Like bone drilling, a study has been
conducted by Yanping et al. to evaluate the effect of bone density on forces generated
during bone sawing. While employing saw speeds ranging between 9800 and 12,600 cpm,
and feed rates between 20 and 60 mm/min, a linear correlation between sawing force and

bone density was reported [49].

In addition to the bone machining processes discussed thus far, two bone machining
approaches also qualify as bone resurfacing processes: bone burring and bone reaming.
Although no studies in the literature exist outlining machining parameters and their
outcome for bone reaming as it is conducted for a larger surface (like in the case of glenoid
resurfacing), bone burring has been studied in some capacity. Two of the major differences
between the two types of resurfacing processes is that reaming is a low speed process (120-
500 rpm), involving a cutter of larger diameter (28-40 mm) whereas burring involves a

spherical tool of approximately 2-10 mm diameter that spins at a very high speed (200-
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80,000 rpm). Studying the relationship between the forces generated during burring
operation and the burring tool size, the feed rate and the depth of cut, Dillon et al. concluded
that larger forces were generated with a smaller burr size, higher feed velocities, and larger
depth of cuts. They also reported that burring forces could be limited if using higher feed
velocities, but in conjunction with shallower depths of cuts. For bone machining studies,
this was one of the only studies that looked at both cortical and cancellous bone specimens
and determined that for higher depths of cut and feed rates, the cancellous bone exhibited
lower forces as compared to the cortical bone [50].
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1.4 Robot Driven Orthopedic Procedures

A typical surgeon trains for many years to conduct a procedure accurately and in a
time-efficient manner. However, human error cannot always be accounted for, and
variability of a procedure from a clinician to clinician as well as patient to patient by the
same clinician can be a significant source of problems in complicated procedures [51].
With the technological boom that has been observed with the invent of computers and
robotics in the past few decades, the future looks promising for improving surgical skills

and outcomes.

Robot systems have been implemented in orthopedic surgery for over 25 years and
offer to improve accuracy and precision of a surgeon. With high fidelity, these systems
impart the advantage of restoring an afflicted joint to its original state of loading and
kinematic functionality by being able to facilitate positioning of a prosthesis in its best
anatomical and mechanically advantageous position. Robot systems are classified into one
of three types based on their involvement in the operating room: active, semi-active and

passive.

An active robot system used in surgery assumes an autonomous role and takes
advantage of the advanced registration techniques that have been developed to ensure high
accuracy. A pre-operative plan is constructed by the clinician ahead of the surgery and the
robot carries out the automated tool trajectory. One such robotic system is the Robodoc
(Think Surgical, California, USA) which is used in orthopedic surgery for milling bone
such that an implant can be positioned accurately during an arthroplasty. Having completed
initial testing on the canine model, the Robodoc was the first robot to be approved by the
FDA for surgical use in humans where a femoral canal was prepared for a total hip
arthroplasty [52], [53]. The Robodoc performed well in multiple ways by first being able
to position the femoral component with an accuracy ten times greater than the manual
procedure, but also by being able to remove less bone while milling, translating to a likely
better long-term outcome. Another advantage of the Robodoc is that rather than relying on
digitization of the landmarks, pre-operative plan can be based on the CT images of the
patient, thereby further reducing the error in its approximation of the correct tool path.
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However, it has been reported that because the Robodoc is an active surgical robotic
system, its controller is constantly under error-monitoring mode, and corrects the detected
error prior to proceeding with the surgical task it is assigned. The result is a longer surgical
time, and at times, an interrupted workflow [54], [55].

A surgical robot-system that is controlled by a surgeon but provides active feedback is
classified as being semi-active. Two of the systems that have been implemented in this
category include the Acrobot (Medgadget, Oregon, USA) and the Mako surgical robot
(Stryker, Michigan, USA). The Acrobot is a robot arm with 6 degrees of freedom and
provides a surgeon with active force feedback while constraining the motion of the tool
outside of the pre-operatively defined boundaries [56], [57]. Not unlike the Acrobot, the
Mako surgical robot also provides haptic feedback to the clinician based on the tool’s
spatial location that is prescribed prior to the surgery. It is used in partial knee and total hip
replacement surgeries [58], [59]. The semi-active robots described aid in removing an
appropriate amount of bone in arthroplasty procedures for long-term successful implant

placement while also preventing injury to the surrounding soft tissue.

Lastly, a passive robot system is constantly under the control of a surgeon. One such
robot system is the Navio surgical system (Smith and Nephew, London, UK). This system
uses optical trackers to digitize the anatomy around the knee and creates a map of how far
the surgeon should machine the bone to place an implant correctly. A software exhibits the
location of the tool as it modifies the native bone letting the surgeon monitor the surgical
process. The accuracy and precision of such a system are lower than the robots discussed
above, however, it enhances a surgeon’s ability to a certain extent as compared to a

manually driven process without external aid [60].
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1.5 Rationale

The largest contributor to revision surgeries post-TSA is glenoid loosening [22], [23].
The glenoid component’s significance to the GHJ well-being is further illustrated by the
fact that in cases where a TSA is counter-indicated in favor of a hemiarthroplasty, a ream
and run procedure provides a better outcome than leaving the glenoid untouched [19], [20].
Adequate bone resurfacing, maintaining enough bone stock, and seating the prosthesis with
an appropriate amount of contact with the native bone leads to selection of a better
prosthesis [34], [37], and using a safer amount of bone cement for fixation of the prosthesis
[35], [36]- practices that ensure long-term success for the shoulder replacement surgery.
Investigating glenoid reaming is therefore essential to ensuring a deeper understanding of

the process that can positively affect the outcome of the GHJ arthroplasty.

Bone machining and resurfacing have been extensively studied previously. Studies
abound of bone drilling, sawing and burring procedures; however, data is lacking in the
literature for reaming related studies. With drilling, sawing and burring, the speed of the
machining tool ranges from 1000 rpm to 100,000 rpm whereas in glenoid reaming, the
reamer speed ranges from 120-500 rpm. As many studies have noted, machining speed can
influence the forces generated on the workpiece [44], [47], [49]. As such, bone machining
studies need to be conducted to evaluate relationship between force, feed and depth of cut
as it pertains to glenoid reaming. Furthermore, it is essential to evaluate the relationship
between the aforementioned parameters and the density of bone as bone density can vary
from patient to patient depending upon age, sex and health status. Equally importantly, it
is essential to investigate the relationship between the stated parameters in both
subchondral and cancellous bone as the two bone types are markedly different in their

strength and architecture.

In the past, bone machining studies have focused on designating a depth and feed rate
to the cutter and measuring the force exerted on the workpiece as an outcome
measurement [44]-[50]. However, it is intuitive that when a surgeon uses a bone-
machining equipment, rather than relying on the feed rate, he/she would be better able to
gauge the amount of force that he/she is applying at the site of surgery. As such, for this
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study, it was determined that a superior study design involved allocating a specific force
level and depth while performing glenoid reaming and establishing a relationship with the
feed rate as an outcome measurement. The relationship between specimen density and feed
rate at a prescribed thrust-force level was also considered a significant outcome
measurement. Furthermore, as mentioned previously, only one of the studies in the
literature has compared machining parameters between cancellous and cortical bone; and
it found significant differences in the forces experienced in the two bone types.
Consequently, evaluating the feed rate of a force-driven bone reaming model in both

cancellous and subchondral bone regions was deemed important.

Reaming is performed in two different modes: orthogonal reaming of the glenoid to
create a congruent surface for the prosthetic glenoid (figure 1-7a), as well as a version
correction that involves tilting of the reamer to a desirable degree that corrects the
retroversion (figure 1-7b). In surgical practice, while a surgeon relies upon gauging force
level to conduct the first kind of reaming, the version correction is completed with an end-
position tilt angle of the machining tool in mind. As such, it was established that glenoid
machining data for version-correction related reaming was more appropriately collected in
a position-controlled mode where a feed rate could be prescribed, and the path forces would

an outcome of the reamer’s trajectory.

Direction of reamer’s motion

Figure 1-7 A schematic showing orthogonal bone reaming (left) and version

correction reaming (right).
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Robots have been shown to be able to conduct bone machining tasks accurately and
repeatably in an automated as well as a semi-autonomous fashion [52], [53], [56]-[59]. To
meet the requirements of the intended study with both force-controlled and position-
controlled bone machining experiments, a robot with joint torque-sensors and ability to

conduct small translational and rotational displacements was deemed a suitable choice.

A key motivation of this study was to develop a reaming-specific platform of bone
machining data that can be used in computer modelling of the reaming process,
pre-operative tool path trajectory planning, design of simulators and virtual reality systems
to achieve better surgical outcome, design of more efficient surgical tools, and controller

design for robot-driven automated reaming process.
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1.6 Objectives and Hypotheses

The overall aim of this study was to conduct glenoid reaming with a definitive thrust-
force, or up to a prescribed tilt angle, and record motion parameters such as velocity and
maximum path force through different densities of cancellous and subchondral bone. A
previous study reported that the amount of force exerted by orthopedic surgeons during a
simulated glenoid reaming trial in the cartilage, subchondral and cancellous bone was
523+ 75N, 79.7+£9.6 N and 92.3 £ 14.1 N respectively [61]. Consequently, a lower

thrust-force target of 52 N was selected for this study as a platform to build upon.

Objective 1: To design and develop an experimental apparatus able to ream specimens of
varying densities with a prescribed thrust-force, and simultaneously measure the outcome

feed rate of the reamer.

Hypothesis 1: A robot-driven reaming system would be able to maintain the reaming
thrust-force £5 N within the prescribed value.

Objective 2: To ensure that the developed experimental apparatus can ream specimens of
varying densities while adhering to a prescribed level of displacement whilst maintaining

the thrust-force levels designated under the first objective.

Hypothesis 2: A robot-driven reaming system would be able to ream specimens

within £1 mm of the prescribed value.

Objective 3: To design a reaming system that can mimic retroversion correction of the

glenoid under a position-controlled mode.

Hypothesis 3: A robot-driven reaming system can ream specimens with an angular rotation

maintaining an error £1° of the intended target.

Objective 4: To quantify and compare the reaming force and displacement relationship

between human cadaveric subchondral and cancellous bone.

Hypothesis 4: The reaming force and displacement relationship between the two bone

regions would be significantly different.
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1.7 Thesis Overview

Relevant background information on glenoid reaming with regards to treating GHJ
deficiency was discussed in this chapter. Chapter 2 describes the design and development
of a robot-driven reaming system and provides an assessment of the system’s performance
prior to reaming. Chapter 3 discusses the reaming protocol and presents results of a
constant thrust-force reaming model for various densities of bone-analog specimens.
Chapter 4 presents the experimental data of reaming human cadaveric subchondral and
cancellous bone specimens under force-control, as well as position-controlled version
correction in the cancellous region of the glenoid. Chapter 5 provides conclusions drawn

from this study, presents its strengths and weaknesses, and lists future recommendations.
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Chapter 2

2 Design and Development of a Robot-Driven Reaming
System

OVERVIEW: This chapter presents the design of the
experimental apparatus and development of the software
program that enabled performing reaming experiments. The
process was driven by a Kuka light body robot with joint
torque sensors. Data collection apparatus and their setup
has been outlined, followed by a measure of the system’s

performance evaluation.

2.1 Introduction

To conduct reaming experiments, a system able to adhere to the desired motion
attributes namely the reaming depth, reaming angle, and maintenance of a constant thrust-
force was needed. Industrial robots have been employed in surgical procedures to make
use of their ability to match the targets stated above [62]. Although robot designs exist that
can be used in orthopedics to conduct an entire procedure [53], a constraint-oriented robot
design reflected attributes that were more relevant to this project’s demand. One such robot
called the Acrobot (Medgadget, Oregon, USA) is a six degrees of freedom robotic arm. It
can constrain the movement of the mounted surgical tool to a specific force and
displacement [63]. A robot with similar design and functionality was used in our project.
Collection of relevant data employed a load cell for the force related data, and an optical

tracker for the motion and position related data.
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2.2 Orthopedic Reamer: Assembly and Mounting

Osteoarthritis can cause deformation and erosion of the glenoid bone which can be
classified as either concentric or eccentric. In either case, erosion of the glenoid can cause
loosening of the glenoid component leading to pain, and the need for a revision
surgery [15], [64]-[67]. It is essential to position the glenoid component optimally to
achieve long term success. Minimal bone loss while resurfacing and maximum contact of
the prosthesis with the native bone are essential to achieving long term success with a
glenoid implant [68]. As such, these characteristics were focused upon while selecting the

reaming equipment.

It has been reported in the literature that reaming with a K-wire or a nipple-guided
reamer has no significant difference with regards to bone loss, surface area created or the
depth of the ream. Furthermore, the abovementioned was reported to hold true for both flat
and convex reamers respectively [69]. For our experiments, a nipple-guided reamer
(Zimmer Biomet, Indiana, USA), was chosen to ream the specimens under study
(figure 2-1). Moreover, a comparison between convex and flat reamers showed that convex
reamers create a larger surface area for the prosthetic to be placed, improving the
bone-implant interface and consequently the glenoid implant seating onto the native bone.
While the convex reamers were shown to cause a greater bone loss in the glenoid with
concentric erosion, managing the depth of ream improved this drawback. Overall, a convex
reamer presented a better outcome in comparison with a flat reamer, and especially so when
eccentric glenoid erosion was involved. For our experiments, a 38 mm diameter convex
type reamer was selected (figure 2-1) as it may have greater versatility with regards to

resurfacing of different glenoid types.

The reamer was attached to a shaft, which was connected to a Synthes Small Battery
Drive (DePuy Synthes, Massachusetts, USA) orthopedic surgical drill using a surgical drill
chuck (figure 2-2). Surgical reaming drills range in their speed from 120 to 500 rotations
per minute (rpm). The Synthes drill provided with a speed in the lower-end of that range
(156 rpm). The battery of the reamer was removed, and it was attached to a Rigol DP 832
(Rigol Technologies, Beijing, China) direct power source. The power source was
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programmed to output 6 A at 14.4 V via a two-channel tracking setup. An enclosure for
the reamer assembly was designed and fabricated using reverse engineering and additive

manufacturing such that the reamer assembly could be mounted to the robot (figure 2-3).

Convex profile of
the reamer

/ Guide-nipple

Figure 2-1 A convex, nipple-guided reamer is shown.

Reamer
Reamer Shaft
Surgical Drill Chuck

Orthopedic Surgical Drill

Figure 2-2 A reamer is shown mounted to an orthopedic surgical drill.
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2.3 Load Data Monitoring

Forces can be measured using several different kinds of sensors. Strain gauge-based
sensors such as load cells are more common, however, custom strain gauges and pressure
sensitive films have also been implemented to gather experimental load data. Load cells
are commercially available in various sizes, shapes, resolution, and hardware
compatibility. Traditionally load cells are characterized based on their ability to sense and
record data along one or more axes. While uniaxial load cells measure load data along one
line of action of force, six degrees of freedom (6-DOF) load cells can measure loads along
all three co-ordinate axes as well as torques acting about each of the axes. In a load cell,
the internal strain gauges translate voltage into forces and torques using a manufacturer
defined calibration. The strain gauges are encased in a metal casing that acts as a Faraday
cage to protect the signal from interference. Additionally, the load cell is grounded to

prevent data from getting noisy or skewed.

In a 6-DOF load cell such as the Nano 25E (AT Industrial Automation, North Carolina,
USA) that was used in this study, the load measurements are recorded at a co-ordinate
system more convenient for the structure of the device. The native co-ordinate system for
the Nano 25E load cell was located at the center of the load cell at its surface. However, a
transformation matrix may be used to measure such loads in a co-ordinate system that is

more convenient to the application.

The Nano 25E load cell has a load resolution ability of 4—18 N in the X and Y axes, and

1—16 N in the Z-direction. The load cell was connected to an interface power supply box

provided by the manufacturer and connected to the National Instruments USB-6211 data
acquisition box (National Instruments Corporation, Austin, Texas) via a 26 pin PS/IFPS
cable. The data acquisition box was then connected to a desktop computer using a USB
connection. A LabView (National Instruments Corporation, Austin, Texas) program was
used to convert and organize the load-cell collected data into meaningful numbers of forces
from the strain gauge voltages, and to filter out the noise. The collected load data was

filtered using a 10 Hz low pass Butterworth filter of the 3" order through a LabView
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program. A Butterworth filter ensures that there are no ripples in the frequency response,
thereby keeping the load recordings as flat as possible. Furthermore, a 3™ order filter
ensured that amplitude of the signal was preserved while filtering out frequencies as close
to the cutoff as possible. A higher order filter (4" order or more) was not used to lower the

risk of filter instability, leading to erroneous load recordings.
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2.4 Testing Tower and Motion Tracking

2.4.1 Design of a Testing Rig

An assembly that supported specimens and aided in collection of reaming related
load and motion data was designed. A square-shaped extruded aluminum post with slots
was affixed to a base plate of Delrin (polyoxymethylene) (DuPont, Delaware, USA), and
supported with an angled support strut on two sides (figure 2-3). The aluminum post was
further tethered to the base plate using a foot support which was fastened to the base plate
as well as the aluminum post through the slots in the post (figure 2-3). The base plate was
then clamped to a heavy bench. Supports on all four sides of the post prevented any
deflection under loading due to a reaming force pressing against the post as it held the

specimens.

The testing rig was designed to house the Nano 25E 6-DOF load cell in a specimen
holder assembly which was attached to the aluminum post. The load cell was sandwiched
between the post and a plate that held a shop vise (figure 2-4). The specimens were
mounted onto the vise and reamed while the load cell recorded data pertaining to the forces
being exerted on the specimen. The design allowed vertical adjustment of the specimen
holder in case specimen geometry required the robot to have a different pose for reaming
(figure 2-5).

2.4.2 Motion Tracking Setup

Optical tracking is often used in surgery to track tools and target locations on
patients [70], [71]. Optical trackers utilize infrared light to localize the position of passive
retro-reflective, or active infrared-emitting markers. A target tracker is composed of three
markers that form a virtual plane. The origin and pose of this plane are resolved by an
assembly of cameras (two or more cameras per assembly) each of which has infrared filters
and a ring of infrared light emitting diodes (LEDs). The difference in accuracy of resolving
the position of a tracker using either type of infrared marker has been shown to be

minimal [72].
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An LED tracker for the
Optotrack Certus
mounted for the load cell

Cadaver glenoid specimen
mounted in vise

Support struts for the
aluminum post

Foot support for
tethering the
aluminum post onto
the base plate

Figure 2-3 The testing tower assembly.
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Load cell

The specimen holder
assembly is vertically
adjustable using slots

Figure 2-4The specimen holder assembly.

A Nano 25E load cell sandwiched between the aluminum post and the vise that held the

specimens is shown as the part of the specimen holder assembly.

For our experiments, the Optotrack Certus (Northern Digital Inc., Ontario, Canada)
optical tracker was used alongside active infrared-emitting trackers for monitoring the
relative motion of a robot-mounted reamer against the specimen mounted on the testing
tower. To accomplish the aforementioned, two sets of motion trackers were required: a
tracker that kept the position data of the load cell, and a tracker that recorded the relative
motion of the reamer with respect to the load cell. A third tracker was used to create a
stylus which was used for digitizing and creating co-ordinate systems for both the load-cell
and the robot-mounted reamer.

An active infrared-emitting tracker was attached to a stylus and a pivot procedure
was conducted to define the stylus tip offset using the NDI Architect program (Northern

Digital, Ontario, Canada). A tracker was installed on the aluminum post, and one was
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installed on the reamer enclosure. Using the stylus, and the NDI 1% Principles program
(Northern Digital, Ontario, Canada), three points were digitized on the load-cell: origin,
positive y-axis, and a point on the xy-axis. These points were used to define a co-ordinate
system for the load-cell for optical tracking purposes and were monitored by the tracker
affixed to the post. Next, using the stylus and the NDI 1% Principles software, three points
were also digitized on the reamer assembly mounted onto the robot which separately
defined a co-ordinate system for the reamer using the tracker mounted on the reamer
enclosure. To record the relative motion of the reamer with respect to the load cell, all

motion data was recorded in the load-cell co-ordinate frame.
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2.5 Kuka LBR4+ Robot

The Kuka light body robot system 4+ (KUKA Robotics Canada Ltd., Mississauga, ON)
is shown in figure 2-6. The robot system components consist of the robot arm, the KRC 2
robot controller, and the Kuka control panel teach pendant (figure 2-5). To communicate
with the encoders and sensors, the Kuka light body robot (LBR) uses the Kuka system
software (KSS) which is embedded in a windows XP niche. The language system used by
Kuka robots is called Kuka robot language (KRL), and the programming of the
reaming execution programs was conducted using KRL. Like the ACROBQOT robotic arm,
the Kuka LBR4+ has torque sensors in its joints, and it is able to monitor loads acting on
the tool center point (TCP) as well as individual joints through these sensors. The Kuka
robot arm has 7 joints and 6 degrees of freedom, thereby rendering it a higher dexterity as
compared to a 6 joint, 6 DOF robot [73]. The robot is controlled via the control panel teach
pendant that connects to the robot controller. The KRC 2 controller in turn guides the robot

according to the programmed commands.
2.5.1 Tool Load Identification

The tool mounting point of the Kuka robot is called the robot flange. The robot
controller has a calibration for the mass, center of gravity, and the mass moment of inertia
at the center of gravity for the components of the robotic arm. In case a tool is added to the
robot, calculations for the aforementioned parameters must be computed in order to ensure
that the tool mass is accounted for while executing motion commands. This is essential for
the robot arm to accurately hold poses, as well as precisely reach points that it has been
taught. Furthermore, the tool load calibration affects the robot’s ability to execute motions
with a specific velocity and acceleration. The load calibration of the tool also affects the
ability of the controller to evaluate the forces and torques that are being experienced at the

TCP or at any of the joints.

Expert programming mode of the robot was used to assign the reamer-assembly’s
mass-related parameters to the Kuka LBR4+. A load identification protocol was performed
where fifteen different poses of the robot were attained, and the tool mass and center of
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gravity calculated using the robot’s internal force controllers. The controller counters
together the mass of the robot arm and the mounted tool to calculate the needed data. With
reiteration, the values for mass and center of gravity are ascertained which can then be
programmed into the robot. Once the tool load data has been programmed into the
controller, the robot can also be used in the compliance-mode (gravity compensation mode)
where the robot can be moved with minimal force against it, and once let go, holds the pose
it was left at. The gravity compensation mode works by the controller’s ability to compute
and compensate for the gravitational vector of the robot arm and any mounted tool. This
mode was repeatedly used to arrange the reamer mounted onto the robot and easily adjust

reamer orientation against specimens.

Figure 2-5 The Kuka LBR4+ robot system.

Robot system components are shown with the robot arm (center), the robot controller

(right), and the control panel teach pendant (left).
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2.5.2 Tool Point Calibration and Orientation Assignment

The robot has a pre-assigned co-ordinate system at the base of the robot arm. Once
the robot is mastered, the controller also keeps track of the location and orientation of the
co-ordinate system located at the robot’s tool-mounting point- the robot flange. By default,
the tool co-ordinate system is situated at the center of the robot flange. When a tool is
mounted, however, it must be calibrated for the TCP’s new location: the working point of
the tool. As well, the mounted tool co-ordinate system must be calibrated for orientation
with respect to the robot’s base co-ordinate system so that the two co-ordinate frames are
aligned. Accurate tool calibration ensures that the motions executed by the robot perform
a true straight-line trajectory, or rotation of the TCP without changing the position of the
TCP. Moreover, correct tool calibration allows more intuitive path planning during a

program execution.

The XYZ 4-point calibration was used to calibrate the reamer assembly. The
reference point used for this task was the nipple of the reamer. A sharp stylus was mounted
to the vise of the testing tower, and the nipple and the stylus were brought into contact from
four different locations (figure 2-6). The locations were chosen such that each pose of the
robot arm was substantially different from the other poses. As the flange co-ordinate
system moves in comparison to the robot’s base co-ordinate system, the controller
calculates the location of the mounted tool’s working point, and the resulting location of
its co-ordinate system with respect to the robot’s native co-ordinate system. The orientation
of the tool’s co-ordinate system was also aligned to the orientation of the robot’s base
co-ordinate system using the ABC World 6D method defined by Kuka Robotics. A Bosch
GLL 2-50 self-levelling crossline laser level was used to align the following: tool’s +x-axis
to the robot’s -z-axis, tool’s +z-axis to the robot’s +X-axis, and the tool’s +y-axis with the
robot’s +y-axis. Once the TCP calibration and orientation assignment are completed, a
target point taught to the robot is reached by the controller being able to evaluate and assign
appropriate transformations to the robot’s base co-ordinate system to evaluate the position
of the target point in space. Equation 2-1 illustrates the transformations that can be used to

accomplish the same.
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Target,, _ Target Reamer Flange
RobotT - ReamerT X FlangeT X RobotT (2'1)

Where:

rargelr defines the robot’s coordinate system with respect to the target

TargetT

Reamer defines the reamer’s coordinate system with respect to the target
ReamerT

Flange defines the flange’s coordinate system with respect to the reamer

Flanger defines the robot’s coordinate system with respect to the flange

Figure 2-6 Tool calibration and orientation assignment for the Kuka LBR 4+.

XYZ 4-point tool point calibration (left), and robot and reamer’s co-ordinate system
orientation alignment (right) using the Kuka ABC World 6D method have been shown.
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2.5.3 Programming the Robot for Force-based and Position-based

Trajectory

The Kuka LBR’s controller has four functioning strategies/modes: a position controller
mode (strategy 10), a cartesian stiffness controller mode (strategy 20), an axis-specific
stiffness controller mode (strategy 30), and a gravitation compensation controller mode
(strategy 101). AIll controller options except strategy 30 were employed during

programming for the experiments outlined in this thesis.

The position controller mode enables exact positioning of the robot/tool via joint
control. The robot always moves to the designated position under this controller mode and
exhibits no compliance. As such, for all starting and ending position designations controller
strategy 10 was used in the reaming programs. The cartesian stiffness controller strategy
allows the robot to act like a spring with prescribed stiffness and damping parameters. It
uses the torque sensors in the robot’s joints to exercise cartesian impedance. This controller
mode allows for separate force magnitudes to be designated for each cartesian direction.
As well, a maximum cartesian deviation from the path owing to forces can be prescribed.
For motion directives where a force target was intended, strategy 20 was used. Lastly, the
gravitation compensation controller mode, also called the compliance mode controller
mode was used to assign poses to the robot for a quick position adjustment as well as

orientation modification of the reamer against any specimens.

The programming of the Kuka LBR for various reaming scenarios involved using the
three described controller modes. Although the gravitational controller mode was utilized
periodically, controller strategies 10 and 20 were assigned for the automated programs. A
subprogram structure was used in position control mode such that when the force-based
trajectory was needed, a subprogram that switched the controller mode was called. The tool
co-ordinate system was used by assigning the appropriate frame-type for each motion
directive in the subprograms as well. For the reamer motion from a designated start point,
relative linear motion (rather than a point to point motion) was assigned to ensure that the
end position agreed with the desired outcome, and that the reamer did not translate in an

unintended manner but along a straight line.
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For the force-feedback driven reamer trajectory, stiffness and damping values were
assigned to ensure appropriate compliance. As well, maximum force levels were assigned
according to the reaming and testing needs. Along the co-ordinate axes, the maximum path
and axial stiffness available for the controller was 5000 N/m. As such, highest stiffness
was assigned in the force-control programs to ensure minimum compliance against the
prescribed force target. For the rotational stiffness, maximum available stiffness of
300 N.m/rad was assigned. A damping range of 0.1 to 1.0 N.s/m was available for both
translational and rotational axes. The minimum value of damping (0.1 N.s/m) was assigned
to mimic a surgeon’s response to Vvibration and reamer kickback while machining bone.
For the position-based programming, the robot joints had no compliance. As such stiffness
and damping parameters did not need a defined magnitude.

In some programs, the controller’s advance run pointer had to be interrupted such that
a motion that was undertaken was fully executed. To accomplish this, a wait function was
instituted which causes an advance run stop, thereby letting the controller execute a motion
completely prior to implementing the next motion directive which may be contradictory to
the previous command. Lastly, the Kuka LBR system’s cycle time optimizer was utilized

to accelerate the controller’s processing time and thus reduce its reaction time.
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2.6 Preliminary Tests and Performance

2.6.1 Displacement Performance and Calibration Error

The overall setup of the system has been shown in figure 2-7. Once functional, three
different types of assessments were conducted on the robot’s performance post tool-
calibration and programming. The robot was programmed to conduct uniaxial motion for
each of the six degrees of freedom, and its accuracy and precision in being able to perform
displacement directives was assessed using the optical tracker. The robot was programmed
to translate 50 mm in the positive X, y and z directions separately. As well, the robot was
programmed to perform a rotation of five degrees about each of the axes (C, B and A
respectively). These tests were conducted five times for each of the designated motions
and results have been shown in table 2-1.

The accuracy of calibration and aligning co-ordinate systems’ orientation was tested
by evaluating the translation and rotation of the reamer’s tip in the directions other than the
one assigned (figure 2-8). It was observed that the calibration and orientation designation
of the reamer resulted in a less than 10 % error in the z-axis and less than 4% error in the
y-axis when the reamer was programmed to translate 50 mm in the x-direction. For a
designated translation in the y-axis, the error along the x- and z- direction was less than 2%
and less than 4% respectively. And for the same 50 mm designated translation along the z-
axis, the error along the x- and y-axis was approximately 4% and 2.5% respectively. For
each of the abovementioned motion targets, the erroneous rotation of the reamer was less
than 0.1 degrees about any of the axes. For a 5-degree rotation about the z-axis, the error
in B and C-axes was less than 2%, and the reamer translated less than 1 mm in the negative
y-direction. Lastly, for a designated rotation about the y-and z-axes the reamer’s erroneous

motion was negligible.
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with mounted
reamer
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Figure 2-7 Robot-driven reaming system setup.

A specimen is shown mounted to the testing tower. The inset shows reamer-specimen
interaction. The power supply for the reamer is shown, with the robot-mounted reamer.

The Optotrack Certus optical tracker was used to monitor reamer’s motion.

Table 2-1 Designated and achieved motion by the robot.

Assigned Axis for Motion Target Displacement Executed Displacement
X 50 mm 50.40 £ 0.27 mm
Y 50 mm 51.14 £ 0.06 mm
Z 50 mm 49.48 + 0.14 mm
A 5° 4.90 + 0.02°
B 5° 4.89 + 0.04°
C 5° 4.95+0.03°
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Figure 2-8 Error observed in reamer’s motion post-calibration.

The motion error was captured during a) 50 mm translation in x-direction, b) 50 mm
translation along y-axis, ¢) 50 mm translation along z-axis, d) 5° rotation about z-axis, €)

5° rotation about y-axis, and f) 5° rotation about x-axis, post calibration.
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2.6.2 Thrust-Force Performance

The robot was also tested for its ability to exert the programmed thrust-force at the
tool point. Using a combination of manual jogging and the gravitation-compensation
controller mode, the reamer was brought to the center of the load cell mounted on the
testing tower assembly. The robot was tested for its ability to exert thrust-force along the
tool’s positive x-axis since this was going to be designated as the reamer’s working axis
while reaming specimens. Three different force magnitudes: 25 N, 50 N, and 75 N were
tested five times each, and the load-cell data was recorded. Figure 2-9, 2-10 and 2-11 show

the thrust-force profiles recorded by the load cell due to the robot-mounted reamer pushing

against it.
Thrust-force vs Time Profile for 25N Assigned Force
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20 Peaks and troughs were observed
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s a system laxity being adjusted as Average
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Figure 2-9 Force vs Time profile for a programmed 25 N thrust-force.

Average force and one standard deviation above and below the average is shown for five

tests. The average force after stabilization (at time = 1.0 s) was 25.66 + 0.14 N.
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Thrust-force vs Time Profile for 50 N Assigned Force
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Figure 2-10 Force vs Time profile for a programmed 50 N thrust-force.

Average force and one standard deviation above and below the average is shown for five

tests. The average force after stabilization (at time = 1.0 s) was 51.03 £ 0.10 N.
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Thrust-force vs Time Profile for 75 N Assigned Force
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Figure 2-11 Force vs Time profile for a programmed 75 N thrust-force.

Average force and one standard deviation above and below the average is shown for five

tests. The average force after stabilization (at time = 1.0 s) was 76.58 + 0.07 N.
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2.7 Discussion and Chapter Summary

This chapter described the design and development of equipment needed to conduct
desired thrust-force- and position-based reaming of bone-analog and cadaveric bone
specimens. A reamer was successfully mounted to the Kuka robot using a sturdy, 3D-
printed enclosure. Tool load calibration was successful as the robot held its poses under
gravity compensation controller mode. As well, tool calibration was successful with an
acceptable amount of error. The robot was programmed using KRL to execute various
motion directives. The tests indicated that there was very little variation in the robot’s
ability to execute force and displacement targets. As well, the robot met the designated

force and displacement targets with high accuracy.
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Chapter 3

3  Robot-Driven Prescribed Thrust-Force Reaming of
Bone Analogs

OVERVIEW: This chapter presents the testing of the
constant-force reaming process developed to ream
polyurethane foam specimens of various densities for a
defined depth. The experimental setup and workflow are
described after which a description of the quantified motion
parameters is detailed. A statistical analysis of the obtained
data has also been presented, followed with an assessment

of the robot’s performance in meeting the set motion targets.

3.1 Machining Bone Analogs

Machining is a dynamic process where material is constantly removed at the tool tip of
the cutter. As such, forces at a given point where material is removed change constantly,
mainly disappearing until the cutter plunges forward, and further into the workpiece.
During the development of a robot-driven force-controlled reaming system (chapter 2), the
ability of the system to sustain force and depth prescriptions while machining was not
examined. This chapter describes the outcome of using the robot-mounted reamer to cut
specimens. Thrust-force and displacement being the prescribed variables, motion
parameters of the reamer including velocity, maximum path force, as well as apparent
machining stiffness were recorded as the outcome measures. In addition, as a measure of
robot’s efficacy and repeatability, robot-performance parameters: accuracy and precision

in terms of adherence to force and displacement prescription were evaluated.

Cadaveric specimens are a useful source for testing due to their acceptable
approximation of the in-vivo conditions in terms of size, shape and mechanical properties.
Furthermore, cadaveric bone specimens often provide matched pairs from the same source
granting, in some extent, a repeatability measure [74]. A limitation is that a large sample

size may be required to account for a relatively large inter-specimen variability, which is
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especially common for bone [75], [76]. Additionally, for initial testing, cadaveric
specimens’ cost and susceptibility to degradation limits their use [77], [78]. As such,
materials such as wood, plastic and other composites have been employed in the past to
replace bone for testing [79]. It has been reported that low inter-specimen variability, and

a high-level bone mechanical property mimicking is typical of these materials.

Among possible synthetic materials to serve as bone analogs, polyurethane foams have
shown promising results. Studies have reported that polyurethane foams are a suitable
substitute for the human cancellous bone as a substrate for implant testing as well as
replicating the mechanical properties [80], [81]. Upon a closer look, the cancellous bone
looks like an interconnected network of rods and plates, forming complex struts and
columns-like structure. This structure looks very similar to the structure of polyurethane
foam. It is important to note that the compressive stress-strain curve of polyurethane foams
has been reported to be very similar to that of the wet cancellous bone as well; however,

some discrepancy has been seen for the shear response of the two materials [82].

Bone density often varies among individuals, but it can also vary within an individual
depending upon the tissue’s anatomic location. Cancellous bone density may play a
significant role in loosening of the glenoid component post a total shoulder arthroplasty.
In one study it was found that the average cancellous bone density in the glenoid was
0.29 g/cc, however, pathological conditions such as osteoporosis and endocrine disorders
can greatly reduce this apparent bone density [83], [84]. As such, a range of densities of
the polyurethane blocks representing cancellous bone density was selected to study the

effect of density on the reaming operation’s outcome measures.
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3.2 Sawbone Specimen Preparation

3.2.1 Sizing of Specimen Blocks

For our initial study of the designed system, synthetic bone analogs made of
polyurethane foam were used from Sawbones (Sawbones, Washington, USA) as they have
been shown to be a good representative of the human cancellous bone [85]-[87]. Stock
Sawbone blocks of size 130 mm X 180 mm X 40 mm of four different densities: 0.08 g/cc,
0.16 g/cc, 0.24 g/cc, and 0.32 g/cc were used in this study. The stock was cut into blocks
of 45 mm X 43 mm X 40 mm dimensions, and reaming was performed on both the front
and the back surface of the cuboid specimen (Figure 3-1). Five specimens of each density
were reamed while keeping the reamer orthogonal to the cutting face.

b)
A

45 mm

a.) —

A
v

43 mm

c.)
130 mm

v

40 mn:\‘

Figure 3-1 Sawbone block sizing for reaming.

a) Stock Sawbone blocks of various densities representing cancellous bone were used,
b) the stock was divided into a smaller workpiece, c) a pilot hole was drilled for the

reamer’s guide nipple.
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3.2.2 Pilot Hole and Grip Setup

To accommodate the design of the reamer being employed in these studies (figure 2-1),
a pilot hole was cut into each of the specimens. Since both faces of the specimen were
reamed, a 6.35 mm through-hole was drilled orthogonal to the cutting face using a drill
press and an angle vise (Woodstock International Inc., Washington, USA) for the reamer’s
guide nipple. The blocks were sanded on either of the non-cut face that would be gripped
by the vise using a 6-inch belt and disc sander (WEN, lllinois, USA)) such that the vise
would secure the specimen well and minimize non-conformity related vibration in the YZ-

plane with respect to the cutter.
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3.3 Robot Alignment and Start Position Designation

3.3.1 Guide Nipple-Pilot Hole Alignment

The reamer shaft and nipple were brought orthogonal to the cutting surface using the
Bosch 5-point self levelling alignment laser. The self-aligning laser was used to ensure that
the reamer’s rotation about the y-axis was zero-degrees relative to both the tool’s working
direction, and to the y-axis of the specimen (axes shown in figure 3-2). Furthermore, a
portable level was used to adjust the cutting tool’s angle in space such that the pilot hole
and the reamer’s guide nipple would align their x- and z-axes. This step ensures that no
interference or forces register due to the nipple interacting with the side-walls of the pilot
hole while the tool propels forwards to cut the specimen. All the load and trajectory data
recorded are then attributed to the process of reaming. Figure 3-3 illustrates this process,

and the resulting arrangement.
3.3.2 Setup of the Reaming Start-Position

To establish a load-neutral start position, the robot was jogged towards a mounted
specimen until the reamer’s cutting edges made a slight contact with the workpiece. The
pilot hole was engaged with the guide-nipple at this point. Readings from the 6-DOF load
cell were monitored using a LabView program to ensure that the robot was jogged
backwards, away from the specimen, until the loadcell indicated a zero load. For this
purpose, the robot was jogged in increments of 0.1 mm. Once at the desired position, the
robot was taught this point as the starting point for reaming. This process was repeated for

every bone-analog specimen that was reamed.
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Figure 3-2 Reamer mounted to the 7-axis lightweight robot.

The guide nipple is seated in the pilot hole of the bone analog specimen.
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Figure 3-3 Portable level used to align the guide-nipple into the pilot hole.

The axes of both the tool and the specimen were aligned to eliminate any interference

between the guide-nipple and the pilot hole during the machining operation.
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3.4 Pre-Ream Data Synchronization

Using the incremental jogging feature the robot was taught a pre-start position 2 mm
away from the designated start-position. Prior to reaming, the robot was programmed to
reach this pre-start position and halt until further command. The optical tracker and the
load cell data collection was commenced. The reamer’s power supply was maintained off.
While keeping the robot’s enabling switch active (this grants a definite stiffness value and
allows some motion of the robot if a force is exerted onto the robot’s joints), the robot (with
the reamer mounted) was pushed from behind (figure 3-4). As the reamer moved forwards
and touched the specimen, both the optical tracker and the load cell registered a spike. This

event was used to align the data from the two separate data acquisition sources (figure 3-5).

Impact force for aligning

load cell and optical tracker

Figure 3-4 Synchronization of the data-collection equipment.
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Figure 3-5 Synchronizing the optical tracker (top) and load cell (bottom) data.
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3.5 Reaming

The robot was programmed to ream while exerting a thrust-force of 52 N in the positive
x-direction of the cutter. It has been reported in the literature that while drilling, sawing or
burring, resulting forces on the bone increase with an increase in depth [48], [50], [88]—
[90]. Therefore, a reaming depth of 5.25 mm was assigned for this study as such depth well
exceeds what is clinically seen during a TSA procedure, allowing a broader range of depth-
driven force-related data to be collected [91]. All other parameters of the robot’s program

were kept as defined in section 2.5.3.

The two limiting conditions: 52 N maximum force, and a 5.25 mm depth dictated the
trajectory of the robot-mounted reamer. Once the 5.25 mm linear distance into the
workpiece was completed according to the code’s algorithm, the robot was programmed to
move to a point that was situated well behind the start-position. The workpiece was
removed, turned to its back side, and the process repeated. It is noteworthy that the reamer
and the optical tracker LEDs were cleaned prior to proceeding with the next cut. It has been
reported previously that cutting forces are larger in cases where the tool is inundated with
chips while cutting the material [92]-[94]. Therefore, this practice ensured that the blades
were not preoccupied with debris, and that the force and motion data collected with the
load cell in subsequent samples were independent of the effects of prior machining. Upon
reaming both sides of a block, a new block was used until five samples were reamed. Since
the reaming depth from either side was programmed to be 5.25 mm, and the total thickness
of the block was 40 mm, the reaming data obtained was not affected by reusing the same

block on front and back sides.
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3.6 Outcome Measurements and Statistical Analysis

3.6.1 Reamer Velocity

As the robot-mounted surgical reamer progressed into the Sawbone specimens, the
velocity of the reamer was a dependent variable, determined by the resistance that the
medium (polyurethane foam) presented for the 36 mm diameter convex cutter. For the five
machined specimens of each density, the mean reamer velocity through the bone analog

specimens has been shown in table 3-1.

Table 3-1 Mean reamer velocity while machining Sawbone blocks of various

densities.
Specimen Mean Velocity
Density (g/cc) (mm/s)
0.08 4.05+0.20
0.16 3.58 £ 0.08
0.24 2.77+0.11
0.32 2.24 +£0.08

Regression analysis was conducted using Prism (GraphPad Software, California,
USA) to determine a trend among the density of the reamed specimens and the change in
the reamer’s mean velocity given a set thrust-force. Furthermore, a one-way ANOVA
statistical analysis was conducted using SPSS (IBM, New York, USA) to determine
whether the mean velocity of the reamer changed with a variation in specimen density.
Figure 3-6 shows that the mean velocity of the reamer changed significantly with the
change in specimen density (p<0.001). Furthermore, the mean velocity of the reamer

decreased linearly with an increase in specimen density (R? = 0.9895).

57



Reamer Velocity vs Specimen Density

R? = 0.9895

Velocity (mm/s)

0.00 0.08 0.16 0.24 0.32 0.40
Specimen Density (g/cc)

Figure 3-6 Mean reamer velocity as a function of Sawbone specimen density
(* = p<0.001).

3.6.2 Maximum Path Force

The second outcome measurement while reaming was the recorded mean maximum
force observed at the load cell mounted behind the bone analog specimen. Among the five
tested specimens of each density, mean maximum path force recorded are enlisted in table
3-2.

The mean maximum path force was significantly different among the different
density specimens (p<0.001). Furthermore, a linear trend was observed in the increase of
the maximum path force as the density of the reamed specimens increased (figure 3-7). The
coefficient of determination had a value of 0.9517.
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Table 3-2 Maximum path force while machining Sawbone blocks of various

densities.
Specimen Mean Maximum
Density (g/cc) Path Force (N)
0.08 15.20 £ 0.65
0.16 20.93 £ 0.65
0.24 30.55+£0.77
0.32 46.71 £ 3.81

Maximum Path Force vs Specimen Density
60~ * * *

R’ =0.9517

B
(<)
|

N
o
1

Max. Path Force (N)

0 | | | | L] | 1
0.00 0.08 0.16 0.24 0.32 0.40

Specimen Density (g/cc)

Figure 3-7 Maximum path force recorded as a function of Sawbone specimen
density (*= p<0.001).

59



3.6.3 Apparent Machining Stiffness

Mechanical stiffness is the measure of resistance provided by an object to elastic
deformation. However, in case of machining, the object upon which a force is applied is
not elastically deformed, rather machined away. The stiffness experienced by the
machining tool is then a direct result of the resistance which it encounters while removing
the material and simultaneously moving into the specimen. This experienced resistance can

be termed apparent machining stiffness.

As the reamer decimated the specimen under a force-controlled trajectory, an
apparent machining stiffness was recorded for different densities of the polyurethane foam
(table 3-3). One-way ANOVA analysis showed significant change in apparent machining
stiffness as a function of density (p<0.001). Regression analysis exhibited a linear change
in apparent machining stiffness with a strong coefficient of determination value of 0.8839.
Said stiffness increased as a function of increasing density of the Sawbone blocks as shown
in figure 3-8.

Table 3-3 Apparent machining stiffness of Sawbone blocks of various densities.

Specimen Apparent

Density (g/cc) Machining
Stiffness (N/mm)

0.08 2.17+£0.14

0.16 2.64 +£0.16

0.24 4.60 £0.32

0.32 8.45 +0.27
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Apparent Machining Stiffness vs Specimen Density
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Figure 3-8 Apparent machining stiffness as a function of specimen density for
polyurethane foam blocks (* = p<0.001).

3.6.4 Robot Performance

The lightweight robot used in the experiment was highly accurate and precise
during preliminary testing. Machining of specimens, however, introduced a transitional
condition which initiated vibrations in the system- a possible source of inducing error. The
robot was programmed to translate forward, guiding the reamer into the workpiece for a
5.25 mm displacement. The observed displacements of the reamer, however, varied. In
general, for low density specimens, the robot exceeded its prescribed displacement
boundary, whereas, while reaming higher density specimens, the robot’s displacement was
less than the prescribed value. Average displacements and their standard deviation have
been provided in table 3-4 for each of the tested densities. A measure of robot’s precision
has also been shown in figure 3-9. It was observed that while reaming higher density
specimens, the vibration experienced by the robot was higher, as was the variability in its

ability to adhere to the prescribed displacement targets.
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Table 3-4 Accuracy and precision of the Kuka robot in delivering displacement

target under thrust-force driven reaming operation.

Specimen Prescribed Average Percent Error
Density (g/cc) Displacement Experimental (%)
Target (mm) Displacement
(mm)
0.08 5.25 5.56 £ 0.24 5.9
0.16 5.25 5.62 £0.10 7.1
0.24 5.25 5.15+£0.15 1.9
0.32 5.25 4.84£0.32 7.8

Robot Displacement as a
Measure of Precision
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Figure 3-9 An illustration of the robot's precision in achieving displacement in

various specimen densities.
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3.7 Discussion

The experiments outlined in this chapter assessed the ability of the prescribed thrust-
force driven system developed in chapter 2 to conduct reaming of a variety of densities of
bone analog specimens. Motion parameters of the reamer were quantified using the load-
cell and the optical tracker data. The system was able to successfully ream the bone analog

specimens with high-level accuracy and repeatability.

In various bone-machining studies involving drilling, sawing, milling and reaming,
experimental design compares the generated thrust-force owing to changes in a feed rate.
It was established in a femur study that bone mineral density and thrust-force had a linear
relationship [45], [47]. As well, feed rate and force have been reported to be proportional
in bovine cortical bone [44]. In our case, however, the thrust-force was prescribed, and the
reamer velocity (analogous to the feed rate) was variable. A linear relation between the
reamer velocity and specimen density suggested development of a reputable force-

controlled reaming model that agreed with previous findings.

The recorded maximum path force values were consistent in each bone density. The
system is designed to ream at a 52 N thrust-force level, which is dependent upon the
feedback that is experienced at the tool tip while the tool is mounted to the robot. However,
as the reamer machines the specimens, the source of feedback to the robot dissipates. As
such, the maximum recorded force was lower than the prescribed thrust-force level. A low
standard deviation in the recorded maximum path force for each density group of the
Sawbone blocks verifies the system’s ability to perform the task with appreciable fidelity.
Furthermore, a linear relationship was observed between the maximum path force and
density highlighting that the motion parameters of this system are uniformly driven by the

resistance in the reamer’s path.

The apparent machining stiffness was a linear function of density, and directly
proportional to it as well. This observation was logical knowing that as the reamer
progresses forward, more of the material that presents less resistance (lower density) gets

removed. As a result, among two specimens presenting unequal densities, less dense
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material will exhibit a larger displacement with the same amount of rise in force. In other
words, the force would rise more quickly per unit travel in a specimen that presents higher

resistance.

While keeping high precision, the average error of the robot with respect to the
prescribed displacement was 5.65%. No study was found in the literature that utilized a
robot-driven force-based reaming model. However, another system developed based on
similar principles was found for milling of bone using a burr-type drill. The reported error
of that system was, at worst, 20%, and on average 10% [47]. A major difference is that our
experiment was machining a more consistent material, whereas their system’s accuracy is
based on milling of bone- a highly anisotropic material. Therefore, when testing our force-
based reaming system on human bone specimens, it is likely that the robot’s accuracy

would be impacted.

The tested Sawbone specimens spanned a range of densities that is observed clinically
in the cancellous bone. However, a comparison of surgical drilling force in human bone
and bone analogs found that bone’s artificial counterpart showed lower forces for the same
drilling operations when comparing similar densities [47]. This finding asserts that for a
constant thrust-force driven reaming model, the recorded reamer velocity may be higher in
bone-analog specimens than what may be seen while reaming real bone. As well, the
apparent machining stiffness may be higher for the same density of the real bone as the
polyurethane foam examples. Thus, modelling motion parameters of a force-controlled
reaming scenario mandates testing with real bone. Although reaming forces can be
modelled in animal bones, it has been shown that during bone drilling, forces vary
considerably between different animals’ bones [93], an observation that may be attributed
to the differences between bone density and composition among different species.
Quantification and assessment of the motion parameters discussed in this chapter is needed

using human bones which has been discussed in the following chapter.
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Chapter 4

4  Experimental Quantification of Motion Parameters of a
Reaming System in Human Cadaveric Glenoid
Specimens

OVERVIEW: This chapter presents the experimental
determination of the outcome measurements for reaming
human glenoid specimens. A pilot project was undertaken
using bone-analog glenoid specimens to test the system,
followed by reaming of human cadaveric glenoid specimens
using a force-prescribed reaming system driven by the Kuka
lightweight robot. Motion parameter data was collected for
reaming of human subchondral and cancellous bone regions
of the glenoid separately. Bone density was calculated for
each of the specimens ’ subchondral and cancellous regions,
and the effect of density on the outcome measurements was
evaluated. A version correction-like reaming operation was
also conducted in the cancellous region of each specimen.
For this task, the lightweight robot was used under a
position- and velocity-prescribed rather than a force-
prescribed operation. The apparent machining stiffness was
evaluated alongside the maximum force experienced in each

of the specimens.

4.1 Introduction

Using a prescribed thrust-force reaming system to machine bone analog blocks
showed that there was a linear relationship between the density of the specimen being
machined and observed maximum force, reamer’s velocity, and apparent machining
stiffness. Previous studies concerned with bone machining have shown a similar trend with
regards to the bone density and forces, and associated feed rates, although no studies were
found in the literature that involved such evaluation with regards to the reaming of the
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glenoid bone. Additionally, bone milling processes such as drilling, sawing and burring
have shown significant impact of cutter-workpiece interaction geometry with regards to
forces generated given a defined feed rate [43]. As such, it can be inferred that the motion
parameters such as reamer velocity and apparent machining stiffness would be impacted
while reaming workpieces that do not follow a regular geometry such as the Sawbone
blocks seen in chapter 3. While general trends may be extrapolated from the studies
conducted on the bone-analog blocks, reaming related experimental quantification of
motion parameters is needed for geometry that resembles a human glenoid.

Animal models have been vastly used to study both soft and hard tissue for
orthopaedic research purposes. Among animal models, bovine and porcine models are
extensively used for such studies. While these animal models serve as a good source of
general approximation for human tissue, differences between human, porcine and bovine
model have been seen in terms of collagen network as well as biomolecular make-up with
respect to proteoglycan content in cartilage [95]. Furthermore, pertaining to bone
composition, bone density and bone quality, interspecies differences were noted among the
six most frequently used vertebrate models to approximate bone properties and behavior
in humans. Cortical femoral bone samples analyzed for dog, pig, cow, sheep, chicken and
rat showed that in its biochemical makeup, rat bone was most different from the human
bone, whereas the canine bone was most similar. Furthermore, with respect to mechanical
strength and fracture stress, testing with trabecular bone cores showed largest similarity
between human bone with porcine and canine models. However, large and significant
differences were observed between human bone and these animal models [96]. Such
findings made it prudent to conduct force-driven reaming of bone upon human cadaveric

glenoid specimens to best quantify the outcome measurements stated in section 3.1.
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4.2 Pilot Project

4.2.1 Artificial Glenoid Specimen Preparation

Prior to using human cadaveric bone, due to cost and resource limitations, artificial
samples geometrically resembling the human glenoid bone were used to test the
thrust-force driven reaming system. Five left scapula models with a hollow vise attachment
(sku#1050) manufactured by Sawbones were used for this sub-study (figure 4-1). The outer
shell of the model is a thick foam with a manufacturer-stated average density of
0.45 £ 0.05 g/cc. The anatomy of the model resembles that of a normal glenoid bone, with
a mean glenoid height of 39.2 + 0.6 mm, a mean superior width of 21.5 £ 0.6 mm, and a
mean inferior width of 27.0 £ 0.5 mm. These measurements were in close proximity to

those found in the literature for a typical male glenoid [7], [25], [26].

The artificial scapula was prepared for reaming by drilling a pilot hole into the glenoid
face. An orthopedic surgery fellow designated the appropriate center for drilling the pilot
hole by evaluating the geometrical conformity between the reamer and the glenoid face.
Furthermore, the centre of the pilot hole was drilled in a location that was anatomically
correct by evaluating the anterior-posterior and medial-lateral lines of the glenoid
specimens (figure 4-2a and 4-2b). As with the bone-analog blocks reamed in experiments
previously discussed, the pilot hole would be used to accommodate the guide-nipple of the
reamer. The pilot hole was the same dimension as listed in chapter 3, however, drilled at
an angle that complied with the reaming orientation designated by the surgical fellow. This
ensured that the guide nipple would not interfere with the side-walls of the pilot hole as the
reamer translates forwards into the specimen while machining. To ensure consistency, the

same surgical fellow assisted with the placement of pilot holes in all specimens.
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Figure 4-1 Sawbone glenoid used for a pilot study.

Direction of the pilot hole with

respect to the glenoid face

Figure 4-2 Reamer-scapula interface for designating the location of a pilot hole
(left), and the pilot hole drilled by a surgical fellow (right) are shown.
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4.2.2 Reamer-Glenoid Specimen Arrangement

The artificial scapula was mounted onto the testing tower, and the reamer was brought
into contact with the specimen by the surgical fellow such that the contact point was
appropriate and representative of clinical practice prior to reaming a glenoid during
surgery. The robot’s gravity compensation mode was utilized for this purpose such that
minimal force applied to the robot joints allowed it to move freely in any direction so long
as the axial limits of the robot were not exceeded. Once the robot was let go by the surgical
fellow, it maintained its pose as the mass of the mounted tool had already been factored in.
The reamer’s position against the specimen was saved as the start position. To enhance
constancy, the same surgical fellow assisted in placement of the reamer against all

polyurethane as well as cadaveric glenoid specimens.
4.2.3 Start-Position Modification and Pre-Start Position Designation

It was observed that for all the five specimens, the fellow-arranged start position
was not load-neutral. Instead, a compressive load of 5.2 + 2.7 N was registered on the load
cell in the positive x-direction (tool co-ordinate system). As a result, the start-position was
modified by manually jogging the robot along the negative x-axis in increments of 0.1 mm
until a zero load was observed and teaching this new position as the starting point. The
robot was also taught a pre-start position by the same process discussed in section 3.4.
Figure 4-3 shows the arrangement of the reamer against a Sawbone glenoid at the pre-start

position.
4.2.4 Load Transformation to the Specimen Co-ordinate System

In the experiments involving Sawbone blocks, the geometry of the reamed
specimen was simple as cubes of polyurethane foam specimens had been used. As well,
the specimens were positioned in the vise such that the pilot hole aligned well with the
load-cell’s center. This allowed for measured loads to be well-approximated for the cutting
face while registered loads were recorded at the center of the load cell mounted behind the
vise plate. In case of the Sawbone glenoid specimens, however, the origin of the load cell’s

co-ordinate system and the location where reaming occurred were grossly mismatched. As
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such, to record loads that were realistic of the machining location, a glenoid co-ordinate
system was created with respect to the load cell, and all the recorded loads were

transformed into the glenoid co-ordinate system.

Figure 4-3 Arrangement of the reamer against the Sawbone scapula model in pre-
start position.

The Certus optical tracker and a digitizing probe were used to determine the
cartesian position of five locations on the glenoid face (marked with X’s): anatomical top,
anatomical bottom, anatomical left, anatomical right, and the centre of the pilot hole
(figure 4-4). These positions were marked by the surgical fellow, and the determined
co-ordinates were relative to the center of the Nano 25 load cell that was mounted behind
the vise. The anatomical top and bottom positions of the glenoid were used to create the
downward positive y-axis, the left and right positions were used to create a leftward
positive z-axis. The resulting x-axis aligned with the co-ordinate system defined for the
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reamer, which was aligned with robot’s tool co-ordinate system. Vector cross-product was
used to create a rotation matrix of the glenoid co-ordinate system, and the center of the
pilot hole was used as the point of origin of the glenoid co-ordinate system. The recorded
cutting forces at the load cell were transformed to the glenoid co-ordinate system using a

transformation matrix created from the elements described above.

L

Figure 4-4 Digitization of the glenoid for load transformation.

Markings of the anatomical locations on the Sawbone glenoid used to transform the
recorded forces into the glenoid co-ordinate system. Y and Z-axes are shown; positive X-
axis is oriented into the page (into the glenoid face).
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4.2.5 Reaming

The data acquisition systems were synchronized using the same protocol as
discussed in section 3.4. During reaming of the Sawbone blocks, we observed a linear
reamer velocity at the prescribed force for a depth of 5.25 mm- a depth much larger than
that seen in clinical setting for reaming. As such, it was concluded that while depth of cut
affects the resulting forces in a constant-feed based bone machining scenario, a constant
force model may not be affected by the depth of cut, as long as the reamer is not impeded
in its trajectory by anything but the specimen itself, and as long as the reamer-specimen
contact is only at the cutting face of the reamer. Therefore, for this set of experiments, a
smaller reaming depth of 2.25 mm was chosen- a depth slightly larger than a typical clinical
observation. The prescribed thrust-force was maintained at 52 N. The remaining

parameters of the robot’s algorithm were kept the same as mentioned in section 2.5.3.

In keeping consistent with the method discussed in section 3.5, the optical trackers
and the reamer blade were cleaned after each specimen was reamed to avoid specimen
residue from affecting the outcome measurements. Upon completion of the reaming
algorithm, the robot was programed to retreat linearly backwards along the negative x-axis
in the tool co-ordinate system to a point previously taught. This allowed for clearance

between the reamer and the specimen.
4.2.6 Reaming Results

In this set of experiments, outcome measurements included the reamer’s velocity,
as well as apparent machining stiffness of the specimen. Using an average of the five
specimens, the thrust-force profile of the reamer’s interaction with the specimen was noted
as a function of time as well as a function of displacement. The latter was used to evaluate
the apparent machining stiffness. Lastly, robot’s accuracy and precision with respect to the

prescribed reaming depth were examined.

The five Sawbone glenoid specimens reamed at 52 N prescribed thrust-force
allowed the reamer to translate forwards at a mean velocity of 0.52 £ 0.05 mm/s. The

reamer velocity was calculated using the total time taken to reach maximum depth (into
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the specimen) while reaming. The maximum reaming depth varied among the five tested

specimens and was a measure of the robot’s efficacy in performing the assigned task.

All the tested specimens reached a thrust-force plateau at the maximum allowable
52 N, as shown in figure 4-5. Using the averaged data for the five specimens’ load vs
displacement curve, it was found that the mean displacement prior to the thrust-force
reaching a plateau was 1.4 mm (figure 4-6). The slope of the force vs displacement data of
each of the specimens leading up to a 1.4 mm reaming displacement was calculated to yield
individual apparent machining stiffness. For the Sawbone glenoids reamed at the

prescribed thrust-force, the mean apparent machining stiffness was 41.19 + 5.67 N/mm.

The robot was programmed to ream the bone-analog glenoid specimens to a depth
of 2.25 mm. However, the average depth of the reamer while machining was observed to
be 2.13 &+ 0.18 mm, translating to an error of 5.3% in the robot’s accuracy. The robot was
precise in its execution of the programmed path with displacement values within 0.2 mm

of the mean displacement among the five specimens.
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Averaged Force Vs Time of Five Reamed Sawbone Glenoids
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Figure 4-5 Force vs time plot of reaming Sawbone glenoid specimens.

Average force is shown with a solid line, and dotted lines show one standard deviation
above and below the mean.

Averaged Force Vs Matched Displacement of Five Reamed
Sawbone Glenoids
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Figure 4-6 Force vs displacement plot of Sawbone glenoid reaming.

Average force is shown with a solid line, dotted lines indicate one standard deviation

above and below the average. This plot was used to find apparent machining stiffness.
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4.3 Human Cadaveric Glenoid Studies

Once the experiments conducted on bone-analog blocks and glenoids showed the
system’s efficacy in outputting prescribed thrust-force and reaming depth in an automated
fashion, human cadaver glenoid specimens were reamed to determine the motion
parameters of a thrust-force driven reaming scenario, and that of the position-prescribed
glenoid version correction. Glenoid reaming studies evaluating such motion parameters

have not been conducted prior to this work highlighting the novelty of our study.

4.3.1 Specimen Preparation

Six previously frozen human cadaveric scapulae of an average height of
39.56 = 1.97 mm, average superior width of 23.87 =+ 1.77 mm, and average inferior width
of 30.42 + 2.82 mm were used. The scapulae were stored at -20°C (a previously accepted
method of storage of bone). Prior to experimentation, they were thawed at room
temperature (22°C) for 12 hours. Many studies have shown previously that mechanical
properties of bone are not altered by the abovementioned protocol, although some changes
in the structure have been shown compared to the fresh bone [97]-[102]. Once thawed, the
specimens were denuded, and cartilage removed at the glenoid face by an orthopedic
surgeon. The surgeon also drilled a pilot hole on the glenoid face using a 6.35 mm drill bit
using the same criteria mentioned in section 4.2.1. The pilot hole was drilled deep enough
to ream the subchondral section of the bone, as well as the planned reaming depth of the

cancellous bone.

The cadaver specimens were then prepared for mounting into the testing tower’s
vise. A potting mold was designed (figure 4-7a) to house the scapulae while an acrylic
resin-based bone cement in a semi-fluid state was poured into the mold (figure 4-7b). The
cement hardened around the specimen in 45 minutes, embedding the specimen in a vise-
mountable block (figure 4-7c). The specimen was removed from the mold, then wrapped
in gauze soaked in Dulbecco’s phosphate buffered saline prior to testing for 2 hours to
ensure that the specimen was well-hydrated (figure 4-7d) prior to reaming.
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4.3.2 Reamer-Specimen Arrangement and Load Transformation to
the Glenoid Co-ordinate System
The scapula specimens were mounted onto the testing tower using the cement
blocks (figure 4-8). An orthopedic surgeon positioned the robot-mounted reamer against
the specimens to match the clinical protocol. It was ensured that for each of the specimens,
maximum blade-bone contact was made while the pilot hole was engaged by the reamer’s
nipple. However, it is noteworthy that as the glenoid shape and size varied from specimen

to specimen, the reamer-bone contact varied as well.

As with the case of Sawbone glenoids, the surgical fellow’s arrangement of the
reamer against the specimens was not load neutral. For the six specimens, the load-cell
registered a compressive force of 5.1+ 2.1 N due to the reamer resting against the
specimens. As such, following the protocol mentioned in section 4.2.3, a load-neutral
position of the reamer against the scapulae was arranged. Each of the six scapulae was
assigned a start and pre-start position consistent with the methodology discussed in sections
3.4 and 4.2.3.

Lastly, the surgeon marked positions on the glenoid face considered to be the
anatomical top, bottom, left and right. These points were digitized to create a glenoid
co-ordinate system using the same method as described in section 4.2.4. As the load-cell’s
center (at which the loads are recorded) and the center of the glenoid-face (where the
reamer contacts the specimen) do not align (figure 4-8), the load-cell recordings were

transformed to the glenoid co-ordinate system.
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Figure 4-7 Potting mold for mounting glenoid specimens to the testing tower.

a) A CAD model of the potting mold for cadaver scapula specimens has been shown,
b) Bone cement was poured into the mold around the specimen, c) Hardened bone cement
around scapula specimen was used to mount the specimen in the testing tower’s vise,

d) Glenoid face was wrapped in gauze soaked in saline solution prior to reaming.
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Centre of the glenoid face where
the reamer makes contact to
ream at a constant thrust-force

Centre of the load-cell
where load data is recorded

Figure 4-8 Robot-mounted reamer arranged against a cadaveric glenoid specimen.

4.3.3 Constant Thrust-Force Human Cadaveric Glenoid Reaming

4.3.3.1 Reaming Subchondral Bone

The gauze soaked in saline solution was removed from the glenoid-face prior to
reaming and the specimen was mounted onto the testing tower. The robot was brought to
the designated pre-start position of the specimen to be reamed, and the optical tracking
system as well as the load-cell recording program were turned on. While holding the
enabling switch of the robot, the same protocol discussed in section 3.4 was followed to
synchronize the two data acquisition systems. The reamer was brought to the start position,

and the reaming of the subchondral bone was commenced.
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Once the reaming of the subchondral section was complete to the desired depth, the
robot was programmed to travel to a point behind the starting position in a linear trajectory
to provide clearance for removing the reamer blade. The blade was removed from the
Synthes drill and washed thoroughly to remove any debris.

It should be noted that the prescribed depth of the subchondral bone for each of the
specimens varied, based on the thinnest section of the subchondral bone available on the
glenoid face. This depth was evaluated using clinical CT scans in Mimics (Materialize,
Leuven, Belgium), a 3D medical imaging software.

4.3.3.2 Reaming Cancellous Bone

The reamer was attached to the drill and the specimen was reamed further to a depth
of 2 mm. The orientation of the reamer that was originally set by the surgeon was
maintained. This exercise machined away section of the bone specimen that has partially
subchondral and partially cancellous bone. The final depth of this intermediate reaming
was saved to the robot as the starting point for machining the cancellous section of the

glenoid bone.

The reamer was washed prior to reaming the cancellous bone of the glenoid
specimens and brought to the starting point as determined in the procedure stated above.
In addition, the load registration in the load cell was checked to ensure that a zero load was
established prior to reaming at the start position. In case any such loads were detected, the
robot was jogged away from the specimen in small increments (0.1mm) and a new
load-neutral start position was assigned. A pre-start position was designated for the
cancellous bone reaming using the same process outlined in section 3.4. Once the load-cell
and the optical tracker were synchronized to record the reaming data, the cancellous bone

of the glenoid specimens was reamed to a 2.25 mm depth.

4.3.4 Version Correction Reaming Using Position-Control

While the subchondral and cancellous bone of the glenoid specimen were
orthogonally reamed using a constant thrust-force programming, the robot was used in

position-control for the glenoid reaming where a version-correction process was mimicked.
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The final position of the robot where cancellous bone reaming was at its deepest was saved
as the starting point for version correction. The load experienced by the glenoid due to
reamer’s contact was ensured to be zero, similar to the process undertaken prior to reaming
the cancellous region of the glenoid specimens. The data acquisition systems were
synchronized, and the robot was programmed to ream the specimen anteriorly by 5-degrees
relative to the starting point (figure 4-9). The process outlined in sections 4.3.3 and 4.3.4

was repeated for each of the six specimens.

A 592 rotation of the reamer from
the start position is shown

\\\\\\\

Figure 4-9 5° anterior version correction-like reaming.
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4.3.5 Cadaveric Bone Density Determination

For the bone analog specimens, the specimen density was pre-determined by the
manufacturer, making it relatively straightforward to draw parallels and conclusions about
the effect of density on measured outcomes for a thrust-force driven reaming system. In
case of bone specimens, such data was not readily available. The apparent bone density
values for both subchondral and cancellous bone of the six reamed human cadaver

specimens were determined, and the process is highlighted in this section.

A clinical CT scan was used with Mimics (Materialize, Leuven, Belgium), a 3D
medical imaging software, to isolate the scapula from the scan of the entire cadaver arm
(figure 4-10). A surface model was created, checked for any deficiencies, and converted
to a 3D model. This model was imported to 3-Matic (Materialize, Leuven, Belgium), a
3D modelling software.

Figure 4-10 Isolated model of a scapula for reamed bone volume calculation.
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As stated previously, bone density can vary grossly from one person to another, and
within the same individual as well, depending upon the location of the bone. In addition,
bone density can vary from one area to the next within the same bone specimen. As such,
bone density of just the reamed volume of the cadaveric glenoid bone was determined. To
identify the bone volume reamed during the experiments, the Artec Space Spider was used
again. Each reamed glenoid specimen was placed on the rotating turntable and scanned.
The laser scanned 3D models of the reamed glenoid specimens were imported into 3-Matic
(figure 4-11a) to compare with the original CT scans of the un-reamed glenoid specimens.

The two models were grossly aligned manually, and finely so using the global point

registration. The aligned models have been shown in figure 4-11b.

A lighter region is shown
exhibiting the overlaid pre-
reamed scapula alongside the
laser scan of the reamed
specimen

Figure 4-11 Alignment of the pre- and post-reamed glenoid specimens.

a) A laser scan of the reamed glenoid specimen is shown, b) the scapula isolated from the

CT-scan was used to align with the laser scan of the reamed specimen.

Once the co-ordinate systems of the pre-reamed scapula and the laser scanned specimen
were aligned, the laser scan was imported into the Mimics software as an STL object. A
3D mask was calculated from the imported STL, and a boolean subtraction of the post-
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ream glenoid from the scapula’s pre-ream 3D model was conducted while isolating the
region of interest. The resulting 3D volume of the reamed bone has been shown in figure
4-12. Mimics was further used to evaluate the Hounsfield Unit (HU) values of the reamed
subchondral and cancellous bone. A Matlab (MathWorks, Massachusetts, USA) program
was subsequently used to determine the apparent bone density of the subchondral and
cancellous bone of each reamed specimen. The apparent bone density calculation was
based on evaluating any bone density recorded above 1.0 g/cc to be subchondral bone, and
any density values between 0.1 and 0.99 g/cc to be cancellous bone. The calculated
specimen bone density values have been shown in table 4-1. It is noteworthy that the bone
volume that was machined during drilling of the pilot hole was excluded from the bone

density calculations as it was not reamed during the experiments.

Figure 4-12 Reamed volume of the glenoid including both subchondral and

cancellous bone.
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Table 4-1 Calculated apparent bone density in subchondral and cancellous regions

of cadaveric glenoid specimens.

Specimen Number | Subchondral Bone | Cancellous Bone

(g/cc) (g/cc)

15-08039R 1.52 0.55
15-10049L 1.54 0.41
16-02030R 1.61 0.72
16-05021R 1.40 0.45
17-1052L 1.30 0.48
17-1265L 1.58 0.62
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4.4 Human Cadaveric Bone Reaming Results

Subchondral bone and cancellous bone have a markedly different micro- and
macrostructure (figure 4-13). Accordingly, a different behavior in terms of loading and
machining was expected in the two bone regions of the tested glenoids. In clinical practice,
the feedback response while machining bone is often relied upon in terms of vibration and
sound by surgeons to judge the depth of a ream. This document looks at the reaming data

of the two sections of the bone separately to observe similarities as well as differences.

Figure 4-13 Subchondral (left) and cancellous (right) bone of a human glenoid.

4.4.1 Constant-Force Subchondral and Cancellous Bone Reaming

For the six reamed human cadaveric glenoid specimens, a force vs time graph was
charted. Keeping time at regular intervals of 0.0025 s (data recorded at 400 Hz), the force
values were recorded at the glenoid face by transforming the load-cell readings into the
glenoid co-ordinate system. The resulting values for six specimens were averaged, and the
standard deviation was calculated. Figures 4-14 and 4-15 show the resulting force data

against time for glenoid specimens’ subchondral and cancellous bone respectively.
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Averaged Force vs Time for Six Cadaveric Glenoid
Subchondral Bone Specimens
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Figure 4-14 Force vs time plot while reaming glenoid subchondral bone.

Subchondral bone reamed using a constant thrust-force. The average force and one

standard deviation above and below the calculated average are shown.

Averaged Force vs Time for Six Human Cadaveric Glenoid
Cancellous Bone Specimens
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Figure 4-15 Force vs time plot while reaming glenoid cancellous bone.

Cancellous bone reamed using a constant thrust-force. The average force and one standard

deviation above and below the calculated average are shown.
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4.4.1.1 Reamer Velocity

The optical tracker was used to monitor the translation distance of the reamer while
reaming the glenoid specimens. The mean reamer velocity for the subchondral bone
reaming was 0.033 £ 0.007 mm/s, and the same for the cancellous region of the reamed
glenoid specimens was 0.24 + 0.04 mm/s. Table 4-2 shows the reamer velocity in both
subchondral and cancellous regions of the specific glenoid specimens that were reamed.

Table 4-2 Reamer velocity through subchondral and cancellous regions of the human

cadaveric glenoid specimens while machining at a constant thrust-force.

Specimen Number | Subchondral Bone | Cancellous Bone
(mm/s) (mm/s)
15-08039R 0.037 0.25
15-10049L 0.035 0.28
16-02030R 0.021 0.16
16-05021R 0.038 0.26
17-1052L 0.039 0.25
17-1265L 0.026 0.23

As with the different densities of Sawbone blocks, subchondral and cancellous bone
(having markedly different densities) showed a significant difference in the average reamer
velocity during the constant thrust-force reaming experiments (figure 4-16). In addition,
the specimen densities were tallied against the reamer velocity during the constant thrust-
force machining process using a linear regression analysis. Using GraphPad Prism, it was

found that for both the subchondral bone and cancellous bone the specimen density was
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linearly related to the reamer velocity (figure 4-17, 4-18). However, reamer velocity
correlated to the specimen density to a lower degree (R? = 0.67) in the subchondral region
of the bone as compared to the cancellous bone region of the glenoid specimens
(R2=0.92).

Comparison of Reamer Velocity in
Subchondral and Cancellous Bone
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Figure 4-16 Comparison of reamer velocity between glenoid subchondral and
cancellous bone (* = p<0.001).
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Linear Regression of Reamer Velocity
vs Subchondral Bone Density
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Figure 4-17 Regression analysis of glenoid subchondral bone density and reamer

velocity (p<0.05).
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Figure 4-18 Regression analysis of glenoid cancellous bone density and reamer
velocity (p<0.05).
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4.4.1.2 Apparent Machining Stiffness

In addition to observing force and displacement as a function of time for the two
regions of the glenoid bone, force was also assessed as a function of displacement. The
displacement values for the reamer in individual specimens were organized to match the
other specimens. Force values were then populated based on an increasing displacement
value in increments of 0.01 mm. An average of thrust-force experienced at the glenoid face
across the six reamed specimens was calculated and plotted as a function of displacement.
Figures 4-19 and 4-20 show the derived force-displacement plots for subchondral and

cancellous bone.

Averaged Force vs Displacement for Six Human Cadaveric
Glenoid Subchondral Bone Specimens
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Figure 4-19 Force vs displacement plot for reaming glenoid subchondral bone.

Subchondral bone reamed using a constant thrust-force. The average force and one

standard deviation above and below the calculated average are shown.
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Averaged Force vs Displacement of Six Human Cadaveric
Glenoid Cancellous Bone Specimens
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Figure 4-20 Force vs displacement plot for reaming glenoid cancellous bone.

Cancellous bone reamed using a constant thrust-force. The average force and one standard

deviation above and below the calculated average are shown.

Among the six reamed specimens, on average, the displacement at which maximum
prescribed thrust-force was reached was recorded for each of the subsections of the glenoid
bone. It was found that for subchondral bone, this displacement was 0.8 mm, whereas for
cancellous bone it was 1.4 mm. For individual specimens, these displacements were used
to evaluate apparent machining stiffness as the ratio of force and displacement. Table 4-3
lists the specimen identity and its associated apparent machining stiffness in the
subchondral and cancellous regions. For the six reamed specimens, the subchondral bone’s
average apparent machining stiffness was 73.95 + 12.83 N/mm, whereas the same for
cancellous bone was 41.72 +£ 7.54 N/mm. A paired t-test showed that the apparent
machining stiffness of the two bone regions was significantly different (p<0.001).
However, unlike the bone density-reamer velocity relationship, the apparent machining
stiffness of the subchondral and cancellous bone was not linearly related to the specimen
bone density.
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Table 4-3 Human cadaveric glenoid specimens' calculated apparent machining

stiffness in subchondral and cancellous regions.

Specimen Number | Subchondral Bone | Cancellous Bone
(N/mm) (N/mm)
15-08039R 58.24 44.06
15-10049L 83.28 40.70
16-02030R 84.34 50.42
16-05021R 81.06 48.42
17-1052L 83.10 39.45
17-1265L 53.66 27.28

Apparent Machining Stiffness in Subchondral
and Cancellous Bone
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Figure 4-21 Apparent machining stiffness of the glenoid subchondral and cancellous
bone (*** = p<0.001).
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4.4.2 Position-Prescribed Version Angle Correction

Constant thrust-force based reaming of the glenoid specimens was conducted in
both the subchondral and cancellous bone. Once the subchondral bone was reamed,
however, any further tests on the glenoid could be performed only in the cancellous bone.
For version correction reaming, the experiments pertain only to the cancellous bone.
Furthermore, unlike the case of constant thrust-force reaming where reamer velocity was
an outcome of the specimen’s resistance (i.e specimen density), the version correction

experiments were assigned a fixed velocity.

For the six reamed glenoid specimens, the mean angular velocity was
3.29 £ 0.1 deg/s. In the case of version correction experiments, the apparent machining
stiffness was recorded to be 5.21 + 1.37 N/deg. A linear relationship was not observed
between specimen density and apparent machining stiffness. Maximum force recorded per
specimen during version correction has been listed in table 4-4. A linear relationship
between maximum force and specimen density was not observed. Lastly, table 4-4 also
lists the distance between the pilot hole and the anterior edge of the glenoid specimens
prior to the version correction reaming. A linear relationship was seen between the
maximum force registered while reaming in this fashion and the distance from the pilot
hole to the anterior edge of the glenoid face (figure 4-22 and 4-23).
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Table 4-4 Maximum recorded force during version correction in the cancellous bone

of the reamed glenoid specimens.

Specimen Number | Maximum Force Distance to
(N) Anterior Edge

(mm)
15-08039R 25.6 17.88
15-10049L 20.2 17.41
16-02030R 27.6 19.06
16-05021R 17.6 16.96
17-10252L 25.6 18.67
17-1265L 35.3 22.78
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Linear Regression of Maximum Force vs
Reamer Contact to Anterior Edge
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Figure 4-22 Regression analysis of maximum path force vs reamer-specimen contact

length to the anterior edge during version correction (p<0.05).

16.96 mm

Figure 4-23 Distance from the pilot hole to the anterior edge of the glenoid is shown.
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443 Robot Performance Evaluation

In case of bone analog blocks, the maximum recorded force was limited to a
magnitude below the prescribed thrust-force. However, the robot did perform well in
delivering the prescribed thrust-force for the Sawbone glenoid specimens and for the
human cadaveric bone specimens. The 52 N thrust-force target was met with slight
aberration from the mean within one standard deviation as seen in figures 4-5, 4-14
and 4-15.

The displacement error in reaming of Sawbone glenoids was indicated in section
4.2.6. For the human cadaveric bone, the thinnest section of the subchondral bone was
evaluated from specimens’ clinical CT-scans, and a reaming depth slightly below was
prescribed. This ensured that the collected data would reasonably reflect the effect of
subchondral bone’s mechanical property on the motion parameters of the reamer whilst
reaming with a constant thrust-force. Table 4-5 lists the reaming depth allocated for the
subchondral region of the glenoid specimens. For the cancellous bone, on the other hand,
the prescribed reaming depth was always 2.25 mm. Outcome reamed depth in cancellous

region of the specimens has been shown in table 4-5 as well.
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Table 4-5 Prescribed and executed reaming depth by the Kuka LBR4+ robot while

reaming under a constant thrust-force condition.

Specimen Subchondral Prescribed Depth Cancellous
Thickness Subchondral Reamed by Reamed
(mm) Reaming Robot (mm) Depth (mm)
Depth (mm)
15-08039R 1.62 1.5 1.33 1.81
15-10049L 0.79 0.70 0.48 2.61
16-02030R 1.28 1.2 0.99 1.40
16-05021R 1.38 1.25 1.07 2.39
17-1052L 1.0 0.9 0.63 2.28
17-1265L 1.65 1.5 1.28 2.41

On average the error in robot’s ability to adhere to the prescribed depth while
reaming was larger in subchondral bone (18%) than cancellous bone (4.45%). Furthermore,
the error in achieving a prescribed depth was largest when a small reaming depth was
allocated (15-10049L). For the cancellous bone specimens, the robot reamed an average
depth of 2.15 £ 0.41 mm. And for the version correction experiments, while the prescribed
reaming angle was 5 degrees, the rotation of the robot-mounted tool was on average
5.41 + 0.13 degrees, translating to a maximum error of 10.8%. As with the higher density
bone analog blocks, when reaming bone of higher density, it was noted that the robot
reamed a lower depth than that prescribed. In case of subchondral bone, the resulting
reamed depth was always lower than the prescribed depth, whereas that was true for
cancellous bone of highest density (16-02030R). One specimen (15-08039R) was an

anomaly to this observation with the lowest cancellous density, but a lower reamed depth.
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4.5 Chapter Summary and Discussion

The experiments highlighted in this chapter quantified motion parameters of a
reamer while machining geometry that is representative of a human glenoid bone. The
polyurethane foam models are consistent in geometry and density. The reamer velocity
was accordingly repeatable to a high level of precision. The density of the specimens
carries a 10% error as defined by the manufacturer, and both the reamer velocity and
apparent machining stiffness showed a standard deviation that was nearly 10% from
the mean value. This supported the idea that the robot mounted reaming system could
be used to machine human cadaveric glenoid specimens and quantify reamer motion

parameters under a prescribed thrust-force condition.

From the bone density calculation results, it was noted that the cancellous and
subchondral bone densities fell well within the ranges that are defined in the
literature [103], [104]. Furthermore, the bone density in the subchondral region did not
have a reflection on the bone density of the same specimen’s cancellous bone region.
While a glenoid specimen had a higher subchondral bone density, the cancellous bone

density of the same specimen could be lower than the other specimens.

Force vs time plots for the reamed specimens showed the least variation in Sawbone
glenoids as compared to the subchondral and cancellous bone specimens (figures 4-5,
4-14 and 4-15). Due to the latter being much harder, there was more vibration while
reaming cadaveric specimens which introduced a larger aberration in the thrust-force
recorded at the load cell. Furthermore, the five specimens of Sawbone glenoids had a
much smaller difference among their densities, shape and overall size than the tested
cadaveric specimens- a reasonable contributing factor in seeing a more uniform force-

time profile in the former.

Force vs displacement plots of the reamed specimens followed a similar trend as
the force vs time plots. A noteworthy observation was that the Sawbone glenoids and
the cadaveric cancellous bone specimens allowed a 1.4 mm reamer depth prior to

establishing the maximum allowed thrust-force. The mean apparent bone density of the
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cancellous region of the cadaveric glenoids was 0.54 + 0.05 g/cc, which was not
significantly different from the density of the artificial glenoids. Furthermore, in
comparison, the subchondral region of the reamed cadaveric glenoids reached the
maximum allowable force at a shorter average ream depth of 0.8 mm, indicating that

the subchondral bone was a significantly stiffer material from a machining perspective.

The reamer velocity in both the subchondral and cancellous regions of the bone was
found to be linearly related to the bone density. However, said linearity was low for
subchondral bone (R? = 0.67). When the reamer was set up by the surgical fellow onto
the cadaver glenoids, the amount of contact of bone with the reamer flutes varied
considerably from specimen to specimen in the subchondral region of the glenoids.
However, by the time the reamer got to the cancellous bone, the workpiece (bone) had
been machined to conform well to the reamer’s geometry. This is an important
observation as the density alone, rather than varying amount of contact with the reamer
flutes affected the reamer’s trajectory for cancellous bone, yielding a higher level of
linearity (R? = 0.92) between density and reamer velocity. The role of workpiece-cutter
interaction geometry on machining outcomes has been documented previously, and it

was evident in this study as well.

Among the four different tested densities of Sawbone blocks, a linear relationship
was observed between density of the machined specimens and the apparent machining
stiffness. However, the same relationship was not observed in the cadaveric glenoid
specimens in either of the bone type (subchondral and cancellous). Reamer velocity
was calculated over a larger reaming depth. As such, any non-uniformity in the bone
structure such as frequency of the haversian systems was accounted for to a greater
degree. Calculation of the apparent machining stiffness, however, depended on a
shorter reaming depth. As a result, the same factor could not be accounted for to an
equal degree. It can be stated with some confidence that a mean value for apparent
machining stiffness in bone of either type has credibility, even though a density and
apparent machining stiffness relation was not consistent with the findings of bone-

analog specimens.
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While reaming bone-analog blocks, the maximum force observed was related to
specimen density. As well, the reamer velocity was a dependent variable. During
version correction, however, position control mode of the robot was used. A specific
path velocity was prescribed and followed, irrespective of the forces registered during
that trajectory. During progression of the reamer towards its final position, specimens
that had a larger contact area with the reamer had a larger volume of bone to be
removed. Any bone volume remaining was compressed by the reamer (until machined
away) registering a higher maximum force on the load cell. Although density may have
affected the registered maximum force during version correction as well, the reamer-

specimen contact area played a larger role in this measured outcome.

The maximum allowable stiffness for the robot was 5000 N/m. In prescribing the
force-control parameters, both constant path and joint stiffness magnitude were set to
the maximum value. However, it was noted during the experiment that machining a
hard material such as bone with a tool mounted to the end-effector had vibrations of
large amplitude. The robot’s error in approximating position is 0.05 mm (manufacturer
defined), but while machining, the error was larger, and it can be attributed to the
induced vibrations. It is recommended that for future experiments a robot with higher

stiffness levels is used for higher fidelity.
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Chapter 5

5  Summary and Conclusions

OVERVIEW: This chapter revisits the intended objectives
and pertaining hypotheses of this project and presents a
summary of work undertaken to meet the goals of the study.
The strengths and limitations of this study have been
presented, followed with a possible direction for future work

involving glenoid reaming.
5.1 General Discussion

Glenoid reaming is a challenging task and significantly influences the success of a
TSA [22], [23]. For a glenoid implant to be successfully placed for long-term success,
adequate bone resurfacing, preservation of enough bone stock, and ensuring a well-
conformed positioning of the implant onto the native bone are pre-requisites [24]. Failure
to meet the above-mentioned requirements can cause glenoid loosening due to eccentric

loading of the implant which will then lead to a need for a revision surgery [39], [40].

Bone machining has been extensively studied previously. Drilling, sawing and
burring procedures have been evaluated for outcome forces under different feed rates,
depth of machining and spindle speeds [43]-[47]. However, these machining processes are
fundamentally different from reaming of the glenoid which is a low-speed bone resurfacing
process. Furthermore, results from drilling, sawing and burring of bone show that a bone
machining process that involves low speed resurfacing needs to be investigated separately
[44], [47], [49]. As well, evaluating reaming relationships between force and feed rate for
both subchondral and cancellous bone separately is essential to gaining a better

understanding of this machining process.

A robot-driven reaming system was designed in this project to mimic a surgeon’s
practice of reaming a glenoid prior to installing an implant in a patient. Driven by the

objectives to conduct reaming with a constant thrust-force and adhering to desired reaming
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depths, the Kuka LBR4+ robot was programmed and tested. It was found that the robot
was able to meet these objectives successfully while machining various densities of bone-
analogs, as well as cadaveric subchondral and cancellous bone. The standard deviation for
thrust-force target was within £5 N from the targeted 52 N value, thereby validating the
first hypothesis. Moreover, the displacement targets were met with less than 10% error,
well-within the hypothesized values of £1 mm and +1° for orthogonal and version
correction-like reaming operations respectively. A force-displacement relationship was
quantified for both subchondral and cancellous bone regions under a 52 N thrust-force
prescribed reaming operation. It was found that the apparent machining stiffness of the two

bone types was significantly different, confirming what was originally hypothesized.

The Kuka robot was programmed to output a set thrust-force while reaming to
match experienced clinicians’ practice [61]. Whereas in previous studies the feed rate was
prescribed, in our studies, reamer velocity (feed rate) was an outcome measurement.
Reaming of bone-analog specimens showed a linear relationship between the specimen
density and the recorded maximum thrust-force. As well, a linear relationship was observed
between specimen density and reamer velocity, and specimen density and apparent
machining stiffness. While machining bone-analog specimens (chapter 3) the maximum
prescribed thrust-force was not reached. But, while orthogonally reaming Sawbone glenoid
specimens as well as cadaveric bone specimens, the desired thrust-force maximum was
attained. A linear relationship was observed between specimen density and reamer velocity
in both the subchondral and cancellous bone sections. It was found that whilst reaming
under the prescribed thrust-force, the reamer velocity for subchondral bone had a mean
value of 0.033 + 0.007 mm/s, and the same for the cancellous bone was 0.24 + 0.04 mm/s.
The apparent machining stiffness experienced by the reamer for subchondral and
cancellous regions of the glenoid bone was 73.95 + 12.83 N/mm and 41.72 + 7.54 N/mm
respectively. A linear relationship was not observed between the specimen density and
apparent machining stiffness which may be attributed to the fact that cadaver bone would
be more non-uniform in its structure than the synthetic bone analogs. As such, within a
short displacement used to evaluate the rate of rise of force, variability in bone structure,

density and mechanical property would be pronounced to a larger degree.
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Lastly, during experiments that mimicked version correction, a position-feedback
trajectory was designated. As such, specimen density was not a driving factor for reamer
velocity. Maximum path force was a function of the contact surface shared between the
reamer and the specimen. A linear relationship was found between reamer-specimen
surface contact and the maximum thrust-force registered by the load cell as with a larger

contact surface, more volume of bone had to be removed at the same reamer velocity.
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5.2 Strengths and Limitations

Bone machining studies for glenoid resurfacing have not been reported in the literature,
therefore this study was an innovative start to investigate a bone machining process that is
significant to surgical outcomes. One of the strengths of this study was that a constant
thrust-force model that mimicked clinical practice was employed. As well, a highly
accurate and precise robot was used in a closed loop system directed by force- and position-
feedback strengthening the reliability of results. The study was further strengthened by
having an orthopedic surgical fellow arrange the starting point and orientation of the robot-
mounted reamer for each of the specimens and the robot maintained that orientation
throughout. An optical tracker able to reliably discern the positioning of the reamer was
used in these experiments to further validate the accuracy and precision of the robot. It is
also noteworthy that CT scans of bone specimens were used to identify the transition zone
between subchondral and cancellous bone prior to reaming depth designation. This ensured
that the reaming data collected for each of the bone sections was exclusive to that very
bone region. An additional strength of this study was that the apparent bone density
calculation considered only the reamed section of the specimens. As a result, calculated
density values were more relevant for drawing relationships between the machining
operation and the reamer motion parameters that were sought. Lastly, while many bone
machining studies have been conducted on animal bones, human cadaveric bone was used

in this study, thereby enhancing the applicability of the results in a surgical setting.

The Sawbone blocks that were used in this study were confined to the low density
observed only in cancellous bone. However, the trends that were observed while reaming
these samples were transferable to the cadaver bone. Another noted limitation was that
while reaming denser and harder subchondral bone, the system experienced high levels of
vibration. To counteract position-feedback errors in the robot system due to this vibration,
maximum allowable stiffness was allocated to the joints of the robot in conjunction with
low damping value. Lastly, the reamer size used for machining each of the specimens was
kept constant. However, from the version correction studies it was brought to our attention
that the size of the reamer relative to the specimen being reamed can be a significant factor

in guiding the machining outcomes. Due to limitations in available specimens, the version
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correction like operation was conducted in the cancellous region of each of the glenoids.
Although a meaningful observation was made during this process, in clinical practice, a
version correction is conducted in the subchondral region of the bone, which in turn can

indicate variations in reaming depth in both subchondral and cancellous regions.
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5.3 Future Work and Directions

It is recognized that a small number of specimens was used in these experiments. As
such, to be able to raise the statistical power of the observations an additional number of
specimens should be reamed. Furthermore, bone-analog specimens of higher density
values leading up to the density range of subchondral bone can be reamed to evaluate trends
in a more uniform material. This data can then be assessed for translatability to cadaveric
bone specimens. This study adhered to the lower range of thrust-force applied by clinicians
while reaming against a simulator. It is recommended that reaming-related studies be
conducted with a varied set of thrust-force applications to characterize the reaming feed
rate as a function of force and specimen density. An additional recommendation is to
collect and assess the reaming data for the transition region that lies between subchondral
and cancellous bone. With regards to the reaming involved in correcting retroverted
glenoids, it is recommended that experiments are conducted, and data analyzed, for
subchondral region in addition to the cancellous bone that was tested in this study. Lastly,
it is believed that the position estimation error by the robot can be minimized by using a
manipulator that is programmable to have higher joint stiffness value than 5000 N/m while
under force-controlled trajectory.
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Appendices

Appendix A: Specimen Data

Table A 1: Specimen age and gender related data.

Specimen Serial Number Gender Appendage Side Age
1 15-08039R Male Right 73
2 15-10049L Male Left 78
3 16-02030R Male Right 50
4 16-05021R Male Right 80
5 17-1052L Male Left 55
6 17-1265L Male Left 61

Mean Age: 66.2 + 12.6 years
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Appendix B: Thrust-Force Feedback Driven Robot Algorithm

The Kuka robot code used for reaming specimens orthogonally with a 52 N thrust-
force has been included below. The KRL code is split into a source code and data file.
Contents of both have been included. It should be noted that while some variables are
declared and initialized in the source file, others are necessitated to be declared and

initialized in the data file.

SRC File:
DEF THRUST_FORCE_REAM_CODE02030()

DECL TORQUE_TCP_EST MyTorque
DECL REAL COUNT
DECL REAL DISTANCE
DECL REAL REAM_DEPTH
:FOLD INI
:FOLD BASISTECH INI
GLOBAL INTERRUPT DECL 3 WHEN $STOPMESS==TRUE DO IR_STOPM ()
INTERRUPT ON 3
BAS (#INITMOV,0)
;ENDFOLD (BASISTECH INI)
:FOLD USER INI
:Make your modifications here

'ENDFOLD (USER INI)
:ENDFOLD (INI)

$STIFFNESS.STRATEGY =10
$STIFFNESS.COMMIT = TRUE

$OV_PRO =75
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:FOLD PTP P1 Vel=100 % PDAT4 Tool[14]:0ld_Reamer Base[0];%{PE}%R
5.6.11,%MKUKATPBASIS,%CMOVE,%VPTP,%P 1:PTP, 2:P1, 3:, 5:100, 7:PDAT4
$BWDSTART=FALSE

PDAT_ACT=PPDATA4

FDAT_ACT=FP1

BAS(#PTP_PARAMS,100)

PTP XP1

;ENDFOLD

;FOLD PTP P2 Vel=100 % PDATS5 Tool[14]:01ld_Reamer Base[0];%{PE}%R
5.6.11,%MKUKATPBASIS,%CMOVE,%VPTP,%P 1:PTP, 2:P2, 3:, 5:100, 7:PDAT5
$BWDSTART=FALSE

PDAT_ACT=PPDAT5

FDAT_ACT=FP2

BAS(#PTP_PARAMS,100)

PTP XP2

;ENDFOLD

;FOLD PTP P3 Vel=100 % PDATG6 Tool[14]:0ld_Reamer Base[0];%{PE}%R
5.6.11,%MKUKATPBASIS,%CMOVE,%VPTP,%P 1:PTP, 2:P3, 3:, 5:100, 7:PDAT6
$BWDSTART=FALSE

PDAT_ACT=PPDATG6

FDAT_ACT=FP3

BAS(#PTP_PARAMS,100)

PTP XP3

;ENDFOLD

HALT

ForceX()

COUNT =0

DISTANCE =0

REAM_DEPTH =0

MyTorque = $STORQUE_TCP_EST

COUNT =0

REPEAT

count = $pos_act.x

IF (MyTorque.FT.X < 52) AND (abs(REAM_DEPTH) <= 2.3) THEN
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LIN_REL {X 0.75} #TOOL

MyTorque = $STORQUE_TCP_EST

DISTANCE = $pos_act.x - COUNT

REAM_DEPTH = REAM_DEPTH + DISTANCE
ELSE
count= $pos_act.x

IF (MyTorque.FT.X >55) THEN

LIN_REL {X -0.1} #TOOL

MyTorque = $TORQUE_TCP_EST

DISTANCE = $pos_act.x - COUNT
REAM_DEPTH = REAM_DEPTH - DISTANCE
ELSE

MyTorque = $STORQUE_TCP_EST

ENDIF
ENDIF
UNTIL abs(REAM_DEPTH) >=2.25
;FOLD LIN P4 CONT Vel=2 m/s CPDAT1 Tool[14]:0ld_Reamer Base[0];%{PE}%R
5.6.11,%MKUKATPBASIS,%CMOVE,%VLIN,%P 1:LIN, 2:P4, 3:C_DIS, 5:2,
7.CPDAT1
$BWDSTART=FALSE
LDAT_ACT=LCPDAT1
FDAT_ACT=FP4
BAS(#CP_PARAMS,2)
LIN XP4 C_DIS
;ENDFOLD
WAIT FOR TRUE

ForceX_Stop()
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HALT

END

DEF ForceX()

DECL STIFFNESS USERSTIFF
DECL INT md_int[16]

DECL REAL md_real[16]
DECL INT n

DECL INT result

USERSTIFF = $STIFFNESS

USERSTIFF.STRATEGY =20

USERSTIFF.FRAMETYPE = #TOOL

USERSTIFF.CPSTIFFNESS = {X 5000.0,Y 5000.0,Z 5000.0,A 300.0,B 300.0,C 300.0}
USERSTIFF.CPDAMPING = {X 0.1,Y 0.1,Z 0.1,A 0.1, 0.1,C 0.1}
USERSTIFF.AXISSTIFFNESS = {A1 5000.0,A2 5000.0,A3 5000.0, A4 5000.0,A5
5000.0,A6 5000.0,E1 5000.0}

USERSTIFF.AXISDAMPING = {A10.1,A2 0.1,A3 0.1,A4 0.1,A5 0.1,A6 0.,E1 0.1}
USERSTIFF.CPMAXDELTA = {X 100,Y 100,Z 100,A 100,B 100,C 100}
USERSTIFF.MAXFORCE = {X 55.0,Y 55.0,Z 55.0,A 55.0,B 55.0,C 55.0}
USERSTIFF.AXISMAXDELTA = {A1 100,A2 100,A3 100,A4 100,A5 100,A6 100,E1
100}

USERSTIFF.AXISMAXDELTATRQ = {Al 2.0,A2 2.0,A3 2.0,A4 2.0,A5 2.0,A6 2.0,E1
2.0}

$STIFFNESS = USERSTIFF

FORN=1TO 16
md_int[n] =0
md_real[n] =0

ENDFOR

md_int[1] =1
md_int[2] =0
md_int[3] =0
md_real[1] = 52.0
md_real[2] =5.0
md_real[3] = 100.0
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md_real[4] = 0.2
md_real[5] = 5.0
md_real[6] = 27.0
md_real[7] = 0.0

result=MD_CMD("PAPAS","DESIREDFORCEX",md_int[],md_real[])
result=MD_CMD("PAPAS","DESIREDFORCESTART",md_int[],md_real[])

END

DEF ForceX_Stop()
DECL INT md_int[16]
DECL REAL md_real[16]
DECL INT n

DECL INT result
FORNn=1TO 16
md_int[n] =0

md_real[n] =0

ENDFOR

result=MD_CMD("PAPAS","DESIREDFORCECLEAR",md_int[],md_real[])
END
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DEFDAT THRUST_FORCE_REAM_CODE02030 PUBLIC

DECL E6POS xStartPos={X 0.0,Y 0.0,Z 0.0,A 0.0,B 0.0,C 0.0}

DECL BASIS_SUGG_T LAST_BASIS={POINT1[] "P5 " POINT2[] "P5
" CP_PARAMS[] "CPDAT1 " PTP_PARAMSI[] "PDAT7

" CONT[] "C_DIS " CP_VEL[] "1 " PTP_VEL[] "20

" SYNC_PARAMS[] "SYNCDAT " SPL_NAME[] "SO "

DECL E6POS XSTART={X 399.506409,Y 437.510193,Z 411.028015,A -91.0308228,B
-1.244452,C 89.2274323,S 1,T 44,E1 -95.4578476,E2 0.0,E3 0.0,E4 0.0,E5 0.0,E6 0.0}

DECL FDAT Fstart={TOOL_NO 10,BASE_NO 2,IPO_FRAME #BASE,POINT2[] "
" TQ_STATE FALSE}

DECL PDAT PPDAT1={VEL 100.0,ACC 100.0,APO_DIST 100.0}

DECL PDAT PPDAT2={VEL 100.0,ACC 100.0,APO_DIST 100.0,APO_MODE
#CPTP}

DECL PDAT PPDAT3={VEL 100.0,ACC 100.0,APO_DIST 100.0,APO_MODE
#CPTP}

DECL E6POS XP1={X -714.150879,Y -168.406998,Z 443.537994,A 179.738693,B
2.2152791,C -90.2527771,S 7,T 16,E1 155.927399,E2 0.0,E3 0.0,E4 0.0,E5 0.0,E6 0.0}

DECL FDAT FP1={TOOL_NO 14,BASE_NO 0,IPO_FRAME #BASE,POINT2[] "
" TQ_STATE FALSE}

DECL PDAT PPDAT4={VEL 100.0,ACC 100.0,APO_DIST 100.0,APO_MODE
#CPTP}

DECL E6POS XP2={X -714.150879,Y -168.406998,Z 443.537994,A 179.738693,B
2.2152791,C -90.2527771,S 7,T 16,E1 155.927399,E2 0.0,E3 0.0,E4 0.0,E5 0.0,E6 0.0}

DECL FDAT FP2={TOOL_NO 14,BASE_NO 0,IPO_FRAME #BASE,POINT2[] "
"TQ STATE FALSE}

DECL PDAT PPDAT5={VEL 100.0,ACC 100.0,APO_DIST 100.0,APO_MODE
#CPTP}

DECL E6POS XP3={X -716.140198,Y -168.415497,Z 443.511993,A 179.742706,B
2.21177101,C -90.2467499,S 7,T 16,E1 155.927795,E2 0.0,E3 0.0,E4 0.0,E5 0.0,E6 0.0}

125



DECL FDAT FP3={TOOL_NO 14,BASE_NO 0,IPO_FRAME #BASE,POINT2[] "
" TQ_STATE FALSE}

DECL PDAT PPDAT6={VEL 100.0,ACC 100.0,APO_DIST 100.0,APO_MODE
#CPTP}

DECL E6POS XP4={X -714.157104,Y -168.397095,Z 443.505402,A 179.735199,B
2.21509004,C -90.2584305,S 7,T 16,E1 155.927704,E2 0.0,E3 0.0,E4 0.0,E5 0.0,E6 0.0}

DECL FDAT FP4={TOOL_NO 14,BASE_NO 0,IPO_FRAME #BASE,POINT2[] "
"TQ STATE FALSE}

DECL PDAT PPDAT7={VEL 100.0,ACC 100.0,APO_DIST 100.0,APO_MODE
#CPTP}

DECL LDAT LCPDAT1={VEL 2.0,ACC 100.0,APO_DIST 100.0,APO_FAC
50.0,0RI_TYP #VAR,CIRC_TYP #BASE,JERK_FAC 50.0,EXAX_IGN 0}

DECL E6POS XP5={X -714.150513,Y -179.821198,Z 448.206909,A 179.407501,B -
11.6938105,C -85.5949478,S 7,T 16,E1 168.657196,E2 0.0,E3 0.0,E4 0.0,E5 0.0,E6 0.0}

DECL FDAT FP5={TOOL_NO 14,BASE_NO 0,IPO_FRAME #BASE,POINT2[] "
"TQ STATE FALSE}

ENDDAT
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Appendix C: Robot Algorithm for Position-controlled Version
Correction

The source code and the data file for a five degree rotation angle glenoid version-

correction mimicking robot algorithm is included in this section.

SRC File:
DEF VERSION_REAM_5Degree()

:FOLD INI

:FOLD BASISTECH INI
GLOBAL INTERRUPT DECL 3 WHEN $STOPMESS==TRUE DO IR_STOPM ()
INTERRUPT ON 3
BAS (#INITMOV,0)

;ENDFOLD (BASISTECH INI)

:FOLD USER INI
:Make your modifications here

;ENDFOLD (USER INI)
:ENDFOLD (INI)

$STIFFNESS.STRATEGY = 10
$STIFFNESS.COMMIT = TRUE
$OV_PRO =75

;FOLD PTP P1 Vel=100 % PDAT4 Tool[14]:0ld_Reamer Base[0];%{PE}%R
5.6.11,%MKUKATPBASIS,%CMOVE,%VPTP,%P 1:PTP, 2:P1, 3:, 5:100, 7:PDAT4
$BWDSTART=FALSE

PDAT_ACT=PPDATA4

FDAT_ACT=FP1

BAS(#PTP_PARAMS,100)

PTP XP1

;ENDFOLD
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;FOLD PTP P2 Vel=100 % PDATS5 Tool[14]:0ld_Reamer Base[0];%{PE}%R
5.6.11,%MKUKATPBASIS,%CMOVE,%VPTP,%P 1:PTP, 2:P2, 3:, 5:100, 7:PDAT5
$BWDSTART=FALSE

PDAT_ACT=PPDAT5

FDAT_ACT=FP2

BAS(#PTP_PARAMS,100)

PTP XP2

;ENDFOLD

;FOLD PTP P3 Vel=100 % PDATG6 Tool[14]:0ld_Reamer Base[0];%{PE}%R
5.6.11,%MKUKATPBASIS,%CMOVE,%VPTP,%P 1:PTP, 2:P3, 3:, 5:100, 7:PDAT6
$BWDSTART=FALSE

PDAT_ACT=PPDAT6

FDAT_ACT=FP3

BAS(#PTP_PARAMS,100)

PTP XP3

;ENDFOLD

HALT

:FOLD WAIT Time=2 sec;%{PE}%R
5.6.11,%MKUKATPBASIS,%CWAIT,%VWAIT, %P 2:2

WAIT SEC 2

;ENDFOLD

$0OV_PRO =25

;FOLD LIN P5 CONT Vel=0.1 m/s CPDAT3 Tool[14]:0ld_Reamer Base[0];%{PE}%R
5.6.11,%MKUKATPBASIS,%CMOVE,%VLIN,%P 1:LIN, 2:P5, 3:C_DIS, 5:0.1,
7.CPDAT3

$BWDSTART=FALSE

LDAT_ACT=LCPDAT3

FDAT_ACT=FP5

BAS(#CP_PARAMS,0.1)

LIN XP5C_DIS

;ENDFOLD

;FOLD WAIT Time=1 sec;%{PE}%R
5.6.11,%MKUKATPBASIS,%CWAIT,%VWAIT,%P 2:1
WAIT SEC 1

;ENDFOLD

$OV_PRO =30

;FOLD LIN P6 CONT Vel=1 m/s CPDAT2 Tool[14]:0ld_Reamer Base[0];%{PE}%R
5.6.11,%MKUKATPBASIS,%CMOVE,%VLIN,%P 1:LIN, 2:P6, 3:C_DIS, 5:1,
7:CPDAT?2

$BWDSTART=FALSE

LDAT_ACT=LCPDAT2
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FDAT_ACT=FP6
BAS(#CP_PARAMS,1)
LIN XP6 C_DIS
:ENDFOLD

;FOLD LIN P4 CONT Vel=2 m/s CPDAT1 Tool[14]:0ld_Reamer Base[0];%{PE}%R
5.6.11,%MKUKATPBASIS,%CMOVE,%VLIN,%P 1:LIN, 2:P4, 3:C_DIS, 5:2
7:CPDAT1

$BWDSTART=FALSE

LDAT_ACT=LCPDAT1

FDAT_ACT=FP4

BAS(#CP_PARAMS,2)

LIN XP4 C_DIS

;ENDFOLD

WAIT FOR TRUE

HALT
END
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DEFDAT VERSION_REAM_5DEGREE PUBLIC

DECL E6POS xStartPos={X 0.0,Y 0.0,Z 0.0,A 0.0,B 0.0,C 0.0}

DECL BASIS_SUGG_T LAST_BASIS={POINTL[] "P6 " POINT2[] "P6
" CP_PARAMS[] "CPDAT2 " PTP_PARAMS[] "PDAT?

" CONT[] "C_DIS " CP_VEL[] "0.1 " PTP_VEL[] "20

" SYNC_PARAMS[] "SYNCDAT " SPL_NAME[] "SO "

DECL E6POS XSTART={X 399.506409,Y 437.510193,Z 411.028015,A -91.0308228,B
-1.244452,C 89.2274323,S 1,T 44,E1 -95.4578476,E2 0.0,E3 0.0,E4 0.0,E5 0.0,E6 0.0}

DECL FDAT Fstart={TOOL_NO 10,BASE_NO 2,IPO_FRAME #BASE,POINT2[] "
" TQ_STATE FALSE}

DECL PDAT PPDAT1={VEL 100.0,ACC 100.0,APO_DIST 100.0}

DECL PDAT PPDAT2={VEL 100.0,ACC 100.0,APO_DIST 100.0,APO_MODE
#CPTP}

DECL PDAT PPDAT3={VEL 100.0,ACC 100.0,APO_DIST 100.0,APO_MODE
#CPTP}

DECL E6POS XP1={X -692.21051,Y -165.134796,Z 441.22879,A 178.843307,B
3.06322289,C -89.7126312,S 7,T 16,E1 164.014603,E2 0.0,E3 0.0,E4 0.0,E5 0.0,E6 0.0}

DECL FDAT FP1={TOOL_NO 14,BASE_NO 0,IPO_FRAME #BASE,POINT2[] "
" TQ_STATE FALSE}

DECL PDAT PPDAT4={VEL 100.0,ACC 100.0,APO_DIST 100.0,APO_MODE
#CPTP}

DECL E6POS XP2={X -693.212219,Y -165.115799,Z 441.183411,A 178.844894,B
3.06603289,C -89.7083282,S 7,T 16,E1 164.014603,E2 0.0,E3 0.0,E4 0.0,E5 0.0,E6 0.0}

DECL FDAT FP2={TOOL_NO 14,BASE_NO 0,IPO_FRAME #BASE,POINT2[] "
"TQ STATE FALSE}
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DECL PDAT PPDAT5={VEL 100.0,ACC 100.0,APO_DIST 100.0,APO_MODE
#CPTP}

DECL E6POS XP3={X -694.200928,Y -165.106903,Z 441.192596,A 178.848495,B
3.06169605,C -89.7025833,S 7,T 16,E1 164.014999,E2 0.0,E3 0.0,E4 0.0,E5 0.0,E6 0.0}

DECL FDAT FP3={TOOL_NO 14,BASE_NO 0,IPO_FRAME #BASE,POINT2[] "
"TQ STATE FALSE}

DECL PDAT PPDAT6={VEL 100.0,ACC 100.0,APO_DIST 100.0,APO_MODE
#CPTP}

DECL E6POS XP4={X -693.210876,Y -165.158493,Z 441.018494,A 178.849197,B
3.07649302,C -89.7138596,S 7,T 16,E1 164.015503,E2 0.0,E3 0.0,E4 0.0,E5 0.0,E6 0.0}

DECL FDAT FP4={TOOL_NO 14,BASE_NO 0,IPO_FRAME #BASE,POINT2[] "
" TQ_STATE FALSE}

DECL PDAT PPDAT7={VEL 100.0,ACC 100.0,APO_DIST 100.0,APO_MODE
#CPTP}

DECL LDAT LCPDAT1={VEL 2.0,ACC 100.0,APO_DIST 100.0,APO_FAC
50.0,0RL_TYP #VAR,CIRC_TYP #BASE,JERK_FAC 50.0,EXAX_IGN 0}

DECL E6POS XP5={X -694.191284,Y -165.119202,Z 441.171997,A 173.8423,B
3.07082295,C -89.9735336,S 7,T 16,E1 164.015793,E2 0.0,E3 0.0,E4 0.0,E5 0.0,E6 0.0}

DECL FDAT FP5={TOOL_NO 14,BASE_NO 0,IPO_FRAME #BASE,POINT2[] "
" TQ_STATE FALSE}

DECL E6POS XP6={X -694.198425,Y -165.150101,Z 440.99411,A 178.853302,B
3.07802701,C -89.7083206,S 7,T 16,E1 164.015701,E2 0.0,E3 0.0,E4 0.0,E5 0.0,E6 0.0}

DECL FDAT FP6={TOOL_NO 14,BASE_NO 0,IPO_FRAME #BASE,POINT2[] "
" TQ_STATE FALSE}

DECL LDAT LCPDAT2={VEL 2.0,ACC 100.0,APO_DIST 100.0,APO_FAC
50.0,0RI_TYP #VAR,CIRC_TYP #BASE,JERK_FAC 50.0,EXAX_IGN 0}

DECL PDAT PPDAT8={VEL 100.0,ACC 100.0,APO_DIST 100.0,APO_MODE
#CPTP}

DECL LDAT LCPDAT3={VEL 2.0,ACC 100.0,APO_DIST 100.0,APO_FAC
50.0,0RI_TYP #VAR,CIRC_TYP #BASE,JERK_FAC 50.0,EXAX_IGN 0}

ENDDAT
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Appendix D — Enclosure for Synthes Small Battery Drive

The Synthes orthopedic drill was reverse engineered using a combination of 3D
scanning and CAD modelling to create a 3D printed enclosure for it that was compatible
with the Kuka robot. The drill was scanned by the Artec Space Spider (Artec 3D,
Luxembourg) laser scanner. The Artec handheld scanner utilizes an RGB camera, a blue
light projector, and three additional cameras for imaging. The RGB camera captures texture
and the three accessory cameras use the projected pattern blue light to triangulate geometry.
The laser scanner captures the point cloud data at 7.5 frames per second with an accuracy
of up to 0.1 mm. The scanner has a working distance of approximately 0.2 mto 0.3 m, and
a field of view that ranges from 90 mm by 70 mm to 180 mm by 140 mm. The surgical
drill was placed on a rotating turntable and scanned; the collected data was post-processed
in Artec Studio (Artec 3D, Luxembourg City, Luxembourg), which uses algorithms to
record the position of points in the point cloud and merge those points into polygonal
meshes. During post-processing, it was noted that the maximum error of some frames from
the assembly scans was 0.5 mm. Once post-processing was complete, the drill’s polygonal
mesh was exported as a standard triangle language (STL) file.

The STL file (figure D1) derived from Artec Studio provided a scan for top half of
the surgical drill (sectioned along the coronal plane). As such, the STL file was imported
into 3-matic (Materialize, Michigan, USA), a 3D modelling software, and a mirror
duplicate of the mesh model was created. Any geometrical and topological defects were
removed, and the two models were merged using common points. The completed model
was then exported to Geomagic Wrap (3D Systems, South Carolina, USA), and a mesh
repair was conducted. The mesh model was offset by 4 mm to create a volume larger than
the surgical drill while keeping the same geometry. The mesh was decimated (figure D2)
to simplify the geometry such that a solid model in the Solidworks CAD software (Dassault
Systemes, Vélizy-Villacoublay, France) could be created. A negative volume mold was
constructed from the resulting solid body of the surgical drill. The resulting mold was used
to create a final CAD model for a mount that was compatible with both the robot’s end-

effector and the surgical reamer assembly. It was ensured that in the CAD model the mount
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for the robot on the enclosure and the cavity for the reamer shaft were axially aligned to be
parallel. This ensured that when the enclosure would be mounted onto the robot, the reamer

shaft would be aligned with a desired axis of motion of the robot’s end-effector.

Figure D2- Decimated mesh of the scanned surgical drill shown.

The model on left shows a smaller mesh element (black triangle) which was decimated to

larger elements as seen in the model on the right.
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Additive manufacturing process was implemented to manufacture the enclosure for
the reamer assembly (figure D3). The CAD model of the reamer assembly enclosure was
exported as a set of STL files to the MakerBot Desktop (MakerBot, New York, USA), a
3D print preparation software. The parts were 3D printed with polylactic acid (PLA)
filament using the Replicator 5" Generation (MakerBot, New York, USA), a fused filament

fabrication machine.

Figure D3- The 3D-printed enclosure for the reamer assembly is shown.
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