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Abstract

Computer-assisted surgery (CAS) has brought ensnaolded value to medical interventions by providing
precise measurement tools that permit surgeonsdatiy and control their gestures. In total knethr@plasty
(TKA), CAS has significantly reduced implant aligam and positioning variability, which has beenretated

to early failures requiring revision surgery.

There remains however a clinical demand for entdipeecision and capabilities that perhaps only ticbamr
‘intelligent instruments’ coupled with navigatiogstems can offer.

In this work a novel robotic tool for bone-milling CAS TKA is developed. Our miniature bone-mounteblot,
namedPraxiteles attaches to the side of the knee and precisdifipos a milling guide so that the surgeon can
make the cuts manually.

Because manual milling is known to be an inherenthgtable process, however, a predictive model was
formulated and experiments were conducted in aaéetter understand and improve the bone-millirag@ss.
The physics of bone-cutting was first analysedhia simplest case possible: high-speed orthogoii) é2d
oblique (3D) single-edge cutting. This knowledgeswhen integrated into a flexible model for preidigt
milling forces as a function of the surgical paréen® We make recommendations for optimal milling
techniques and tools based on an analysis of fimdestability. Experimental results on cadavers witr new
robot and milling technique are very encouragingl e hope to start clinical trials in the future.

Keywords: computer and robot assisted surgery, total kndeaptasty, modelling bone milling and cutting
forces.

Résumé

La chirurgie assistée par ordinateur a amené uleivajoutée significative aux interventions métisaen
fournissant des outils de mesures permettant aurgieén de quantifier et contréler leurs gestes.oBhopédie
et notamment pour la pose de prothese totale deugf?TG), la chirurgie assistée par ordinateurdaitéde
maniére significative les variations d'alignementde position, paramétres directement corrélés é&hecs
précoces nécessitant une chirurgie de reprise.

Les cliniciens restent néanmoins demandeurs d’'ueeigion accrue et de possibilités additionneligsi
semblent ne pouvoir étre offertes que par de latigbe ou des ‘outils intelligents’ couplés a dadvigation.

Dans ce travail, un nouvel outil robotique dédi&raisage de I'os pour les chirurgies des PTG alét@loppé.
Notre robot miniature, appelé PRAXITELES, est fidi#gectement sur I'os sur I'un des c6té du genou, il
positionne avec précision un guide de fraisagepguinet chirurgien de faire manuellement les coupes.

Le fraisage manuel est un acte difficile avec gestabilité, c’est pourquoi, un modéle prédictété formulé,
et des tests ont été menés pour mieux le comprezidpeur 'améliorer. La physique de la coupe ossea
d’abord été étudiée dans le cas le plus simpleipe@ grande vitesse orthogonale (2D) et obliq®. (Bes
résultats ont ensuite été intégrés dans un modléle pour la prédiction des forces de fraisagenme
fonction des parameétres chirurgicaux. A partir @adlyse des forces et de la stabilité, nous faisdes
recommandations sur les techniques de fraisageplussoptimales et sur le choix des outils. Desultéts
expérimentaux sur cadavre avec notre nouveau edteiec ces techniques de fraisage sont trés exgeamts
et nous espérons démarrer des essais cliniquesiddogirs proche.

Mots clés :Chirurgie assistée par ordinateur, robotique, grshtotal de genou, modéle de fraisage de I'os
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Chapter 1: Introduction

1.0 Objectives / Scope of the thesis

Good clinical outcomes in total knee arthropladil{4) are normally associated with a postoperative
leg alignment of 3° or less [Jeffery 1991][Ritte994]. Some clinicians suggest an even narrower
window for optimal results and improved long-teramgvorship. Although computer assistance (CA)

has markedly improved alignment outcomes in TKAcamparison to the conventional technique,

some alignment outliers still remain (for examplenny [2001] reports only ~84% (25/30) and 70%
(21/30) of patients having errors <3° for navigaded conventional instrumentation, respectively).

Studies suggest that the manual bone-sawing pramedd be contributing a significant portion of
error to overall leg alignment and implant positignand fit [Plaskos 2002][Bathis 2005]. Milling
could be a more accurate solution for TKA, thougbspnt systems have not yet gained widespread
clinical acceptance due to the integration chaksnio the operating room (bulky, costly, invasive
instrumentation, increased operating time and pafatcerns).

The ultimate goal of this work is therefore to ipe implant positioning and fit in CA-TKA, by
improving the bone milling and guiding process.ohder to realise this, our objective was to design
and develop a novel bone-mounted robot for carnong planar resections in both conventional
(open) and minimally invasive (MIS) CA-TKA, usingraanually guided side-milling tool. It was a
requirement that the system be compact in ordéadititate the integration into the operating room
and to keep costs to a minimum. In addition, a-snléng technique was desired since it permits
access to all cuts with a minimal exposure.

Because bone-milling is known to be somewhat ‘udigtable’ in nature, however, with cutter forces
increasing suddenly and unexpectedly, we needbdtter understand the physics and to optimize the
mechanics of the milling process before deploytnig the clinical setting. It was therefore necegsa
to measure the forces occurring in bone-millingdeveral different cutting conditions and toolsd an
to model those forces in order to explain why thehave as they do, and to explore means for
minimizing this erratic behaviour.

Finally (or firstly) in order to build an accurgpeedictive model of the milling process that cobls
applied to any set of milling conditions, we neededunderstand what happens at the interface
between the bone and each cutting edge of thengitbol. It was therefore a first objective of this
thesis to investigate experimentally the fundamemichanics of bone-cutting in the simplest cases
possible: orthogonal (or two dimensional) and al#igthree dimensional) single-edge cutting. Since
modern surgical milling tools operate at a reldtiv@igh rotational speeds, it was a requirement tha
these experiments be carried out a high speeds mefere tested so that we could quantify the
interrelationships of cutting force and geometnydinically relevant conditions.
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1.1 TKA - Motivation and Background

Miniature robotized surgical instrumentation catemtially increase the precision and capabilities o
the surgeon, improve outcomes and recovery timeshi® patient and reduce the large number of
mechanical instruments required in the operatimgmowithout imposing impractical variations from
the conventional surgical technique.

Even though conventional total knee arthroplastf(AY is in general a very successful operation,
TKA is an attractive application for computer amthotic assistance for a number of reasons. Firstly,
knee mal-alignments of as little as 3° in the fedbrtlane (figure 1.1) have been correlated to early
failures, so a high degree of implant placemenuigay is key for good clinical results [Ritter 1994
Secondly, conventional TKA instrumentation systethat rely on mechanical jigs to aid bone
resurfacing have been known to produce variable sgbptimal results with respect to implant
alignment and fit of the femoral component [Lask#®1]. Saw-guides, for example, that reference the
anterior, posterior, and chamfer cuts from theatlisit may produce an outer femoral surface wtdch i
incongruent with the inner surface of the implabtidkin 1991][Lennox 1988][Plaskos 2002].
Furthermore, manual instrumentation systems usuetiyire that a number of guides be available in
the operating room to cover the entire range oflamipsizes (typically one template for each of the
five to eight sizes), which can take up valuablacgparound the operating table and increase
sterilization costs.

anterior Implant
cut profile

TRANSVERSE
PLANE

medial
X~

FRONTAL

PLANE

proximal

distal

SAGITTAL
PLANE

posterior

Figure. 1.1 Anatomical co-ordinate system of thade The implant cut profile ( ) is projected onte tsagittal
plane, illustrating the five planar cuts of a tyaid KA femoral implant.

1.1.1 TKA bone resections

No less than six planar bone resections are redjtirgperform a standard TKA (figure 1.2). Planar
resections on the femur include the distal, anteposterior, and the anterior and posterior chamfe
resections. These planes are arranged such tliatitles of intersection are parallel to one anathe
Only one planar resection is required on the tithia: proximal tibial resection (figure 1.3). Althgiu
supplementary cuts are typically required for paltr implant designs to allow for intercondylar
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prominences (especially in posterior stabilized lants), and for fixation stems or pegs, these
resections are not addressed in this work. Nei#lnerthe patellar resections (not shown), which
typically include one planar cut along with secaiydaoles for the implant pegs.

Anterior Chamfer Resection Anterior Femoral
Resection

Distal Femoral Resection

Proximal
Tibial
Resection

* Posterior
Chamfer
Resection

Posterior Femoral
Resection

BEFORE AFTER

Figure 1.2 Bone cuts made in TKA (Johnson & Johr@dhopaedics).

Figure 1.3 (a) Proximal tibial cut and (b) distafforal cut made with slotted (left) and open (jightting
guide (Johnson & Johnson Orthopaedics).

1.1.2 Surgical exposure and technique

In conventional TKA, the surgeon strives to achieweurate component placement by adequately
exposing the knee joint, properly orienting cuttiggide blocks across the exposed aspects of the
bones from the anterior side of the knee, and gawifh the worn joint surface by using the block
surface or slot to guide the oscillating saw-bléigure 1.3). The standard approach uses a 25-30 cm
anteromedial skin incision extending proximally rfrgust distal to the level of the tibial tubercle,
followed by a medial 20-30 cm parapatellar arthmotowhich extends superiorly through the
guadriceps tendon (figure 1.4) [Insall 2001].

Although the extent of the conventional or ‘opemtision allows for lateral eversion and dislocation
of the patella, thus exposing most of the strustunethe knee joint, dividing the distal third dfet
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guadriceps muscle in this manner can have sevepdrgussions for the patient. These include
increased pain, blood loss, and time to ambulatfmolonged post-operative hospital stay and
rehabilitation, and decreased range of motion amee lstrength [Tria 2003].

Surgeons are beginning to use “minimal access’nuinimally invasive” surgical (MIS) techniques
for TKA. Some techniques preserve the quadricepshar@ésm entirely, while others use a ~2cm
vastus medialis snip to facilitate patellar subtio@ [Tria 2003][Bonutti 2004]. Femoral cuts are
made from the anterior or medial side through a&si “mobile” incision that is moved to expose
different aspects of the joint by flexing and rotgtthe knee. Approaching the bone cuts obliquely o
medially circumvents the need to evert the patéhias reducing morbidity and trauma to the extensor
mechanism, and improving post-operative knee fonctiecovery rate and pain.

The primary surgical challenge in minimal acces#Ti& attaining precise implant cuts and alignment
with the reduced bone exposure. Currently, the bmrie are carried out by pinning a downsized
cutting-block onto the side of the knee. Becausargpaccuracy diminishes quickly with extension of
the sawblade beyond the cutting-block, howeverjeaatg accurate and reproducible cuts is very
challenging [Plaskos 2002].

Conventional exposure:
15cm incision in the
extensor muscle along
the patellar tendon

MIS (mini) exposure:
2-4 cm incision along
muscle fibres of vastus
medialis

y ) MIS (subvastus) exposure:
Midiine B Exposure attained

' dependant on variation of
vastus medialis insertion
(Types I, 11, and 11l

[Coon 2004])

Anterolateral

Figure 1.4 Surgical approaches and muscle expaswanventional (broken lines) and less invasive
(dotted lines) TKA (image from [Insall 2001]).
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1.1.3 Accuracy of conventional cutting techniques
1.1.3.1 Sawing

Sawing errors are a result of (1) saw-blade bendRigmisalignment between the blade and the guide
planes, and (3) guide movement. Several studies basntified the accuracy of convential sawing

techniques either on synthetic bones [Otani 1998{feén 1993], cadaver bones [Plaskos

2002][MacDonald 2004], or patients [Bathis 2005].

Otani measured maximum sagittal plane cutting sromused by saw-blade toggle in a slotted A/P
femoral cutting guide using balsa wood blocks. With.5mm slot thickness, cutting errors reached
~0.9 mm (0.9) and ~0.5 mm (03 for standard (1.2mm) and thick (1.4mm) saw-blagaspectively.
The authors noted that these toggle angles coukthbsed by displacements of as little as ~2mm at
the hand of the surgeon, and since it is verydiffito avoid displacements of this magnitude dyrin
cutting with an oscillating saw, the measured maximerrors are likely to be common in clinical
practice. Otani also measured the relative motetwéeen the A/P femoral cutting guide and the distal
femur during bone cutting in cadavers with sevelifierent types of fixation methods. Pin fixation
that relied only on the cancellous bone beneathcthng guide could not provide tight fixation,
allowing over 1 mm of motion. This motion was reddavhen combined fixation methods were used
(for example, augmenting fixation with an intramighy rod).

In the study performed by Plaskos et al. [2002fheiorthopaedic surgeons of varying TKA
experience made eighty-five resections on 19 cada¥emurs and tibias and the planes of the
resulting cut surfaces were compared to the guidees. Varus/valgus alignment variability ranged
from 0.4°-0.8° SD for expert and trainee surgeoespectively. Sagittal variability was ~1.3° SD for
both surgeon groups. Slotted cutting guides redubedvariability and eliminated the bias in the
sagittal plane for experienced surgeons but did significantly improve frontal plane alignment
variability. Guide movement contributed 10%-40%tloé total cutting error, depending on cut and
guide type.

MacDonald [2004] found improved cutting flatnesscadaveric tibias by constraining the saw at the
blade pivot point using a constraining jig thatrgd to the tibia and strapped around the ankle.

Bathis [2005] measured cutting errors relative te guide plane in live surgery with a computer
navigation system. For the distal femoral cut, ¢heras a mean varus/valgus deviation of 0.6°
(SD#0.5°) and a mean flexion/extension deviation1of° (SD£1.3°). For the proximal tibia,
varus/valgus alignment showed a mean deviation55f (8D+0.5°). The mean sagittal variability was
1.0° (SD%0.9°).

Most of the described studies illustrate the diffig in producing accurate cuts repeatedly with
conventional sawing instrumentation, and many astimte that TKA resections often have to be
recut due to cutting errors [Lennox 1988][Minns 2f®lont 1997][Bathis 2005]. Although using a
navigation system allows the surgeon to measureandurately in surgery, and possibly correct each
cut manually, this is clearly not the optimal saatfor a number of reasons:

(1) it can be time consuming

(2) difficult to correct small errors with a saw blade

(3) cannot correct cuts in which too much bone has bemoved

(4) attempts to correct errors could result in a nan<ut.

Furthermore, a cutting error of br 2 is not visually obvious in the patient and coultkiey go
unnoticed if not checked quantitatively. Therefoitejs important for a cutting technique to be
repeatable, permitting the surgeon to consistextthfeve accurate resections on the first attempt.

17



1.1.3.2 Milling

Milling has been proposed as a more accurate aligento sawing [Dueringer 1996a][Plaskos 2001].
We are however aware of only one commercially abd& system for carrying out conventional or
manual milling in TKA (ZimmeMNexGeA" MICRO-MILL Instrumentation System, figure 1.5).i$h
system uses an end-milling technique and largeénmiframe that mounts on the medial, lateral and
anterior side of the femur. It is not possible ¢toess the posterior cut with end-milling, so a sdade

is used. Plaskos [2001] evaluated a high-speedrmsilliag technique using a flat guide-plat and a
slender cutting tool (3.2mm in diameter). Experitseon porcine bones with novice and expert users
showed improved results over sawing, though defieaf the slender cutting tool was a problem at
the back of the cut when the tool was fully extehde

Figure 1.5 Conventional milling instrumentation fidA [from ZimmerNexGen Surgical Technigue

1.1.4 Bone temperature considerations in TKA

The temperature at which thermal necrosis start&t¢ar in bone has been established in the litexatu

to be 44-47°C if the bone remains at this tempeeafar more than one minute [Eriksson 1984].

Toksvig-Larsen [1989] measured the temperaturénéntibia and in the saw blade during 30 knee
arthroplasty operations. In the saw blade the nmadiaximum temperature was 68°C (45-100°C). The
corresponding bone temperatures at two levels appately 2 and 3 mm below the cutting surface
were 47°C and 42°C, respectively. Irrigation of Hagv area with physiologic saline solution had only
a minimal effect, possibly because the coolantnditipenetrate into the interior of the bone were th

actual cutting took place. They concluded that sgwin TKA may cause substantial temperate
damage. In another laboratory test where they ateduthe thermal effects of 8 different saw-blades
in bovine diaphyseal bone, only three out of 2Kstevere below the 44-47°C critical necrosis limits
[Toksvig-Larsen 1992]. Only with of the use of asmm built saw-blade that had means for
channelling the irrigation through the blade diedb the cutting sight were they able to show
reduced cutting temperatures below this limit.

In a comparative study between milling and sawilggringer [1996b] showed that bone-milling with
the Zimmer NexGen system on bovine tibias resuitedower temperatures below the thermal
necrosis limit even without irrigation. The avesagmperature elevations for milling and sawing
were 1.5°C and 8.3°C, respectively.

Mitsuishi [2005] measured the temperature duridg-shilling of the anterior femoral plane in robotic
TKA on a cadaver. The experiment was performedsandied the effect of coolant using physiologic
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saline refrigerated at 4°C. The cutting conditievexe: cutting surface speed: 94.2m/min; feed per
tooth: 0.02mm; width of cut: 2mm, axial depth ot:comm. Maximum temperatures measured with
thermography (thermal camera) at the cortical rierev45°C and 35°C without and with coolant,
respectively. Based on the results of this study ttoncluded that irrigation should be appliethi®
tool tip during milling in surgery.

1.1.5 Computer and robot assisted TKA

Computer assisted TKA guiding systems have beessified as either passive, semi-active or active
(figure 1.6). Navigation systems are considerefassive measurement tools that display information
to the surgeon regarding the position of instrumealative to the patient anatomy and surgical.plan
These systems can either be CT-less or CT basddirarwidely used in TKA. Several recent studies
have reported good results in overall limb alignmgsing either type of system (eg. [Haaker 2005]).
Some studies do however reveal that alignmentevathre still present (for example, Perlick [2004]
reports 4 out of 50 patients with deviations >3%he frontal plane), suggesting that there could be
room for improvement. A considerable portion ofsthd@rror could be arising from the problems
inherent to the manual sawing technique, as dextrifp 81.0.3.1. Although navigation systems have
proven to be very effective tools, current drawlsaiticlude that do not help to improve the fit of th
femoral component or reduce the number of cuttlogks needed in the operating room.

Commercially available active and semi-active rabailling systems such as ROBODOC, and
ACROBOT physically guide the milling tool in spaagth respect to a CT-based plan. Although they
have shown to produce more accurate cuts [Baued]@Bopec 2001] [Mitsuishi 2005], these
systems are currently quite large and not easigghated into the operating room due to their aiz
requirements for bone immobilization. Smaller, bomeunted robots have been presented as a
solution to overcome this integration problem, whare connected directly to computer navigation
stations [Ritschl 2004][Berardoni 2003]. Currenstgyns only position conventional saw-guides for
the surgeon, however, so they do not provide agelaltion to the sawing accuracy problem. An in
depth review of both large and bone-mounted system®bot assisted TKA is given in chapter 4.

Computer Assisted TKA Systems
Class 1: Perception of Data

[8, 14, 26]

A: Bone Morphing B: Landmark-Based {3.4]
(eriginal work in
this paper)

Computer Assisted TKA Systems
Class II: Action Guidance

! i

A: Navigation B: Individual C: Robot positioning
{passive) templates of cutting guides
14,6,8.9] (scmi-active) [10] {semi-active) {12)

D: Rebot milling E: Robot milling
Manually controlled (active) [7)

{semi-active) {13,14]

Figure 1.6Taxonomy of computer-assisted TKA systems [from&tl 2002]
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1.2 Bone Cutting Mechanics

In comparison to the wealth of research publisimehdustrial metal machining (e.g. Altintas 2000),
relatively few studies exist on the mechanics afiboutting. Jacobs [1974] and Krause [1987] have
shown that metal cutting models such as Merchaalisis, which assumes that the material fails in an
idealized ‘shear plane’ in front of the tool, hawery limited applicability to the cutting of bovine
cortical bone. Wiggins [1978] demonstrated expenitaky that bovine bone exhibits very similar
behaviour to human bone in orthogonal cutting.

More recently, Mitsuishi [2005] presented a studytle orthogonal cutting of dried porcine cortical
and porous bone. Videos made in a scanning elestromscope (SEM) of single edge cutting at very
low velocity (0.2mm/s) revealed that continuougiogtchips were formed when cutting at a depth of
6pum and ‘block destruction’ or catastrophic fractgroccurred when cutting at 10um depth. The chip
generation mechanism was characterized as a tomdgiom ductile to brittle. Specific cutting
pressures were reported to be on the order of D00NEmnt, depending on the rake angle, cutting
direction, and undeformed chip thickness.

A major limitation of the previous works in bonetting is that they have not investigated the
mechanics of high-speed cutting, which is suspettedbe different from low-speed cutting. In
addition, no mathematical models are currently latz& for predicting forces in bone milling
operations. This is of high interest, not only fiptimizing the design of robotized milling tools,
guides, instrumentation and techniques, as wetlueting accuracy and time, but also for improving
safety and analysing stability in manual millingeegtions. Although milling tool and burrs have been
commonly used in orthopaedic surgery for over 5@rgesafety remains a primary concern as milling
tools are known to be prone to ‘slipping’ unpredidy from the surgeons hands [Giraud 1991].

1.3 Description of Bone

Finally, this chapter would not be complete withprviding some basic information on the structure
and properties of bone material.

1.3.1 Bone composition and structure

Bone has been described as having a hierarchatsteuof seven layers (figure 1.7) [Wiener 1998].
Whole bone is categorized at the highest level #aedthree major components: collagen; carbon
apatite; and water; which comprise the mineralizellagen fibril, are at the lowest level. Although

the structure of bone differs dramatically as acfiom of the anatomical location (for example, the
cancellous bone in the knee joint versus the arbone in the femoral diaphysis), it is well known

that bone material itself in either structure isdmaip of a common building block: the mineralized
collagen fibril.

The mineralized collagen fibril (figure 1.7, Lev&) is made up of carbon apatite crystalss[(FaD;,
CGO;) 3(OH)] that are organized in layers that traversessthe fibril, giving each fibril an orthotropic
property. Each crystal has average dimensions ®25$0 nm and they form in and around a three-
dimensional matrix oType Icollagen.

Mineralized collagen fibrils are typically found aligned arrays or bundles (levels 3 and 4), so the
mechanical properties of a fibril bundle dependstlun relative three-dimensional alignment of the

fibrils within each array. There are several dieematterns of fibril array organization, though the

most common arrangements are parallel-fibered synattich are characteristically found in bovine

bone, and the plywood-like structure of lamellan®&owhich is prominent in most mammals including

humans.
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Level 7: Whole Bone

Level 2: Mmerallzed Collagen Fibril

100nm
Level 1: Major Components

Figure 1.7The 7 hierarchical levels of organization of bdinem [Weiner 1998].

Level 1: Isolated crystals from human bone.
Level 2: TEM micrograph of a mineralized collagéorif from turkey tendon.
Level 3: TEM micrograph of a thin section of minieed turkey tendon.
Level 4: Four fibril array patterns of organizatifmund in the bone family of materials.
Level 5: SEM micrograph of a single osteon from harbone.
Level 6: Light micrograph of a fractured sectiorotigh a fossilized (about 5500 years old) humarufem
Level 7: Whole bovine bone (scale: 10 cm).

Primary parallel-fibered bone (figure 1.7, Level 4, toft)lés essentially Level 3 bone extended to the
micron or millimeter scale. During early developmauarallel-fibered bone is first laid down along
the bone axis (figure 1.8a) [Currey 1984]. Voids kaft between successive layers of newly forming
bone, which are subsequently filled with lamellané. The combination of the two is referred to as
fibrolamellar or plexiform bone (figure 1.8b). Thiastic modulus of parallel-fibered bone is ~26 GPa
along the long bone axis and ~11 GPa in the orthalgdirections [Reilly 1975].
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Lamellar bone with its so called ‘rotated plywoadtucture (figure 1.7, Level 4, bottom left) is the
most common bone type in humans. These lamellasftme folded into osteon cylinders (Haversian
systems) or ‘sausage-shaped’ lamellar cylindepaiallel-fibered bone.

The secondaryosteonal structure of compact bone is a resudndhternal remodeling process (figure
1.7, Level 5). Osteoclasts remove dead bone ledehind large tunnels, which are then refilled with
new bone by osteoblasts. A thin layer of cemeffirss deposited on the inside of the tunnel surface
followed by subsequent layers of lamellar bone. kvtiee tunnel is almost full the process stops and
narrow channel ~10-20pm in diameter remains foodlto flow and deliver nutrients to the bone.
Many small capillary-like features called canaliare also built into the structure, radiating &om

the central blood vessel and housing osteocyts.CEfle osteon also contains many elongated pores.
The typical diameter of an osteon is on the order200um.

Cancellous or trabecular bone occupies the epipthysel metaphyseal portions of the bones, (i.e. in
the bone ends at the joints, figure 1.7, Levela®) is surrounded by an approximately 1mm thick
cortical shell. The simplest type of cancellous ph@iogy has been described as network of randomly
oriented cylindrical struts, each ~100um in diameted 1mm in length. Plate like structures are
commonly found when loading is primarily in oneeadition, giving bone its advantageous anisotropic
properties. Adult cancellous bone is typically mage of primary lamellar bone or fragments of
secondary osteonal bone [Currey 1984].

Bl?od vessels
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Figure 1.8 (a) The formation of fibrolamellar bofide arrowheads show the original position of the
original surface. (b) Block diagram of fibrolamellaone — 2D networks of blood channels, sheathed
by lamellar bone, alternate with parallel-fiberexhb. [both from Currey 1984]

1.3.2 Bone structure in the knee

The bony anatomy in the knee joint is compriseartitular and calcified cartilage, and subchondral

and trabecular bone. Yamada [1983] measured tbknidss and density of the subchondral bone in
the human knee joint with aging and osteoarthffiigure 1.9). Subchondral bone thickness was

defined as the radiographic high intensity areaebh#nthe cartilage. Mean thickness and radiographic
density varied from ~2-4mm and 1-1.5grfcmespectively, depending on age, gender, and buils
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index. Mean cartilage thickness has been measareel 2-3mm in the femur and tibia, with a range of
0.7-5mm [Koszyca 1996].

Trabecular bone modelling in the knee is considdmede governed by Wolff's law, with the
maximum bone strength aligned in the directionaafding (this can be clearly seen in figure 1.9).
Goldstein [1983] measured the elastic modulus drichate strength of human tibial trabecular bone
as a function of the metaphyseal location. Trala@dobne properties varied as much as two orders of
magnitude from one location to another, with stengone arising from the medial and lateral
metaphyseal cortices toward the major medial atgaldbcontact regions.

Figure 1.9 Bone structure in the knee. [from Yama@ia3]

1.3.3 Bone structure used in our cutting and milling expents

In order to realise the first two objectives ofsthihesis relating to the mechanics of bone cutting,
cortical bone specimens from the diaphysis of be¥emurs are used in the orthogonal and oblique
cutting (chapter 2) and milling (chapter 3) expemnts. Although the structure of this bone is very
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different from that found in the human knee, wel tbat this does not invalidate the model or the
experiment results. As described above, all bonteniaéis made up of a basic building block: the
mineralized collagen fibril. Adult cancellous bofiee. each trabeculai) is typically made up of
primary lamellar bone or fragments of secondargastl bone [Currey 1984], which is very similar
to the fibre arrangement of the bovine cortical d@pecimens used in our experiments. Thus we
could imagine that the cutting properties of thadmaterial as measured in our experiments could be
extended to other bone structures by adaptingh®rgeometrical structure. For example, the energy
measured to cut fibrolamellar bone material in theee primary directions (transverse, parallel,
across) could be applied to cancellous bone byiderisg the dimensions and orientations of the
individual trabelcular struts or plates that engageh cutting tooth at the various stages of tHiéngi
rotation cycle. Alternatively, a simpler approaabultl be envisioned using only the porosity and
anisotropy parameters of the local cancellous stracas a function of its epiphyseal location.
Application of the model to this extend was howdweyond the scope of this thesis.

1.4 Chapter Overview
Chapter 1: Objectives, background and literature review.

Chapter 2: Orthogonal (2D) and oblique (3D) single edge agttexperiments are carried out in
bovine cortical bone samples using a high-speediygem apparatus for three cutting blade shapes
and directions relative to the bone structure lfergredominate bone fibre direction), and for salver
depths of cut from 2-200um. A new logarithmic modelused to quantify the cutting forces as a
function these parameters, and is compared to guswnes proposed in the literature. Microscopic
and macroscopic analysis of the chips producedhdutie cutting experiments were performed in
order to gain a better understand of the physiehanisms of failure governing the cutting process.

Chapter 3: The orthogonal and oblique cutting data derivedthapter one is used to formulate a
model for predicting the instantaneous componerit§ome during milling operations. Milling
experiments were then carried out in bovine cdrti@mne for several different cutting tool speeds,
shapes, directions, and milling modes (full andipeimmersion up- and down-milling). Cutting force
simulations were conducted using the bone-millingdetl and the results were compared to forces
measured in the milling experiments. These datattege used to provide recommendations for an
optimal milling tool cutter design, as well as atimal manual cutting technique for bone milling in
TKA.

Chapter 4: A miniature bone-mounted robot is designed foritmmsng cutting guides in
conventional (open) computer-assisted TKA. A hyhbmidnual/motorised architecture is employed
such that only two degrees of freedom (DoF) amgnalil manually and three DoF are automated using
only two motors. In addition, the cutting tool ptanan be positioned automatically for any implant
size or shape, making the device universal andimgitimg the need for cutting blocks. An analysis of
the robot design parameters and workspace is ctediirc order to optimize the robot positioning and
geometry.

Chapter 5: The robot initially developed in Chapter 4 is nefil for use in MIS-TKA. The robot is
designed to mount only on one side of the femur anting is carried out using a new side milling
technique such that the patella does not have &véded and the quadriceps muscles can be spared.
The stiffness of two different types of fixationckmiques are tested on decalcified porcine femurs.
The accuracy of the device is quantified on syith®ines and cadavers.

Chapter 5: Conclusions, future work and perspectives.
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Chapter 2: High-Speed Orthogonal and Oblique Bone-Cutting

2.0 Chapter Summary

Orthogonal cutting data is extremely useful sinte measured force relationships can be used to
model virtually any machining process. Howevervjas orthogonal cutting investigations in bone
have not tested conditions representative of diniperations — i.e. very high tool speeds andlsma
depths of cut, as in high-speed milling. In thigpter, we aim to build a mathematical model that
quantifies the forces acting on a single cuttingeeds a function of the depth of cut, or the utip
thickness. Experimental results are presentechfocutting force components and the specific agittin
energy of bovine cortical bone as a function oftiogt tool geometry, depth of cut, and relative
orientation between the cutting edge and bone tstreilc The cutting force magnitudes and trends
prove to be different from those previously repdrie low-speed experiments, which confirms the
strong dependence of machining forces on cuttingedp Two numerical force models — an
exponential one and a new logarithmic model — amnfilated and compared with the experimentally
obtained non-linear force curves. The logarithioice model was shown to have a better fit to the
data for both small (<50um) and large (<200um) ¢hipknesses. Microscopic observations of the
cutting chips indicate a shift in the mode of feélurom a more-or-less continuous to a discrete
fracture mechanism with increasing depth of cut.

2.1 Introduction

Bone-cutting operations are of considerable impmetain orthopaedic surgery. In total knee and hip
replacement procedures, for instance, the georaktdaccuracy of the prepared bone surface is
particularly relevant to achieving accurate placeh@nd good fixation of implants. Recently, robotic
guidance has been introduced into these procedaresprove bone-cutting precision, typically by
rigidly attaching a high-speed milling tool to ada robotic arm [Borner 2004]. Although these
techniques may improve accuracy, many practitiofegsthat such instrumentation is not optimally
suited to the operating room due to size and s#dsties; most existing systems use costly, in@lstri
sized robots that autonomously mill bone, giving gurgeon little control during cutting. Moreover,
emerging less invasive techniques which requiradge tools present even greater challenges and
risks due to the reduced exposure of the bonestzeues in the tool geometry and flexibility.

A model of the bone-cutting process would therefioeean invaluable tool not only for analysing
stability and improving cutting performance in semg but also for designing compact and cost
effective robotic guides and safer cutting techagjthat directly involve the surgeon. In developing
robotic systems, quantitative cutting force praditt would enable us to determine the strength and
power requirements, the ‘chatter’ vibration chagdstics, and the geometrical machining accuracy as
a function of the mechanical stiffness and dyngmniperties of the robot. A quantitative model would
also allow us to simulate and optimize differemgseal techniques and cutting tools, to analyseaint
operative force measurements, and to provide da#wué intra-operative guidance on key physical
and safety parameters.

In this chapter, orthogonal (2D) and oblique (3Djting (see figure 2.5) is used to study and to
develop a mathematical model of the fundamentatge® of bone-cutting. The force components
tangential and normal to the cutting tooth veloeitg presented for bovine cortical bone as a fancti
of the cutting tool geometry, depth of cut, andtige orientation between the cutting edge and bone
structure (cutting mode). In addition, the ‘specifutting energy’ required to remove a unit voluofie
bone by cutting is presented for the above parasete

Orthogonal cutting data has been previously acduioe very low cutting speeds (<10mm/s [Jacobs

1974][Wiggins 1978]), but since a ‘softening effdeas been identified in bone when machining at
higher speeds (see [Jacobs 1976] for example) emd to re-evaluate the cutting properties of bane a
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clinically relevant cutting velocities since they almost three orders of magnitude greater (~Zpm/
For example, a cutting speed of ~3.5m/s corresptmd®20,000 and ~7000 RPM for a 3 and 10 mm
diameter tool, respectively. To our knowledge themee no published studies on the oblique cutting of
bone. We also examine the role of parasitic or efdgees which are present as the depth of cut
approaches zero (typical of high-speed milling vehehips are very thin).

2.1.1 Previous Work

We found four studies on the orthogonal cuttindgpoifie [Jacobs 1973, 1974] [Wiggins 1978][Krause
1987][Mitsuishi 2005]. The ranges of the experinarmiarameters investigated in each study are
summarized in Table 2.1, and the parameters aigréited in figure 2.4a.

Jacobs et al [1973, 1974] were the first to reparthe chip-force relationship in bovine tibial fha
for various tool geometries. Cutting tests werdqared at constant speed £ 7.7 mm/s) and the
resultant cutting forced=§ were plotted against the uncut chip thicknéss 716—304 um) for a series
of tool rake anglesa(= -5, 0, 15, 35, 45°) and cutting directions (feerse, parallel, and across)
relative to the predominant osteon direction. Nbgg there is a discrepancy between the testedhslept
of cuts reported in [Jacobs 1973] and [Jacobs 1@@4the latter the measured depths of cuts were
reported to be 12-48um); the values taken in thexdo are regarded as true here as the forces seem
more reasonable in magnitude. The resultant cufonge curves increased linearly with uncut chip
thickness t) and intercepted the vertical axis at positivaugalwhen extrapolated. For any particular
tool geometry and cutting depth, the cutting foreesse highest when cutting transversely to the
osteons, intermediate when cutting parallel, awdeki when cutting across to the osteon direction.
The rake angle also had an influence; higher (pe3itake angles decreased the cutting forceslin al
cutting modes.

Other researchers have also measured higher magHovices when cutting the osteons transversely
and when cutting with decreased rake angles [Wg)d@78]. In the orthogonal bone cutting study
performed by Wiggins [1978], bovine and human gbveere cut at a constant spegd=(8.5mm/s)
with tools having rake angles of -30° to 40° andsiat different orientations relative to the bone
structure (in two normal directions within eachtloé three orthogonal planes). The depth of cut was
varied from ~10-500pm and it was found that theti@hship between cutting forceB(F) and
depth of cut f) became increasingly non-linear with increasingticg depth. For all cutting
conditions, the cutting force increased at a rates Ithan in direct proportion to the uncut chip
thickness. This trend has also been observed timgudertain metal and composite materials, and has
been termed the ‘size effect’ [Backer 1952][OxI&BQ]. The ‘size effect’ describes the sensitivify o
the material to micro defects, where materials \hitih sensitivity require a decreasingly amount of
energy per unit volume to remove larger amounth®@imaterial [Puw 1996].

In an orthogonal cutting study aimed at optimizthg sawing process, Krause [1987] examined the
effects of cutting speed in the range of ~1.3—-40%nnNegatively raked tools from -30°-0° were
used to cut bone samples in the across cutting rab@efixed cutting depth daf= 76um. He used
samples from the mid-diaphysis of bovine bull fespuout to a width of 1.2mm to approximate the
thickness of a saw-blade. He found that tangeatitiing forces increased slightly with cutting spee

in the 1-25 mm/s range, and then decreased athatigte in the 100-400mm/s range. Radial cutting
forces were also lower in magnitude in the higlperesl ranges, though they tended to increase slightl
in each of the two speed ranges.

The main goal of our study was therefore to exarhim@ cutting force components vary in proportion

and in magnitude as a function of cutting depthtireg tool geometry, and cutting direction at high
speeds as encountered in motorized milling operatio
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Table 2.1. Experimental parameters tested in previgs
orthogonal cutting studies

Jacobs  Wiggins Krause  Mitsuishi
[1973] [1978] [1987] [2005]

Rake angleq -5-45° -30-40° -30-0° 5-30°

Clearance anglé€ 10° 10° 10° 5°

Tool velocity,v [mm/s] 7.83 8.47 ~1-25 & 0.2

~100-400

Cutting direction T,P,A T,P, A A T,P.A

[Transverse, Parallel,

Across]

Depth of cutf’ [um] 76-304  ~8-500 76 ~1-100

Tool material AISI M2 - 17-4 PH Diamond
HSS SS

Work-piece material Bovine, Bovine & Bovine Porcine

(Bone) Tibial Human Femoral Femoral

“Some data acquired in tibial bone from a 15 yedmackident victim for
comparison

2.2 Materials and Methods

2.2.1 Workpiece Material — Bovine Bone

Six cortical bone specimens were harvested fronmtigediaphysis of fresh bovine femurs (figure 2.1)
using an Exact diamond-blade band-saw under areamis supply of irrigation. The cut specimens
were screwed and potted into metal frames with aleszement and milled to a constant width of
~5mm and length of ~40mm on an industrial millingahine (figure 2.2). The specimens were potted
so that when they were clamped in the apparatescutting direction was either across, parallel, or
transverse to the predominant bone fibre directBovine bone was chosen as the workpiece material
because of its similar orthogonal cutting propsrtie human bone [Wiggins 1978]. In addition, it is
readily available and more practical to handledmparison to human bone.

|
(>
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«
T p ACIoss
Parallel
Transverse
\,_/

Figure 2.1.Schematic diagram illustrating how spesis for different cutting directions were remo¥eun
bone diapyhsis for the different cutting modes.
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Figure 2.2. Example of potted specimen milled tostant width (cutting direction transverse to os&o

The microstructure of the specimens as seen ipldre transverse to the bone axis is shown indigur
2.3. The anistropic structure of the bone is ¢yeavident, with a mixture of mostly primary lamima
and intermittent secondary osteonal bone. Thetsireiof bovine cortical bone is relatively uniform
and the direction of bone growth is readily disdglm as it is in human bone [Wiggins 1976].
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Figure 2.3. Microscopic images showing the struefrthe bovine cortical bone specimens in thestrarse
plane. Both fibro-laminar (or plexiform, top micmagh) and osteonal (or Haversian, middle micrograph
structured bone is present. Bottom micrographatged image illustrating osteon size (~200um iméigr).
Scale bar represents 100um.
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2.2.2 Orthogonal and Oblique Cutting Experiments

Description of variablesln the orthogonal (two dimensional) and obliguede dimensional) cutting
process, a single edge tool moves in a straigkt With a velocityv parallel to the surface of the
workpiece, and the relationship between the footiag on the tool and the area of workpiece mdteria
being cut by the edge (uncut chip size) is examifigdre 2.4). The measured cutting forcég &,

F) and the uncut chip area (normalMoare normalized by the specimen width),(and the cutting
force components per unit widtR,(F;, F|) are correlated to the depth of ci)t (

ORTHOGONAL CUTTING OBLIQUE CUTTING

F, /\

/

W

(a) (b)

Figure 2.4. (a) Orthogonal (2D) and (b) oblique Y8Dtting parameters:

F. — tangential cutting forcés, — radial (or normal) cutting forc&; — lateral cutting force
t — depth of cut or uncut chip thickness: rake angle§ — clearance angle;
i —angle of inclination or obliquity; — cutting tool velocityw — workpiece width;.

The so-called ‘specific cutting energy’ (or ‘spéci€utting pressure’) is a parameter commonly used
in machining science to express the amount of veapgended per unit volume of material removed in
the cutting process. It is defined by the inputingtpower E; - v, whereF; is expressed itN/mm)
divided by the material volume removal rate- (w - t, wherew andt are inmm). In orthogonal
machining, this is simply equal to cutting forcer pmit cross-sectional area normal to the cutting
direction:

[N/mm?]
E.=F/t. or (2.1)
[I/mn]
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Experimental: In order to achieve high cutting-tool velocitieg @nd small depths of cut)(as
encountered in high-speed milling operations, wedus pendulum apparatus specially designed for
carrying out cutting experiments (figure 2.4). Akperiments were conducted with a constant tool
velocity of 3.5 m/s, which was achieved by limititite release height of the pendulum arm with a
mechanical stop. A cutting tool speed of 3.5mkggivalent to a 5mm diameter milling tool operating
at 13,369RPM. The tool advancement in the depttubtlirection was measured with a dial gauge: a
+2.54um resolution dial gauge (Teclock Corporatieay use for most cuts, whiletdpum resolution

dial gauge (Mitutoyo, Japan) was used for chipkiésses of 1-2um. The potted specimens were
clamped on a piezoelectric dynamometer that medsouéting forces for tools with a range of
positive rake angles:(= 0, 20, and 40°), depths of cuit 2—200um), and directions relative to the
bone axis (transverse, parallel, and across ttdoprmant bone fibre direction, Table 2.2). All dogt
tools were precision ground on an industrial gmgdéenter from high-speed steel and had a clearance
angle €) of 10° (figure 2.4). The bone specimens were kagitwith physiologic saline throughout the
cutting tests. For any particular set of cuttingditions ¢, t, cutting modg at least one pre-cut was
made using the same cutting conditions before sarks of measurements were recorded in order to
ensure the cutting process had reached steadycstadiitions. After each cut, the formed chips were
collected from a tray that lay beneath the apparahd stored in labelled containers for microscopic
analysis.

Tests were also performed to investigate the malatiip between tangential, radial, and lateraliroytt
forces and the cutting tool inclination angle (gblty) for inclination angles daf= 25° and = 45°. All
three rake angles:(= 0, 20, 40°) were tested at depths of cuts o2, 12 25, 50, and 75um in the
across cutting mode.

Figure 2.5. High-speed pendulum apparatus.
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Additional experiments were carried out on a sirlgd@e specimen (parallel cutting mode) and tool
(40°) to study the effects of cutting speed onftiee components for three depths of cuts (2.54;,12
and 25.2um). Cutting tool velocities of 1.3, 2.4d&8.5m/s were achieved by releasing the pendulum
from three different heights.

Table 2.2. Range of experimental cutting parameters

tested
Rake angleg. 0, 20, 40°
Clearance anglé 10°
Tool velocity,v [mm/s] 3500
Cutting direction Transverse, Parallel, Across

Depth of cutf’ [um] 2.54,7.62, 12.7, 25.4, 50.8, 101.6,
25.4,50.8, 101.6, 203.21

Angle of inclination,i 0, 25, 45°
Tool material High Speed Steel

"In addition, some data was acquired at 1 and 2 pthdef cut

Figure 2.6. Profile images of tle=0° (left) anda=20° (right) rake angle cutting tools.

2.2.3 Data collection:

The piezoelectric force signals were amplified witlstler charge amplifiers, low pass filtered at
150Hz with a six order Butterworth analog filtendadisplayed on a four channel digital oscilloscope
(Techtronics, figure 2.7). The oscilloscope was figamed so that the filtered signals were
superimposed directly onto the amplified force comgnts. The unfiltered force signals exhibited
some degree of fluctuation during the cutting psscevhere the proportional fluctuation in cutting
force was generally more pronounced at larger deptltut. To provide a repeatable measure of the
average forces during cutting, the arithmetic maenoss the force plateau region of the filteredreur
was recorded (this value was calculated by thdloscope using the vertical crosshairs to defiree th
start and end points). The averaging window wasrtak the mid-region of the specimen (where the
specimen width was constant) to reduce the inflaaricut entry and cut exit effects. The duratién o
the cutting force was on the order of 10ms.
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Figure 2.7. Data acquisition system: Piezoeleétrice signal charge amplifiers (left), analogu&fil(bottom
right), digital oscilloscope (top right)

2.2.4 Data analysis:

The cutting force components per unit width tanigéiE;) and normal ;) to the cutting velocity are
expressed as a function of depth of aytfgr each tool geometry and cutting orientatiomoTnon-
linear cutting force models were investigated. Titet was a power law commonly used in machining
mechanics [Wiggins 1976][Oxley 1989]:

F =Kt"+F, (2.2)

where n (O<n<1) are the constant parameters characterizing'dlze effect’ of the particular
workpiece material, anH. are the constant ‘cutting’ parameters which charae the local cutting
mechanics and are dependent on the tool geometlycatting direction relative to the bone
anisotropy, andr. are the residual force components per unit witlreeo depth of cut (also referred
to as ‘edge’ or friction forces [Yellowley 1985]k can be seen from Equation 2.2 that when the
cutting force/depth of cut relationship is lineadahere are no edge forces (ne= 1 andr. = 0), the
specific cutting energy is constant and equad{dHowever, whem < 1 orF. # O the energy required
to remove a unit volume decreases as the deptht aficreases.

A new logarithmic cutting force equation was alseestigated:

logio(F)) =Ksloguo(t) + Kz loguo(t) + Ki (2.3)

This empirical fit is obtained by plotting vs ton log-log coordinates, and fitting in a least-ags
sense a ¥ order polynomial to the data points (where eacha dmint is the average of ~4
measurements), to obtain the three characterizatbmstantsK;, K,, and K;. An example of the
behaviour of this function is presented in figur® 2or a sample dataset in the logarithmic and
arithmetic domains. For the power law, the constint n; andF;, were determined for each cutting
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curve using a non-linear least-squares optimizatiah minimized the total error between the power
law curve and each averaged data point. All calimra were preformed in Matlab R12.1 (The
Mathworks, Inc.) using thésgnonlin and polyfit routines to determine the power and logarithmic
curve constants, respectively.

The unpaired Student’s t-Test (two sample equabree) was used to determine if there were any
significant differences between the mean forcessomea at the different cutting speeds.

Forcefidth [M/mm)

10- - L L ||||||I- L L |\|||I-2 L L ||||||I- L Lo
10 10 10 10 10
Depth of Cut, ¢ [mm]

o

ForcedMidth [Mmm]
[un]
1

a 0.0s 0.1 0.15 0z 025
Depth of Cut, ¢ [mm]

Figure 2.8. Example of the non-linear cutting focoeve fit in the logarithmic and arithmetic domsin

Upper: Cutting constants,, K,, andK; were determined by transforming the force vs depttut ¢ vs ) data
in the logarithmic domain and fitting &“@rder polynomial to the averaged data points. Lrowess tand
resulting fitted curve plotted on a linear scale.
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2.3 Results

2.3.1 Orthogonal Cutting Force Curves

The radial and tangential cutting force componeitidor cutting parallel, transverse, and across th
fibre direction with three different tool geometriare plotted for thé<200um (figure 2.9a) and
t<50um (figure 2.9b) depth of cut ranges. Each pamnthe graph represents the average of four cuts,
though the standard deviations (which were geneledis than 5%) are omitted for clarity. The curves
fitted to the data points in figures 2.9a,b coreeepto the logarithmic cutting force equation 8¢
Appendix Al for the exponentially fitted curves).

As can be seen in both figures 2.9a,b, the targleniiting force component tended to increase with
cutting depth, though the rate of increase in ogtforce declined as the depth of cut increasealfor
rake angles and cutting directions. The increasriiting force with cutting depth is least pronoeaic
for the across cutting mode, particularly for largeke angles and cutting depths. The radial force
component tended to increase with cutting depthunid ~2-50um (depending on the conditions),
upon when the force began to decrease for all haetset of cutting conditions (rake angie0°,
parallel cutting mode). The rate of decrease ifatddrce was least pronounced when cutting with th
0° rake angle for all cutting directions.

Both the tangential and radial cutting force cormgrda tended to decrease as the tool rake angle
increased from O to 40°, though this decrease wasiderably less pronounced and less consistent for
the radial cutting force. Forces in the acrossmgtinode were least sensitive to changes in ragkean
and were generally lower than the parallel andstrarse cutting modes for both the thin and thekthic
chip ranges. The tangential to radial force rafi@F) was generally less than one for cutting depths
less than ~10um (range 5-20um), upon which the began to increase past unity with cutting depth.
The average ratios; p=40o/Ft o=0- aNAF, g=40°/Fr o=0°, i the 50-200m depth of cut range are 50% and
33% respectively, which indicates the improvementutting efficiency with positive rake angle. As
the depth of cut approaches zero, however, theunssangential and radial forces (i.et-&.5um)
tended to near constant values of ~3.5 and ~5.5 \faspectively, largely independent of the tool
rake angle.
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Figure 2.9a: Tangential F;) and radial{~ F;) force components plotted against depth of cuttfree
different rake angles and cutting modes for lagdeschip thickness (0-200um).
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different rake angles and cutting modes for sn@aleschip thickness (0-50um).
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2.3.2 Oblique Cutting Force Curves

The effect of inclination angle on the tangentiafjial and lateral cutting forces is presentedgare
2.10 for the three rake angles in the across guttinde. The lateral cutting force curve is simitar
shape to the tangential force curve, increasingagnitude with the inclination angle. The angle of
obliquity in general had very little effect on ttegential and radial cutting force curves, thotlgh
radial force was higher in magnitude for the45°,a = 0° cutting condition.
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2.3.3 Effect of Cutting Velocity

The effect of cutting tool velocity on the tangahtind radial force components at three depthsiof ¢
are presented in figure 2.11 for a single bone $&ampd cutting tool (tool rake angbe=40°, parallel
cutting mode). No data is available at the 24.5um cutting depth for the 2.4m/s cutting eglodue

to the lack of specimen size.

The radial force component increased with increpsuitting speed for all cutting depths tested. The
percentage increase in radial force in going froghtaé 3.5m/s was ~25% at the smallest cutting depth
oft = 2.54um, and ~6.5% for botkr 12.7um and = 25.4um (p<0.0001 for all three cutting depths).

The relationship between the tangential cuttingdand cutting speed depended on the cutting depth.
At the lowest cutting depth df= 2.54um, the tangential force increased sigmtiga(p<0.0001) by
~18% from 1.3 to 3.5m/s, while at= 12.7um there was no significant changet At 25.4um the
mean tangential force decreased slightly by ~3.8¢6.0001).

Parallel Cutting Mode, a = 40°
01.3m/s
12 4 o2.4mls
m3.5m/s
10 + =
E 81 —=-
Z Bl —
= 6
=] —=—
2
]
5 47
[T
2 -
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Ft Fr Ft Fr Ft Fr
t = 2.54um (n = 13) t=12.7um (n = 8) t = 25.4ym (n = 13)

Figure 2.11. Effect of cutting velocity on tangahi,) and radial ;) force components at three depths of
cut ¢) in one bone sample. Parallel cutting mode, takéranglen=40°.

n indicates number of cuts made for each differenb$cutting conditions.
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2.3.4 Specific Cutting Energy

The relationships between the specific cutting g@nemnd depth of cut for three different rake angles
and three different cutting modes are shown orndggzoordinates in figure 2.12. It can be easilgrse
that as the depth of cut increases, the amountook wequired to machine a unit volume of bone
decreases for all tool geometries and cutting modiess decrease in specific cutting energy with
depth of cut is a direct result of the nonlineasréase in the tangential cutting force component as
seen in figures 2.9a,b. The decrease in specifithguenergy with increasing rake angle is also
evident.
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Figure 2.12. Specific cutting energy vs. depthuffdotted on log-log coordinates.

Top: three rake angles and one cutting mode (jdirall
Bottom: three cutting modes and one tool angte4Q°).
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The specific cutting energy was lowest for the asroutting mode. Cutting in the parallel direction
resulted in either slightly lower or higher eneggtean cutting in the transverse direction, dependi

on the specimen tested (the parallel specimen mesen figure 2.12 was different from that
presented in figures 2.9a,b).

2.3.5 Observations on Chip Formation and Sub-Surface Opema

Typical micrographs of the various bone chips poadufor the range of cutting conditions tested are
presented in figures 2.13 through 2.17 (none ofntieroscope images have been cropped in order to
preserve their relative scale). The chip formatinechanism at small depths of cut (i.e. <15um)
tended to resemble a continuous process where ehéps more-or-less unbroken structures which
slid up the tool rake face, curling as the toolgressed through the bone (figures 2.13ab—-2.15&g). T
orthogonal cutting chips at these low depths of wate generally coiled in a single plane while
oblique cutting conditions produced chips that wsgieal shaped with the spiral angle increasindy wit
the tool inclination angle (figure 2.17a). The chipvere observed to disperse in the direction
perpendicular to the cutting edge for both orth@j@nd oblique cutting [Stabler 1951]. Macro and
microscopic evaluation of the dry chip specimengeaéed small cracks or micro-fractures running
primarily in the direction parallel to the cuttirigol edge throughout the length of the curled chip
(figure 2.13c). Crack width, size and number seesigghtly larger for the transverse cutting mode
(figure 2.13a) than the parallel (figure 2.14apoross (figures 2.15a and 2.16) modes. Scrapedmes
grooves in the direction parallel to the cuttinglteelocity were also evident (figure 2.13c), likelue

to profile of the cutting tool edge and the miceature of the rake/clearance face surfaces, where w
ground but not polished (figure 2.20).

As the depth of cut increased past 25um, the amimdtion mechanism began to change to one of
discrete fractures for both orthogonal and obligu#ting, where the chips tended to appear more
undeformed and segmented in nature (figures 223&g, and 2.17b). Bone material began to build-
up and stick onto the tool rake face near therayitidge, particularly for the lower rake angleddoo
At the maximum depth of cut of 203um, large boreginents were observed to ‘fracture off’ the
specimen during cutting, projecting from the cigtisite with a high velocity (figures 2.15f, 2.16,
2.18). The fracture surface is not uniform or flabughout the length of the chip, but appearsateeh
propagated along the weak lines or planes betwkenlaminar layers (cement interface) in the
specimen (figure 2.18). These trends in chip foiomatvere generally observed for all three cutting
modes and tool geometries (figure 2.13-2.16), thahg extent of fracture failure and the size @f th
undeformed chip fragments observed at the largéhdey cut (ie. >100um) seemed to be slightly less
for the parallel cutting mode (figures 2.14c ant¥@) than the transverse or across directionsr@gu
2.15-2.17).

41



Figure 2.13. Macro- and microscopic images ofyatdme chip at various magnifications.

Depth of cut = 2.5um, rake angle=40°, transverse cutting mode.
(a) view from above (b) profile view of chip (c)ews from above
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t=101.6pmpa = 20° t=203.2ump =120°

Figure 2.14. Various macroscopic images of bonpsctor the parallel cutting mode.

203.2 pm 1x

W, i
1016 pm 2.5x
20° rake angle. across cutting mode

25 pm 2x

Figure 2.15. Macroscopic images of cut bone cliiipstrating change in chip formation mechanism
with cutting depth, for 2.5-203um depths of cut.

Rake anglex=20°, across cutting mode.
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0° rake angle. across cutting mode

Figure 2.16. Macroscopic images of cut bone chiipstrating progressive change in chip formatioeamanism with cutting depth, for 2—203um depthsubft
rake anglex=0°, across cutting mode.



Figure 2.17. Digital photographs of oblique bon#ing chips for small (t=2um, left) and medium
(12<t<25um, right) depths of cut — across cuttirggde

Figure 2.18. Macroscopic photograph illustratiracfure path on a large bone chip fragment —
depth of cut t = 200um, tool rake angle20°, across cutting mode.

Arrow indicates direction of long bone axis.

The degree of subsurface damage below the cuttamgepvas observed to increase significantly with
cutting depth. At very small depths of cut, the daurface finish appeared visually very smooth and
polished in nature. As approached the maximum cutting depth of 203um,utheit bone surface
began to appear increasingly pitted and crackeakgd craters and cracks were observed on the cut
surface particularly when cutting with lower rakegkes and in the transverse cutting mode (likely du
to the fracture propagating down into the speciralmg the fibres). These cutting conditions were
typically characterized by large, erratic fluctoats in the unfiltered force signal. The worst cage
subsurface damage occurred when making a transgetseith a 0° raked tool at a depth of 203um
(figures 2.19a and 2.19b) directly after a 102pmktltut (which caused relatively less subsurface
damage). After repeated cuts at depths of 200pumwether, the degree of damage reached a less
severe, steady-state condition (figures 2.19c).
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Figure 2.1'. Subsurface damage was evident at very large depthg and low rae angle—
depth of cut = 203um, rake angle=0°, transverse cutting mode.

(a, b) Subsurface damage was most severe when fjoinga 100um to 200pum depth of cut
(c) Damage seemed to reach a less severe, steddyeshdition after repeated cuts of 200pum depth

Figure 2.20. Macroscopic photographs of the toké @) and clearance (b) faces taken after thengutsts
(tool rake anglex=20°).

Scale bar on the left side of image (a) indicatasl
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2.4 Discussion

High-speed cutting operations such as milling,lidgl sawing, are commonly performed in modern
orthopaedic surgery, though relatively little isokim about the mechanics of such processes. Previous
works have studied the interrelationships of orthad cutting variables in bone at relatively low
speeds and large depths of cut. The goal of thidystvas therefore to quantify the interrelationship

of cutting force, depth, tool geometry, and directat higher speeds as encountered in surgicahgill
operations.

2.4.1 Effect of Cutting Velocity — Comparison with Praxdd_ow-Speed Data

On the bases of the experiments reported here,awesee that the relationship between orthogonal
bone-cutting forces and depth of cut is highly fiaear at speeds on the order of a few meters per
second (figures 2.9a,b). Although non-linear relaghips have also been measured at very low speeds
of less than 10mm/s [Wiggins 1978], these reponteldtionships are different from those we
measured. Cutting at high speed with large rakéean@0—-40°) causes the radial cutting forf€g {0
increase with cutting depth) (for O<t<~15um, after which, begins to taper off for all cutting
directions (where the highest rate of decreaseolaerved for the transverse cutting mode). For low
speeds and for tool rake angles of 10° and 40°givgy[1978] report an increase in the radial force
component with cutting depth from 0 up to 100-200pnd beyond, depending on the cutting
conditions. Jacobs [1973] reported near constagtre@sing and even negative radial forces for
cutting with 35° and 45° raked tools in the 76—3@5gepth of cut range. The magnitudes of the radial
forces at low speeds reached levels ~2-10 timggidahan those measured here, depending on the
cutting depth and direction [Jacobs 1973][Wiggif34].

On the other hand, the general shapes of the tdabeutting force ;) versus depth of cut curve§ (
for high-speed cutting were similar to those repmrt low cutting speeds [Wiggins et al. 1978]. The
force magnitudes in the direction tangential totitha velocity were, however, ~30-50% of the low-
speed values for all rake angles and cutting doesttested. This observation can also be cleadyn

by comparing our high-speed data with the low-spaegd of Jacobs [1973] for the rake angles of 0°,
15° and 35° (figure 2.21).

Krause’s [1987] results detailing the influencecatting velocity in the range of 1.3—409mm/s for a
single depth of cut and cutting mode=(76um, across cutting mode) are presented indigu22 for

the 0° rake angle tool. The results at 3.5m/s sgpremy data averaged between the 50 and 102um cut
depths for the same conditions (across cutting namak0° rake angle tool). It is evident that as thi
depth of cut the tangential force continues to el@ee with cutting speed above= 100m/s. A
decrease in cutting force with cutting speed hae Bken observed in the cutting of metals, though
this phenomenon is thought to be a result of arease in temperature in the so-called shear plane o
primary shear zone, and an associated decreabe ield shear stress of the material. We observed
primarily a fracture rather than a shear mechanisncutting bone at the larger depths of cuts,
however, which is agreement with previous low-spsiedlies [Jacobs 1976][Wiggins 1978][Krause
1987]. The decrease in bone-cutting forces at tgkeln depths of cut may be due to the change in
bone properties at extremely high strain ratesa%eid Hayes [1976] observed a weakening effect of
the Haversian systems when fracturing bone in lemsipact tests at very high strain rates. Krause
reasoned that the decrease in cutting force withcitg could possibly be due to the existence of a
critical crack velocity, as the crack initiationezgy in bone has been suggested to decrease with an
increase in strain rate [Pope 1976]. From his tesirause postulated that this critical crack eiio

is ~50mm/s.
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Figure 2.21: Comparison between high-speed (dakd v = 3.5m/s) and low-speed (dashed line, v =
7.7mm/s) data.

Low speed orthogonal data taken from Jacobs [1#®73he rake angles of 0°, 15° and 35°.

Our results also indicate a decrease in the tarayentting force with cutting speed for depthscat
greater thart > 20um (figure 2.11). Howevef;,; was found to increase with cutting speed at very
small depthst(=2.54pum), andr, was found to increase for both depths. Thesetsesuggest that the
force/speed relationship is also a non-linear ané depends on the cutting depth and possibly the
cutting tool geometry. To my knowledge, however, auerently know very little about the yield and
fracture proprieties of primary bone structure.(cellagen fibril arrays) and their dependence on
strain rate, particularly at the ultra-high streaes found in high-speed cutting operations.
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Figure 2.22: Effects of cutting velocity on ortloogl forces —
depth of cut t = 76um, rake angle20°, across cutting mode.

Cutting data in the 1.3—409mm/s velocity range tiafkem Krause [1987]. Cutting data for 3500m/s ever
averaged from our= 50 and = 102um data for identical conditions.

2.4.2 Specific Cutting Energy

As the depth of cut decreases, the amount of enexgyired to remove a unit volume of bone
increases at both low and high speed (figure 2.ARhough most available cutting theories (for
example, shear plane or Merchant analysis for si¢kéérchant 1944]) do not predict an increase in
specific cutting energy with a decrease in cuttdepth, several researchers have observed and
attempted to explain this phenomenon [Backer 198®jarego 1962][Oxley 1989]. Backer [1952]
reasoned that as the depth of cut is reduced tbeapility of finding dislocation sources in the
material is also reduced and as a result the foveljear) stress would increase. Although primarily
fracture rather than shear mechanism has beenvebisir the cutting of bone, Backer’'s hypothesis
may still be viable. Micrographics of the cuttingigs produced at larger depths of cut (i=e-50,
figures 2.14-2.17) indicate that cutting occursabseries of discrete fractures at high and lowdpee
[Wiggins et al. 1978, Krause 1987]. For a wide e different machining conditions, the fracture
lines are observed to propagate along weak plafteinvthe bone matrix, such as between adjacent
osteons or along the cement lines between laméilgre 2.17). These interfaces are known to be
weaker structural elements within the bone matM¥einer 1998]. If one considers that the
approximate distance between successive secoralaigdr layers or the diameter of an osteon is on
the order of 100-200um (figure 2.3), it would bewdékely for a crack to find a weak path (for
example, a cement line) to propagate along at ldegehs of cut. Therefore, it is reasonable torassu
that the probability of the fracture surface endeting a weaker plane to propagate across would
reduce with the cross-sectional area of the cgyltieg in an increase in specific cutting energly a
smaller cutting depths.

At the very small chip thicknesses encountered igh fspeed milling (i.e. in the micrometer or
nanometre scale), fractures would have to propagadegh the primary bone structure — the arrays of
mineralized collagen fibrils (a single fibril is 8@nm in diameter), instead of in between the array
bundles or osteons (~200um in diameter). As seggriztane structures such as osteons have weaker
ultimate failure properties in comparison to prignapone [Lui 2000], this may also contribute to the
non-linear increase in specific cutting energy vdétreasing chip size.
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2.4.3 Application to the modelling of high-speed milling
2.4.3.1 Parasitic or edge forces

Although the chip thicknesses encountered in hjgged milling operations are dependent on the feed
rate applied to the cutting tool, they tend to kizeenely small since the rotational velocity (RPi¥)
much higher than the linear velocity (feed rate}tted cutting tool. Our results indicate that as the
depth of cut or chip thickness approaches zeronbasured tangential and radial forces tended to
near constant values of ~3.5 and ~5.5 N/mm resmdgt{i.e. att~2.5um), regardless of the tool rake
angle. This could be due to the tool nose raditmsclwwas likely similar for all tools considerinkyatt
they were all prepared in the same manner. It caldd be likely that at these small depths of aut,
relatively large portion of the forces are primarhe result of ‘parasitic’ or frictional forcestawg
between the bone and the tool clearance face, wiish10° for all tools. A constaR{/F, ratio across

all cutting modes at zero depth of cut suggestsatample Coulomb friction law(= F/F, ~ 0.7)
would be adequate to describe the physical praaessg on the clearance face (or bottom face, éigur
2.4) of the tool. Here, the radial force compon@hj could be primarily a result of the bone being
compressed under the tool clearance face (i.e.rimatgpring-back’), and the tangential forde; &

MF;) could be largely due to the frictional force tlaats on this face as the tool slides over the bone
These force values were only slightly affected ibyef orientation, exhibiting a variation of ~10-20%
across all directions, which suggests that thefioberfit of friction between wet bone and ground
unpolished steel is not very sensitive to fibreotation.

2.4.3.2 Chip formation

The chip formation mechanism at these small depthsut tended to resemble the classical ‘shear
plane’ process commonly seen in metal cutting nmaohe so than at the higher cutting depths. Chips
were observed to be more-or-less continuous strestwhich slid up the tool rake face, curling as th
tool progressed through the bone (figures 2.1332.T@his is in agreement with the observations of
Jacobs [1973] for low-speed cutting with a highdied tool ¢=45°) at a depth aE=0.76um. A curled
chip would be indicative of some plastic deformataxcurring during the cutting process, however,
which differs considerably from the chip fractureechanism observed for larger depths of cuts
[Jacobs 1974][Wiggins 1978]. Plastic deformationldaarise from shear, bending and/or compression
forces (for example near the free surface of theuurhip) in the primary deformation zone, in
combination with microfractures propagating in fraf the cutting tool and up to the free surface
during chip formation. Microscopic examination dfetchips revealed microcracks throughout the
length of the chip (figures 2.13-2.16). Wiggins &nalkin [1976] observed with optical and scanning
microscopy that the curled chips produced duringebdrilling were formed primarily by a fracture
process, in combination with localized plastic defations resulting from the chisel tip of the toét

our chips are somewhat similar to those formedomebdrilling operations, this suggests that théhig
speed orthogonal cutting mechanism we observedhall sutting depths is representative of actual
surgical operations.

2.4.4 Fit of models

We compared the fit of an exponential (Equation 2@pendix Al) and a logarithmic (Equation 2.3,
figures 2.9a,b and 2.10) force model to the cutiilaga, each curve being characterized by three
constantsk,, n, Fe) and Ky, Ky, K3). The general shapes of thevst curves for high- and low-speed
cutting were similar [Wiggins 1978], indicating ththe tangential cutting force is reasonably madiele
by Equation 2.2 for a large range of cutting spestts depths (Appendix Al). The magnitudes-of
were, however, ~30-50% of the low-speed valuesafbrake angles and cutting directions tested,
indicating that the cutting coefficienks andn exhibit a strong dependence on tool velocity. Esrc
normal to the tool velocityR) displayed a different relationship at high speedsereF, tended to
decrease with increasing(i.e. n<0), particularly when using highly raked tools. éa&n be seen in
figure A1.1 and Al.2, the power law is not capaifleapturing the non-linear trends exhibitedmy
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Although the logarithmic model may have limited Bggbility for aiding the understanding of the
underlying physical processes happening, this madkieal model did provide a better fit to the high-
speed data for both the tangential and radialrguforces.

2.5 Conclusions

Orthogonal and oblique bone-cutting forces wereestigated in fresh-frozen bovine femurs at high
speeds not previously tested. Bone cutting forcetetthese conditions were different from those
obtained at low speeds, and although low speeihguitudies may be useful for examining general
bone-cutting mechanics, such data is not diregiptieable to modelling high-speed milling. The new
logarithmic model used to quantify the forces agtim a single edge provided a better fit to thedat
than the conventional power law. Microscopic analys the cut chips indicated a shift in the chip
formation mechanism from a continuous to a fracpioeess with increasing depth of cut.

51



Chapter 3: Modelling High-Speed Bone Milling Forces

3.0 Chapter Summary

In the previous chapter we quantified the relatigmbetween the force acting orsiagle cutting edge

as it moves through the bone for various cuttingtliie directions, and rake angles. In this chapeer
extend our analysis to include multiple edges mogeabout a common axis withvarying kinematic and
geometrical conditions to approximate realistic éonilling operations. The objectives of this study
were therefore (a) to measure the instantaneoas famponents during bonglling operations as a
function of cutter rotation for various milling tbgeometries, speeds, feed rates and feeds pér, toot
radial and axial cutting depths, and cutting dimett and modes, and (b) to formulate and evaluate a
milling model that uses orthogonal and oblique ingttdata quantified in the previous chapter to
predict the instantaneous milling force componeats a function of the above parameters.
Experimental results in bovine cortical bone dernraes that milling force components are periodic
signals with their curve shape, mean, and amplititnging dramatically with the milling tool
geometry and kinematics. Simulated and measurednitameous milling forces are presented for the
illustrative cases of full and half immersion dowamd up-milling with two and four fluted cutting
tools. Average slot milling forces at various fepas tooth are also presented for two differentingt
velocities. The model predictions are in good agre® with the measurements, though they generally
tend to overestimate cutting forces at very snestls per tooth.

3.1 Introduction

A generalised model of the bone milling procesgialuable for gaining a better understanding of
how both mean and instantaneous milling force camepts vary in magnitude and in proportion as a
function of the cutting conditions. Comprehensiéthese force relationships and their dependence on
the machining parameters, such as milling speexd] fate, radial and axial cutting depth, and cutter
geometry, is essential for analysing stability amgroving safety, as well as optimising cutting
accuracy and time.

Although bone milling is commonly performed in mamyhopaedic and neurosurgical procedures, the
process is often regarded as being somewhat uassatdl difficult to control [Giraud 1991]. The
magnitude and direction of the overall milling fercan change suddenly and unexpectedly during
milling, causing the tool to slip from the plannedjectory and compromising surgical safety and
accuracy.

Despite these difficulties, we were able to findyanfew detailed studies in the literature thadmfify
milling force components and trends as a functibseveral relevant parameters. Krause et al. [1982]
reported on feed forces for milling bovine bonehaliigh-speed burrs operating at various feed rates
and cutting depths. Although the rotational velpatring cutting was not measured, they did find
that average peak feed forces generally increagbdcutting depth and feed rate, and decreased with
cutting speed. For equivalent depths of cut, howdhe effect of tool geometry on cutting force was
dependent upon the rotational speed. Denis eDalnif et al 2001] measured milling forces in the
feed and normal directions for human proximal tibiane as a function of milling speed and feed per
tooth. Average peak forces in either direction @ased with feed per tooth, though the rate of asge
was different for each force component and cutsipged. Moreover, they found that the influence of
speed was not constant across specimens or contatirestions.
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Clearly, a mathematical model of the milling pracesuld be an invaluable tool to aid in the analysi
of different milling operations. The objectives diiis study were therefore to (a) measure
instantaneous milling force components in bovingical bone as a function of the cutter rotation fo
various tool geometries, cutting speeds, feed ratesfeeds per tooth, radial and axial cutting lgpt
and cutting directions and modes, and (b) to foateuand evaluate a model of the milling process tha
uses the single edge orthogonal and oblique cuttatg quantified in the previous chapter to predict
the instantaneous milling force components as etiom of the above parameters.

3.2 Milling Model Formulation

The basis of our modeling approach is to relatesgiexific cutting energy or pressure of corticahdo
as determined from orthogonal cutting tests to ittetantaneous kinematics and geometry of the
cutting tool edges in the milling operation. Eacitting edge or flute of the milling tool is partitied
axially into a series of small ‘edge elements’ (ffig 3.1), and for any cutter orientation withinoalt
revolution cycle (i.ef = 0,1,2,...,360°) the tooth elements that are agstieeagaged in cutting are
identified [Altintas 2000]. For a particular set aifitting conditionsf( w, a, r, N the instantaneous
thickness of the cutting chip removed by each ediggnent is determined. The corresponding
tangential and radial force components acting enttioth element can then be approximated by the
relationships measured in the orthogonal and oblipting tests. These elemental force components
are then transformed into the fixed milling coomtm systemx y) and summed along each cutting
tooth to obtain the instantaneous milling force poments irx andy.

Edge
element

Figure 3.1. A milling tool with J cutting flutes and ypaxial segments
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Figure 3.2. Coordinate system for full immersionmvdemilling.

3.2.1 Variation of Specific Cutting Energy with Specin@nentation.

Our experimental measurements, as well as prewoas made in fibre reinforced composites [Puw
1996, Mahdi 2001], wood [McKenzie 1961], and bod&cpbs 1974][Wiggins 1978][Mitsuishi 2005],
indicate that the cutting mechanism and specifttiray energy are dependent on the cutting direction
with respect to the material anisotropy. In thelingl process, the cutting edges are continuously
revolving about the axis of the tool and the omadioh of each cutting edge is continuously changing
with respect to the direction of anisotropy. Theref the materials’ specific cutting pressure as
experienced by any particular cutting edge als@sawith the direction of the edge velocity [Puvdan
Hocheng 1993, 1996]. If we consider the bone indhking zone to be a transversely orthotropic
material with the predominate osteon direction redidy with the long bone axis [Reilly 1975], the
specific cutting properties would depend on theegoigsition. Considering for example the case df ful
immersion milling when the feed directiog {s perpendicular to the bone axis and parallel (figure
3.2): atb = 0, the edge velocity is normal to the predongrfdire direction and the cutting mode is
transverse; ab = 172, the edge velocity is parallel to the fibre diren and the cutting mode is
parallel; atd@ = 11, the edge velocity is again normal to the fibreedion and the cutting mode is
transverse. The instantaneous forces per unit veidting tangentialK = F;) and perpendicular~=
F.) to the velocity of each tooth segment at thegejpal orientations are:

8=0,m OF (T, t) =10/ 090 0+ Kar 0600 + Ky [N/mm]  (3.0a)
0 =T2: OF (P,1) =10/ 1090 0+ Kzp 100100 + K [N/mm]  (3.0b)

whereT and P denote the (transverse and parallel) cutting médeK,, and K; are the constant
parameters obtained from the orthogonal bone guttata in the previous chapter, and the uncut
chip thickness. For milling perpendicular to thésasf continuous fibre reinforced composites, Puw
[1993, 1996] approximated the cutting forces irdfég and normaly) directions with the following
empirical formula:

F.(6) = F; cosd +F, ;sing [Nmm]  (3.1a)
F,(0) =F, ; cosf-F,siné [N/mm]  (3.1b)

Many mathematical models have been developed imatst the variation of mechanical properties in
bone as a function of specimen orientation relati/¢he principle directions [Reilly 1975, Wagner
1992]. The complex hierarchical structure of bonakes this a very challenging task. Although
experimental values of Young’'s modulus have bedleaed at various off-axis orientations to the
predominate fibre direction, we could find no suelevant cutting data for bone. Hankinson [1921]
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introduced a simple empirical criterion to describe ultimate compressive strength of wood (which
is an extremely anisotropic material) at variougemmations to the fibre axis. Reilly and Burstein
[1975] used this empirical criterion to describe thtimate strength of bone at orientations between
the principal directions. Since no other cuttingdty exists, we use their criterion here to appnaxe

the cutting force at intermediate orientationg® principal directions:

— I:T I:P
" [F, sin"(6) + F, cos' (8)]

F.(6) IN'm?  (3.2)

whereF(8) is the off-axis specific cutting pressure at saangle of rotationg, F+ and Fr are the
transverse and parallel cutting forces, respegtivaidn = 2.

3.2.2 Chip Geometry in Milling.

The uncut chip thickneggequation 3.Bis a key parameter in predicting the milling ferdlartellotti
[1941, 1945] studied the kinematics of the milliprpcess and derived the equations of motion of the
cutter path as well as the uncut chip thicknesguastions of the process parameters. Although
Martellotti showed that the true path of a millitapth is trochoidal, a circular tooth path is a doo
approximation if the feed rate of the tool is mgahaller than the rotational velocity of the millhish

is the case for most powered milling operations Fstantaneous uncut chip thickness can therefore
be expressed as a function of the angular positidhe cutting edg#, and the feed per tooth

t(6) = csin(@) [mm] (3.3)
c=60f /(aN) [mm] (3.4)

wherew is the rotation velocity (RPM) anfdis the feed velocity [mm/s] of the cutter, aNds the
number of cutting teeth.

For full immersion down-milling (figure 3.2), whethe entry @) and exit Be,) angles for each tooth
areBs = 0 andB = T, respectively, the uncut chip thickness variegopizally with the rotation of the
mill; from zero (at® = 0) to a maximum value af (at@ = 172) and then back to zero @&t= 1). An
edge is considered to be in the ‘cutting zone’ whBenB < 1t Fort< 0 < 2, no cutting occurs and
therefore the force on the tooth element is zeoo.the case of half immersion down-milling, where
the entry and exit angles into the workpiece@ye 172 andb., = 11, respectively, the chip thickness
instantaneously jumps from 0 toupon tooth entry and then decreases to zero a®aolie exits the
workpiece. The reverse occurs in half immersiomulting.

3.2.3 Milling Force Prediction Algorithm.

We discretize the milling process into small angutdations of48 and the forces acting on the mill
are calculated at each incremental rotation. THEnguitool is segmented into a series of axialedic
(S each of elemental thicknegk (figure 3.1). For each axial slic§), the algorithm determines
which cutting flute segments,( ) are currently engaged into the bone and calculie normalized
tangential and radial forces acting on each imntefsge segment. A flute segment is considered to
be engaged and cutting into the bon8sik 6, < 6,,, otherwise the force is zero. The tangential and
radial cutting force contributions for each edgenent (calculated from Equations 3 and 5) are then
resolved into force components in the feddafnd normaly() directions:

o, (6) =—dF (6)cos, - oF, (6)sinb N'mm]  (3.5a)
ok, (6) = & (6)sing, - dF, (6)cosy [N/mm]  (3.5b)
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The total forces acting on each axial slice infereal and normal directions are:

AF, = ZN:[aFXj (6,)xA7]

N N (36)
AF, = Z[aFyJ (6,)x07]

e

where N is the total number of cutting flutes. Télemental cutting forces can be positioned at the
upper or lower boundaries of each axial slice.

Feed and normal force predictions for cutting spe€dORPM are performed using the low speed
orthogonal cutting data of Wiggins and Malkin [1P7A8&ing the exponential power law and force data
from a=10°, parallel/perpendicular cutting modes fortatlls. All force predictions for speeds higher
than 100RPM are performed with the orthogonal apitqoe data presented in the previous chapter.
Predictions for the feed and normal forces wereutated using the transverse and parallel orthdgona
cutting data. Force were interpolated linearly ke 0° and 20° rake angles to simulate the 10° rake
angle tools. To model axial forces for helical ésit the oblique cutting data from the across auittin
mode was used regardless of the milling directigith the forces linearly interpolated to obtain an
angle of obliquity of 30°.

3.3 Materials and Methods

3.3.1 Experimental Procedure

We conducted a series of bone milling experimemsaccomputer numerically controlled (CNC)
horizontal machining center (Mori Seiki SH-403, dapand measured force components in the feed
and normal directions with a three component dymasier designed specifically for measuring
dynamic machine forces (Kistler Instruments, ty@b3B, Switzerland). The piezoelectric force
signals were passed through Kistler charge amgdiied into a PC based data acquisition system that
was configured for each test to sample at a raievelgnt to 1° of the tool rotation.

Figure 3.3. Industrial Milling machine (left) andr€e sensor (right) used for the milling experinsent
[Photos taken from Mori Seiki and Kistler websitesgpectively].

Cortical bone specimens were dissected from thedmaighysis of fresh bovine femurs with a
diamond blade band saw under a constant supplyigéation, and then milled into slices of constant
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thickness (~5-10mm) on a milling machine. For thiimy tests, the bone specimens were clamped so
that the milling tool end projected from the fadeof the slice, thereby avoiding tool tip end efec
(i.e. face milling) and allowing the generated bohips to escape freely from the cutting zone astd n
influence the measured cutting forces (figure 3.#he bone specimens were kept wet with
physiologic saline solution throughout the experitse though no irrigation was directly applied to
the cutting zone during the cutting-force measurése

Z
y X
Tooth Entry Tooth Exit
B=10° 6 6= 180°
/
l feed, f
a
i ;
T @

Figure 3.4. Schematic diagram of experimental sahgmilling tool coordinate system.

Table 3.1. Range of experimental conditions tested

Feed ratef [mm/min] 0.4-500

Feed per tooth; [mm] 0.0005-0.350

Cutting velocity,w [RPM] 100-5,000

Radial depth of cur 2*R,R

[mm] (full and half immersion)
Axial depth of cuta [mm] ~5-10mm

Milling mode Up and down milling
Milling direction Parallel, Transverse
Work-piece material Bovine femur cortical bone

The ranges of experimental conditions tested amarsrized in Table 3.1. The feed per tootis the
linear distance the cutter travels between eacbesso/e tooth pass (i.e=f/ (o x n) [mm], wheref

is the feed rate [mm/min}y is the angular velocity [RPM] amalis the number of cutting teeth). A
schematic diagram of the milling trajectories riekato the specimen orientation is presented iarég
3.5. Milling was performed with the cutting toolljuand partially (half) immersed into the specimen
to test the influence of radial cutting depth. Malaate the influence of bone anisotropy on cutting
forces, milling was carried out with the feed direc both parallel to and transverse to the long ax
of the bone. Four different cutting tool geometsiesge used in total (Table 3.2).
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Table 3.2. Tool geometries used, as specified byeth

manufacturer
Tool A B C D
Rake,a [°] 0 10 10
Helix, % [°] 30 30 30 0
Clearancey [] 10 10 10 10
Radius,R [mm] 3.175 3.175 3.175 9.525
No. of flutes,n 2 2 4 4
Material Carbide HSS* HSS* HSS*

" High Speed Steel

Figure 3.5. Various milling trajectories were tekter full immersion (slot), half immersion dowrand
half immersion up-milling. Milling feed directionghere either parallel or transverse to the bong kxs.

3.3.2 Data Analysis

Milling force data from the dynamometer was acqliie¢ a sampling rate equivalent to 1° of tool
rotation. Figure 3.6 provides examples of typicelsurements for the three milling force components
Fx Fy, F, for feeds per tooth of c=100pum and 2pm. The foacegpresented in the coordinate frame of
the machine spindle, i.e. they act on the cuttiy &nd not on the bone specimen. Measurement noise
was reduced by averaging the data at every individfl point over several revolutions of the tool.
Cutter ‘runout’, which is the eccentricity betwettne cutting tool axis and the machine spindle axis,
was treated averaging the first half with the seldoalf of the rotation cycle to obtain a full symme
revolution.
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Figure 3.6. Sample milling measurements (i.e. data before averaging for tool run-out) of the
instantaneous force componentx jnandz directions for slot (full-immersion) milling with cutter having
two helical teeth (Tool ‘B’). Cutting conditionseéds per tooth = 100um (upper plot) ard= 2um (lower
plot); rotational velocityo = 100 RPM; axial depth of cat= 9.1mm. Feed direction is parallel to the bone

axis.
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10000 RPM, c=8.5 [pm] 10000 RPM, c=86.5 [pm]
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—— Raw data averaged aver 1 revolution — Raw data averaged over 100 revolutions
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Figure 3.7. Effects of averaging for tool runouepone (left plot) and one hundred (right plogyaleitions for
10000 RPM data. Bold red curves represent the gedrdata after low-pass filtering with a ninth arde
Butterworth zero-phase forward and reverse didjitar. Cut off frequency is equal to two times ttosth
passing frequency. Cutting conditions: Full-immensmilling, tool ‘B’, feed per tootle = 6.5um; rotational
velocity ® = 10000 RPM; axial depth of cat= 9.6mm.

Certain high-speed data at low feeds per tooth \esvepass filtered before averaging, using a ninth
order Butterworth zero-phase forward and revergéalifilter with a cut-off frequency equal to ten
times the tooth passing frequency. These dataadraléd as so in the results. All other mean and
instantaneous force data were simply averaged sexeral revolutions. The effects of averaging and
filtering are presented in figure 3.7.
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3.4 Results

The measured milling force components were perigiimals with the curve shape, mean, and
variation changing dramatically with the millingolageometry and kinematics.

3.4.1 Influence of feed-rate and cutting tool geometnsta milling forces at low-speed

The instantaneous milling force components in #gedlfk) and normaly) directions are presented in
Figure 3.8 as a function of the tool rotation anglatter rotationP) while slot milling with a cutting
tool with four straight flutes (tool D) at two d#fent feeds per tooth of= 25um and 5@m. The tool
rotational velocity ise = 100 RPM, which corresponds to a cutting toolfaze velocity of
v=99.75mm/s, and the feed direction is parallehtslong axis of the bone.

The magnitudes of the mean milling forces in thedfand normal directions are plotted in Figure 3.9
over a range of feed rates (or feeds per tootB,5-200um) for the same cutting conditions as in
figure 3.8. The relationship between mean forceas faed-rate is non-linear, resembling that of the
cutting force curves in orthogonal cutting. The mearmal force increased with feed across theentir
range of feeds tested, while the feed force tetidgalateau to a constant value of ~50N after25-
50um. Although the force predictions are able tedpt these trends, they tended to overestimate the
mean measured forces in both directions for feeb¥@5um.

100 RPM, ¢ = 25pum 100 RPM, ¢ = 50pm
150 ——— . : 150 : ; !
i
100, . 100 .
Fy
50 50| .
= =
g G g G
5 5
L L

el A WW&

Fx
-100 F 8 -100 ¢ 8
— Measured (n=9 rev) — Measured (h=4 rev)
— Predicted — Predicted
_15|:| 1 1 1 _15|:| 1 1 1
1] a0 180 20 360 0 a0 180 X0 3E0
Cutter rotation [®] Cutter rotation [®]

Figure 3.8. Measured and predicted instantaneuiling force components ir andy for slot (full-
immersion) milling with a cutter having four straigeeth (Tool ‘D’). Cutting conditions: feeds geothc =
2um; rotational velocity = 100 RPM; axial depth of cat= 9.1mm; Feed direction is parallel to the bone
axis. (n = Number of revolutions data has beenagedt over)
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Figure 3.9. Measured and predicted mean milloxge magnitudes ir andy for slot (full-immersion)
milling with a cutter having four straight teethddl ‘D’). Cutting conditions: feeds per tooth= 3.5-200pum;
rotational velocityn = 100 RPM; axial depth of cat= 5.05mm; Feed direction is parallel to the boxis.a
Inset in top left corner correspondscte 0-25um data plotted on a larger scale.

3.4.2 Influence of cutting speed on slot milling forcenpmnents

The magnitude of the measured and predicted mebingrforces in the feedR), normal E,) and
axial (F,) directions as a function of the feed per toothdatting speeds of 100 RPM=33.3mm/s)
and 5000RPM \=1662.4mm/s) are presented in figure 3.10. Theeenar axial force predictions
plotted for the 100RPM velocity since no obliquetiog data exits for low-speed cutting. The
percentage increase in the measured mean fordesheitdecrease in cutting speed from 1662.5mm/s
to 33.3 mm/s ranged from ~20-60% for the feed ayrdhal directions across the range of feeds (Table
3.3). The corresponding instantaneous milling ferfme the measured and predicted feed and normal
forces are presented in figures 3.11 and 3.12.

Table 3.3. Percentage increase in the measured mean
force magnitudes with decreased cutting speed from
1662.5mm/s (5000RPM) to 33.3 mm/s (LOORPM) at

equivalent feeds per tootit.

C [um] 2 7 13 25 50

Fy [%] 54.4 39.7 24.1 37.9 63.7
Fy, [%] 35.2 61.2 20.0 19.5 24.0
F, [%] -81.5 -32.6 -10.7 21 12.4
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Figure 3.10. Measured and predicted mean miflinge magnitude ix, y andz for slot milling with a
cutter having two helical teeth (Tool ‘A’). Cuttirgpnditions: cutting speed vs33.3mm/s (100 RPM, upper
plot) andv=1662.4mm/s (5000RPM, lower plot); axial depth uf is 5.05mm; feed direction is parallel to
the bone axis.
Experimental trials: #12-16(A012_A016_100RPM.m) #24,5,6,8 (A001_A010_5000RPM.m)
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Figure 3.11. Measured and predicted instantaneillisg forces inx andy for full-immersion down-milling with a two flutetelical tool (Tool ‘A’). Cutting conditions:
feed rate$ = 20, 70, 130, 250, 500 mm/min; rotational velpeit= 100 RPM; feed direction is parallel to bone aaigal depth of cua = 5.05mm.
Experimental trials: #12-16. (A012_A016_100RPM.m)
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Figure 3.12. Measured and predicted instantaneillisg forces inx andy for full-immersion down-milling with a two flutetelical tool (Tool ‘A’). Cutting conditions:
feed rates = 20, 70, 130, 250, 500 mm/min; rotational velpeit= 5000 RPM; feed direction is parallel to bonesaaixial depth of cua = 5.05mm.
Experimental trials: #2,4,5,6,8. (A001_A010_5000RRIV

65



Equivalen feed rates Equivalen feeds per toot

500 ~ 50 4 y
Fx Measured 100 RPM

v 100 RPM
Fx Predicted ‘ = L,\-

400 ~ B Fy Measured 401

O Fy Predicted

300

200

100

z -
o U =
g 5 10 20 35 70 2 5 5 6.
.f (25) (50) (100) (175) (350) 5 (0.1) (0.2) (0.4) (0.7) (1.3)
[ o
2 50 o 504
= 5000 RPM 2 5000 RPM
> @
< 40 > 40
Z 8
N7
” N7
30 4 7 N/
9 7 ¥
7 2 Z N/
7 7 7 N7
7 ) ) 7 §/ P
2019 % % 7 | ¥ 9
Z 7 7 Y N7 7
7 2 21 ¥d ¥ 2
7 I . N7 NV <
VAL I AR -z
o 1N | M N7 N7 M | W |
5 10 20 35 70 0.5 1 2 35 6.5
(0.5) (1 (2) (3.5) ) (3) (10) (20) (35) (65)
Feed rate [mm/min] Feed per tooth [um]
(Feed per tooth [pm]) (Feed rate [mm/min])

Figure 3.13. Measured and predicted mean cuttirggfmagnitudes ir andy for slot milling with tool ‘A’
at 100 RPM and 5000 RPM, for equivaléed rateqleft column), and equivalefieeds per tootkright
column). The axial depth of cut was= 9.6mm.

Experiment #103-109 (5000RPM), 115-119 and 122{1P6RPM).

Mean measured and predicted forcesxiandy are presented in figure 3.13 for slot milling at
equivalentfeed rateqleft graphs) andeeds per tootlright graphs) at 100 RPM and 5000 RPM. For
equivalentfeed rateqleft column) the 100 RPM force data are generabytimes greater than the
5000 RPM data in thg direction, and ~20 times greater in $heirection. At equivalenteeds per
tooth (right column), the measured force magnitudes eth eatting speed are comparable, though the
rate of increase in force withis ~3 times higher in the direction for the 5000 RPM data. Normal
forces are generally lower for the high-speed ddtie feed forces are higher. The high-speed model
predictions consistently overestimate both fordethese low feeds per tooth (i.e. <7um), though the
errors are greater in the feed direction.

3.4.3 Influence of radial cutting depth on milling forcemponents

The instantaneous milling force components in tedf§) and normal ¥) directions during half-
immersiondown-milling are presented for cutting tools havimg and four helical teeth in figures
3.14 and 3.15 respectively. Similar to full immersislot milling, there are large variations in each
cutting force component with time when cutting witle two fluted cutting tool, while this variatids
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relatively small for the four toothed tool. For bdtalf immersion cases, however, it is observet tha
the feed forceRx) shifts from negative to positive with increasiiegd per tooth (table 3.5). This is a
result of the proportional difference between tggential and the radial force components acting on
each tooth element at different chip thicknessesn@aring full (figure 3.12) and half (figure 3.14)
immersion milling with the two fluted tool, it ipparent that the feed force direction also depends
the radial cutting depth. In surgery these forcesld tend to pull or push the cutting tool in opp®s
directions along the feed path, depending on timlrautting depth and feed rate applied.

3.4.4 Influence of up- and down-milling on milling forcemponents

Instantaneous milling feed and normal force compteluring half-immersiorup-milling are
presented in figure 3.16 for a two helical flutedter. The feed direction is now opposite to pusiti
and positivey is pointing away from the cut surface. The meau fiorce at the higher feeds per tooth
is no longer in the feed direction as during haifriersion down milling (figure 3.14). The normal
forceF, is now directed into the cut surface, tendingustpthe tool down into the cut.
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Figure 3.14. Experimental and simulated millingcs inx andy for half-immersion down-milling with a two
fluted helical tool (Tool ‘A’). Cutting conditiondeed rate$ = 4, 52, 100, 200 mm/min; rotational velocity=
1000 RPM; axial depth of cat= 9.6mm.
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Figure 3.15. Experimental and simulated milliogces inx andy for half-immersion down-milling with a four
fluted helical tool (Tool ‘C’). Cutting conditiongeed rate$ = 4, 52, 100, 200 mm/min; rotational velocity=
1000 RPM; axial depth of cat= 8.8mm for Tool ‘C’.
Experiment #151-154
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Table Z.4. Measured andpredictedmean forces for hal+
immersion down milling with 2 and 4 fluted tools fo
equivalent feed rates 1000RPM,v=332.5mm/)

Flutes Force f [mm/min]
# [N] 4 52 100 200
= -3.8 51 13.3 26.7
y X

-9.0 5.7 14.6 26.7
= tL S 11.6 41.0 58.3 87.1

- 22.5 56.1 69.7 86.2
-1.6 -15.2 -246 -414

Fz 34  -12.8 -168 -21.8

y . 68 04 104 271

s x 142 02 117 284
JRRCIANTS - 161 536 741 1023
\P y 259 746 912 1096

£ 28 166 290 457

-4.1 -17.1 -23.1  -30.9
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Figure 3.16. Experimental and simulated millingchs inx andy for half-immersion up-milling with a two
fluted helical tool (Tool ‘A’). Cutting conditiondeed rate$ = 0.4, 5.2, 10.0, 20.0 mm/min; rotational velocity
o =100 RPM; axial depth of cat= 8mm.
Experiment #164-167
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3.4.5 Influence of the number of cutting teeth

The mean force components for slot milling with taond four fluted helical cutters having both
having the same rake, helix and clearance angéeprasented in table 3.5 for equivalent feed rates.
Although the four fluted tool exhibited less vaigat in force with time (figures 3.17 and 3.18), the
mean forces (especially the feed force) were largaragnitude for the four fluted tool. Althougheth
force predictions were able to predict these tretids magnitude of the mean force estimates aethes
small feeds were significantly greater than thesuesd means, particularly in the feed direction.

Table 2.5. Measured andpredictedmean forces for ful-
immersion down milling with 2 and 4 fluted tools fo
equivalent feed rates (5000RPW=332.5mm/s)

Flutes Force f [mm/min]
# [N] (c [um])
10 20 70 130
(0.5) Q) (3.5) (6.5)
= -4.0 -7.2 -18.6 -24.8
y X -19.9 -23.8 -29.3  -30.9
+ 4.1 7.4 15.1 27.6
— (s Fy 88 137 279 380
= -1.3 -1.3 -8.8 -8.5
z -3.6 5.7 -11.3 -155
1) 2 (7) (13)
= -11.4 -13.6 -29.5 -29.8
y X -32.1 -39.9 -53.1 -58.2
L = 7.2 10.6 25.3 30.5
[ U= y 11.0 17.7 38.28 53.7
N = -1.0 -0.5 -3.2 -7.6
z -4.6 -7.3 -15.6 -21.9
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Figure 3.18. Measured and predicted milling fericex andy for full-immersion down-milling with a four
fluted helical tool (Tool ‘C’). Cutting conditiongeed rate$ = 10, 20, 70, 130 mm/min; rotational velocity=
5000 RPM; axial depth of cat= 8mm.
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3.4.6 Influence of cutting direction with respect to lorientation

Instantaneous feed and normal force componentgrasented as a function of the tool rotation angle
for slot milling with a double fluted helical cutg tool for feeds per tooth af= 2, 50 and 10@m
(figure 3.19). The feed direction is parallel (Ipfot) and transverse (right plot) to the long afishe
bone. The tool rotational velocity is = 100 RPM ¥=33.25mm/s). The peak forces in the normal
direction are slightly higher when milling paraltel the bone axis for both small and large feethés T

is a likely result of the increase in specific gt energy when the edge elements are cutting
transverse to the predominant fibre direction & kpeed (i.e. a® = 9C¢ with the milling feed
direction parallel to the bone axis). Similarlye theak forces measured in the feed direction gteehi
when the feed direction is transverse to the baige a
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Figure 3.19. Experimental and simulated instagaas milling force components xmandy for slot (full-
immersion) milling with a cutter having two helidakth (Tool ‘B’). Feed direction is parallel {igiot)
and transverse (right plot) to the bone axis. i@gttonditions: feeds per tooth= 2, 50, 100um; rotational
velocity ® = 100 RPM; axial depth of cat= 9.1mm.
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3.5 Discussion

Bone milling forces are dependent on several paemsia@ncluding tool geometry, cutting speed, feed
rate, radial and axial cutting depth, and cuttimgalion and mode. To our knowledge, this is i f
study to present cutting force patterns for borléngias a function of the tool rotation. Theseadate
useful for gaining a better understanding and falidating models of the physical mechanisms
governing in the bone milling process. In this settwe first discuss the effects of various kinéma
and geometrical parameters on the milling force mmments and their clinical implications. The
model is then extended to provide some insight dimmtemperatures, surface accuracy and surgical
techniques. Finally, some recommendations on tesigth are given.

3.5.1 Feed rate and radial immersion

When milling with a fully immersed four straightifed tool at low-speeds, it was observed that the
mean feed force did not increase with increasied fger tooth after a critical feed~25-50um), even
though the mean normal force continued to elevisgeré 3.8). This trend was also observed when
cutting with a double helical fluted tool at 5000&Rhough the critical feed per tooth was lower
(c~12-25um, figure 3.10). This phenomenon can betagléao the behaviour of the radial force
component in orthogonal and oblique cutting witkré@asing chip thickness. The maximum chip
thickness in milling occurs when the tooth is diledn front of the tool, i.e. when the radial ferc
component is directly in line with the feefl € n/2). Since the radial forcg; in orthogonal and
oblique cutting either decreases or remains esdlgntonstant as the chip thickness increases, the
projection ofF, in the feed direction over one integral revolutisnalso essentially constant with
increasing feed per tooth (the tangential force moment does not influence the mean feed force
because of the chip symmetry abgut

The surgeon therefore could potentially optimiz#ing time without applying excessive feed forces
by increasing the rate at which he or she movesodilehrough the bone. As this would significantly
increase the force on the tool tip in the directimmnmal to the cut surface, however, it is impdrtan
appropriately select an axial depth of cut to keeprall forces manageable. Surface accuracy and
patient safety could otherwise be compromised. Highmal forces could cause the tool to deflect
away from the surface, and could be transferrethéoguide fixation pins causing motion or even
failure at the fixation site. Advancing the toolaahigher rate without consequences in the feezkfor
might also give the false impression that overalticg forces are low and in a relatively stable
manageable state, especially if the tool is comstcavertically by the guide. The net resultanicéor
applied to the cutter could however suddenly eseala change direction (for example if the radial
cutting depth decreases) which could cause theaaip out of control in an oblique direction.

Increasing the feed rate with the cutting tool fiaimersed into the bone resulted in the mean and
maximum feed forces changing directions from negatd positive for both the two and four fluted
helical cutters (figures 3.14 and 3.15). Duringtihrimmersion milling the chip is no longer
symmetric. The change in feed force direction esdfore a result of the proportional differenceha
force components acting tangential and radial éocthitting teeth as a function of the feed per t@oth
In orthogonal and oblique cutting the radial cutforceF, was measured to be proportionally greater
than the tangential cutting for€gat small feeds per tooth (it&~10um, figures 2.10a,b). When these
components are transformed into the milling toardinate system, the cutting conditions correspond
to a resultant force acting on the tool that i®mieéd upward and negatively with respect to thd fee
direction €g, figure 3.20a). As the feed per tooth increades tangential force component increases
while the radial force component typically decresase remains constant, resulting in a positively
oriented feed force componei(figure 3.20b).
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Figure 3.20. Influence of feed raf@ ¢n the feed force directioifr{) during half-immersion down milling.

When milling at lower feed rates with the cuttefyomalf immersed into the bone, the surgeon would
have to push the tool through with a relatively krfeed force. If the feed rate is increased to the
critical feed, the mean feed force would diminigsh Zzero and the cutter would move almost
effortlessly along the cut, assuming that the was$ constrained in the normal direction by theingll
tool guide. Beyond this critical feed the mean fémde acting on the tool would continue to inceeas
in the cutting direction, ‘pulling’ itself furtheinto the cut, possibly further increasing the feent
tooth and causing the tool to suddenly ‘get sucleid the cut. In addition, due to the correspogdin
increase in the normal cutting force with feed rébe resultant milling force acting on the tobk,
figure 3.20b) would tend to push the slender cutferand over the cut, causing the cutting tool to
‘jump’ or ‘skid’ over the bone surface.

This was a problem that we observed during oneuofcadaver trials while milling away the patellar
groove in the anterior femoral cut. As the millitapl moved from medial to lateral into the hard
cortical bone, the tool suddenly jumped into thg climbing laterally up the groove surface until i
jammed in the hard subcondryal bone. This couldbtevented by increasing the stiffness of the
milling attachment and by reducing the diametetheftool from 9mm to ~5mm so that the cutter is
almost fully immersed in the bone during most & thits.

3.5.2 Number of cutting teeth

Both the average milling force and the force vasiatwith time are significantly affected by the
number of teeth milling. When full or partial imnsésn milling with a helical double-fluted cuttereth
amplitude of the force variation was observed tcapproximately equal to the mean force (figures
3.11, 3.14 and 3.17). When full or partial immenrsimilling with a cutter having four helical or
straight flutes, however, the feed and normal fereehibited relatively little variation with respeo
their corresponding mean values (figures 3.8, 311). This is simply a result of the geometrytaf
cutting conditions, and how many cutting teethactvely engaged in the cut at any given instant in
time. When slot milling with a double straight-#at cutter at a given feed rate only one tooth is
engaged in cutting at any given instant in timee Thip thickness is simply equal @) = c*sin(0)

for the cutter rotation ®B«n (the period ot is & andc = /2, wheref is the feed per revolution). The
standard deviation in the chip thickness acrossauteer revolution is therefore ~50% of the mean
chip thickness, assuming that there is no cutteouti When slot milling with a straight four-fluted
cutter two teeth are engaged in the cut at anyngivgtant in time. With a tooth pitch af2 the total
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chip thickness acting on both engaged flutes fersdmme feed rate i®) = c*sin(0) + c*sin(0+x/2) for
0<6<n/2 (the period ot is n/2; ¢ = f/4). Thus the chip variation is only ~10% SD foe ttame mean
value. Similarly, the chip variation would be ~2.%3D) of the mean for eight flutes (figure 3.18).

Total chip thickness in slot milling for equivalent feed rates
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Figure 3.18. Total instantaneous chip thicknes@gd slot milling with 2, 4 and 8 straight-flutédols for
an equivalent feed rate, assuming no runout.

Although there is no change in the theoretical meéal chip thickness when slot milling with cutter
having different numbers of teeth, the mean nommnal especially the mean feed force were observed
to be higher when milling with a four versus twotéd cutter (table 3.5). This is a result of twctéas

(a) the non-linearity of th& vs.t curves measured in orthogonal and oblique cutimgl (b) the
parasitic forces acting on the edge and clearaace 6f the tool. Each time the feed per tooth is
reduced by cutting with more teeth, the specifitticg energy required to machine the smaller chip
thickness increases at each tooth (figure 2.12¢réfore the total force summed over all engaged
cutting teeth increases in comparison to fewethteetting the same total amount. In addition, the
edge forces acting on the each cutting tooth besgmneportionally more important at very small
feeds. Increasing the number of cutting edges &ser® the friction contact length zone and the total
edge force. Because frictional forces affect tlatacutting force component more than the tangénti
one at low chip thicknesses, the mean feed fomce®ased more than the normal ones when slot
milling at the very small feeds per tooti¥(.5 and 1 um, table 3.5).

3.5.3 Cutting rotational and surface speed

The most common means for increasing the cuttimtase speed in surgery is to increase the tool
rotational velocity. This has a less obvious bupamiant consequence on the geometry of the cutting
conditions, as it essentially reduces the thickinéske chips produced. When milling at 100RPM the
mean forces were measured to be ~5 and ~20 tinestegrin the feed and normal directions
respectively, compared to milling the same feedsat 5000 RPM (figure 3.13, left column). The
difference in forcemagnitudeshetween the two speeds is largely due to therdiftee in the chip
thickness since the feed per tooth increased lagtarf of 50 for the same material removal rate. The
difference in the force componentoportionsbetweenx andy at each speed is however due to the
different rates of change between the tangentidl ralial force components at the different chip
thicknesses.

The effect of cutting surface speed on forces aivetpnt feeds per tooth was less obvious. When
cutting with tool A at c=2-50um, forces increasgd~20-60% percent when the cutting speed was
decreased from 5000RPM to 100RPM, depending orietba and direction (table 3.3). In a similar
experiment with a different bone specimen whereldgger tooth ranged from ¢=0.5-7um, however,
the mean normal forces were lower while the mead ferces were higher at the higher speed. This
exception could possibly be due to some local tdrig in the specimen.
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3.5.4 Temperature considerations

Thermal necrosis of bone is dependent on both tagnitude and the duration of the temperature
elevation of the tissue. The temperature elevatidsone-milling is dependant on the total amount of
energy expended in making the cut, which is a fonadf the forces exerted in cutting (i.e. material
deformation and separation) and friction at eaadthtcedge. Therefore, decreasing the number of
cutting teeth and increasing the feed velocityhef tool should significantly reduce the total fioctal
forces and the bone-edge contact time, and thusskef tissue necrosis due to heating. Increasing
the rotational velocity for any given cutting taatd material removal rate increases the total numbe
of revolutions and tooth passes required to ma&ecth, however, which should result in an increase
in temperature.

Therefore a simplified model for the temperatuevation at the cutting surface could be:
T=K(-o-N/f)+T,

whereT, is the initial temperaturé,is the edge contact length,is the rotational velocityl\ is the
number of cutting teetH,is the feed rate, and is a coefficient that takes into account the nialter
properties of the bone and the edge propertidseotutter (geometry and surface roughness).

Krause [1982] investigated the temperature elematiocutting bovine cortical bone with a spherical
and oblong burr operating at 20,000 and 100,000fgemrarious feed rates and axial depths of cuts.
Temperatures decreased as a result of increasdgd¢e, but increased as the depth of cut inadease
The temperature increase due to an increase itioreh speed was dependant on the particular burr
geometry. They concluded that an increase in fete lhad a greater effect on the temperature
response than an increase in rotational speetiasatting with a 100,000 RPM tool is satisfactibry

a fast feed rate is used.

The specific cutting energy of bone (i.e. the amiaifrforce expended in removing a unit quantity)
increases with decreased chip thickness. Sincecltie thickness is dependent on the number of
cutting teeth, the feed rate, and the rotationaedp(equation 3.4), this energy or ‘size effect’
phenomenon generally causes an unfavourable cogrsegon temperatures when milling at high
rotational speeds. Thus the decrease in millinge®rwith increased rotational speed for a given
material removal rate comes at the expense of aserk temperatures. It is therefore advised that
irrigation should always be applied directly at thating site when milling at high speeds, espécial
when the feed rate is relatively low.

3.5.5 Optimizing Surface Accuracy

We observed during our cadaver tests with the r{dedcribed later in Chapter 4) that the surgeons
performed the cut using both forward and backwaddions of the tool, i.e. milling conditions that
correspond to down- and up-milling respectivelyeTiormal force component is typically oriented
away from the cut surface during down-milling an@ards the cut surface when up-milling (figures
3.12 and 3.16). This caused respective overcuiimg undercutting errors on the cadaver bone
surface, leaving steps of different heights witlkehegool pass. Although it is likely not possible to
prevent the inversion of the normal force with feditection and the corresponding reversed tool
deflection, one method to minimize the surfacersroould be to standardize the feed direction é th
milling technique. For instance, imagine that atfirough cut’ is made by making a quick pass i th
down-milling mode to remove the majority of the dhéwone material. The normal milling force would
tend to push the tool away from the surface dutiig pass, leaving an initial surface that is gligh
higher than the intended one (<<1mm). The surgemwdcthen reverse the direction of feed,
backtracking over the cut in the up-milling modertachine away the slight remainder (performing a
finishing a cut at this low immersion level woulduse negligible forces and tool deflections, legvin
a surface which is nearly perfectly flat). This kkbbe efficiently implemented in surgery simply by
swinging the cutter back and forth once during epabs before advancing the tool forward to
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complete the subsequent pass. Moreover, the roaiovnot have to reposition the guide at different
levels for the roughing and finishing passes.

3.5.6 Model accuracy and relevance

Although the algorithm demonstrated reasonable racgufor milling at higher feeds per tooth,
proportionally less accurate results were obtaimkedn milling at very small feeds per tooth (i.e. ¢o

on the order of a few microns). The radial forcesasured in our orthogonal cutting experiments at
2.5um depths of cut appear to be ~50% higher thizat we measured in the milling experiments,
which could be due in part to some small geométdiféerences between the milling cutter teeth and
those used in the orthogonal tests (which may lhaaged the coefficient of friction). At very small
chip thicknesses, the complex frictional and planghorces acting between the bone and the tool
rake and clearance faces have a proportionallytgreafluence on the force components in
comparison to the cutting action (material failuitsglf. The dependence of these parasitic forces o
machining parameters such as cutting velocity dm thickness is still not clear and remains adopi
of ongoing research. Nevertheless, it is appalattthe simple chip load model presented here ean b
useful for helping understand and predict the cemjhterrelationships between milling conditions
and forces.

3.6 Conclusions and Tool Design Recommendations

In summary, a mathematical model of the bone-ngliptocess has been developed and evaluated
using experimental data. Force predictions and uneaents were compared for several different sets
of milling conditions including different milling@pmetries, immersion levels, directions, modes (up
and down), feeds and speeds. The model providedig insight as to why and how milling forces
change as a function of those milling conditiomsadidition, we used the milling force model to eett
understand the effects of the milling conditionsbame-cutting temperatures and surface accuracy.

Based on the experimental and theoretical resblizireed in this chapter, we can make the following
tool design recommendations:

e The cutter should have the minimum number of cgtteeth to minimize the mean cutting
forces and temperatures. This number could betseléeeping in mind the operating speed
of the cutter and the vibration response charatiesi of the robot structure mounted on the
bone (with the surgeon’s hand on the milling motdfpur teeth could make a good
compromise between vibration amplitude and meateftor high speed cutting.

¢ The cutter should be of the smallest diameter asible to minimize the variability in radial
immersion and the torque applied to the milling onot

« The cutter should be of relatively short axial gngp permit higher feed rates to keep cutting
forces manageable and to minimize temperatures.

* The cutting speed should be relatively high to mime forces for any given feed rate, and
irrigation should be incorporated directly at theting site when high-speed milling.

» The benefits of helical teeth include reducing gharp increase in forces upon cut entry, and
improving the chip removal mechanism. Helical teelth not significantly change the
mechanics however and they add a third force coemmoim the axial direction. Therefore
they are likely not necessary if there is an agplée increase in the cost of manufacturing.

77



The tool rake angle should be sharp, and a newstoalild be used for every procedure to
minimize the effects of tool wear on the cuttingcks, temperatures, and time.

The ‘bite’ of each tooth (i.e. the volume above thke face) should be relatively large to
minimize clogging of the flutes with bone debris.
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Chapter 4: Development of a
Miniature Bone-Mounted Robot for Total Knee Arthrop lasty

4.0 Chapter Summary

The overall goal of this work is to develop a coctpaccurate, safe, and easy-to-use surgical fobot
conventional and minimally invasive total knee esfilasty (TKA). The function of our bone-
mounted robot, named after the Greek sculpu@xiteles is to precisely position a surgical bone-
cutting guide in the appropriate planes surrounttiregknee so that the surgeon can perform the plana
cuts manually using the guide. The robot architecisi comprised of 2 motorized degrees of freedom
(DoF) whose axes of rotation are arranged in paralid are precisely aligned to the implant cutting
planes with a 2 DoF adjustment mechanism. Two rgiototypes have been developed, an initial
version for open TKA and a new version for minimatvasive TKA. In this chapter we describe the
concept and construction of the initial version égen TKA; the MIS version is presented in the
following chapter. After a review of the currenaitgt-of-the-art in knee robotics, the specificatifors
the robot design are provided. We then describe robot architecture and initial design and
construction in detail. The accuracy of the robsiistem in terms of mechanical backlash, stiffness,
positioning reproducibility and calibration is maesd and discussed. A mathematical study is
undertaken to optimize the robot geometry, kineosatand workspace in order to improve on the
design. Based on the promising results obtainel fiist prototype, recommendations are made for
the refinement of the design in a second versioffufther testing.

4.1 Introduction

Robotized surgical instrumentation can potentialigrease the precision and capabilities of the
surgeon, improve outcomes and recovery times fer ghtient, and reduce the large number of
mechanical instruments required in the operatimgoPrevious and currently available robotic TKA
systems have been mainly categorized by two facttrs and function. Over the past decade, several
groups have proposed relatively large floor or @éablounted robotic systems [Kienzle 1995][Ho
1995][Delp 1998][Jakopec 2001][Matsen 1993][Davié997][Van Ham 1998][Borner 2004].
Recently, an increasing amount of development tees kaimed at smaller, bone-mounted robots
[Ritschl 2004][Berardoni 2003][Wolf 2005][Shoham@3). Both types of systems can either position
cutting-guides for the surgeon, or they can cauy lwone-milling autonomously. They have been
classified as being either semi-active or actiespectively [Delp 1998][Stindel 2002]. Most large
research systems use industrial type robotic ahaisitave been modified for use in surgery, by for
example, incorporating a force sensor in the efetedr and redundant encoders in the joints.

The passive system described in [Kienzle 1995],rfetance, uses a large industrial six-axis PUMA
560 robot. The surgeon communicates with the arminguthe operation via pushbuttons on a
handheld control box which directs the robot thtowg series of predefined steps. Other motion
control modes include performing large “passive’verents of the robot by the surgeon (i.e. force
following) to bring the robot into the vicinity dhe desired position, and small precise adjusting
movements made autonomously by the robot. Matsah[#993] report on a smaller, six-axis PUMA
260 robot (16kg) for positioning saw or drill gusdaround the knee. The surgeon uses a computer
touch-screen to slowly advance the robot from aysétion to the next. The authors selected a smaller
lower payload arm to minimize the space occupietthénOR and to maximize safety in the event of a
controller malfunction. Although the low payloadmawas initially thought to be adequately stiff
because the robot was immobile while the surgeagriedaout the cutting/drilling, stiffness tests
revealed that a force of 18N on the saw-guide preduan unacceptable displacement of 2.5mm,
which required the addition of stiffening links.
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The ACROBOT system (The Acrobot Company Ltd, UK)svame of the first specially built large
robots for TKA that uses a ‘hands-on’ approach whbe surgeon controls the position of the milling
tool using a handle instrumented with a force seffsgure 4.1) [Ho 1995][Jakopec 2001]. The robot
architecture is comprised of a unique backdrivablépitch-yaw mechanism mounted on a gross
positioning arm which brings the ACROBOT head ittie vicinity of the knee [Davies 1997]. This
active constraint control scheme allows the surgeomove the milling tool under servoassistance
within preprogrammed regions as determined fromoperative CT scan reconstructions, providing
enhanced control during the milling process whileventing the milling tool from entering forbidden
regions of the patient.

One current drawback to these large types of rabsistants is that the tibia and femur bones ysuall
have to be immobilized to the operating table gglly as possible, typically by connecting a number
of bone clamps to the OR table. Kienzle and colleag[1995] describe a 6 DoF fixturing arm
equipped with heavy duty locking joints. The fuligtive ‘ROBODOC’ system (Integrated Surgical
Systems, Davis, California) uses a milling toolidig attached to a 3 DoF wrist on a large RRP
(SCARA) arm, and has a mechanical sensor to moifitory bone motion has occurred with respect
to the robot base during cutting [Borner 2004 KEertain amplitude of motion is detected durirg th
autonomous milling stage, cutting is automaticattypped and the surgeon must re-register the patien
and robot coordinate systems. This system also @mphn emergency stop button and an
instrumented end-effector which monitors the foradgring milling and stops the process
automatically if forces exceed a certain thresivalde.

Miniature robotic guide positioning devices haverencecently become available for TKA [Ritschl
2004][Berardoni 2003]. The PI-Galileo Positioningevice (PLUS Orthopedics AG, Switzerland)
system uses a hybrid navigated-robotic device widcfixed to the anterior-distal portion of the
femoral shaft [Ritschl 2004]. This system allowe gurgeon to navigate the guide orientation in the
frontal and transverse planes with a 2 DoF mechamidjustment mechanism. A motorised linear
DoF in the proximal/distal direction then positianslistal cutting-guide to the correct cutting dhepd
that the surgeon can make the distal cut. A setioedr DoF then slides a conventional 4-in-1 saw
guide in the anterior-posterior direction so tha¢ cutting block with four angled slots can be used
the entire size range of one specific implant ggom@&his system can precisely control the cutting-
guide position in the proximal-distal and antefpasterior directions, though some drawbacks include
no control of sagittal plane alignment, reducedbility during cutting due to the conventional ¢og
block, and the need for different cutting blocks diifferent implant shapes. A relatively high degre
of bone exposure is also necessary to mount the batse/motors on the distal shaft clear of theadis
cut. Another commercially available system (MedacHavitzerland) uses a 5 DoF motorized
architecture which automates positioning of eadtiraplane in all DoF. The robot mounts on the
medial, lateral, and anterior portions of the exgbfemur and occupies a cubic volume of %2
around the knee [Berardoni 2003].

Similar to the ‘MARS’ [Shoham 2003] miniature orfieeedic robot (Mazor Surgical Technologies,
Israel, www.mazorst.com), the ‘MBARS’ [Wolf 2005)lvot employs a parallel platform architecture.
This active bone-mounted system has been dematstiat patellofemoral joint arthroplasty, where a
small pocket surface is machined in the trochleaoge area of the femur. The parallel 6 DoF
architecture allows for automated ‘computer nunadigic controlled’ like machining of complex
implant bed surfaces within a relatively small wsplice. Rigid fixation of the miniature platform is
achieved with three pins in the medial, laterati anterior femoral regions.
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Figure 4.1 State of the art in large and mini Tkohots

A primary difference between floor/table mountethats and bone mounted systems is that in the
former, the bones have to be immobilized as rigaypossible, typically by clamping them to the
operating table. More technically complex altenwedi involve tracking and compensating for small
bone motions during cutting [Ranftl 2005]. The sérel weight of the robot also has an impact in the
operating room environment. Large robots occupwalasle space surrounding the operating table,
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making it difficult for the surgeons and assistatotsaccess the patient. The integration challenging
into the operating room has been a strong focuth®IGMCAO research team at UJF, leading to the
concept of ‘synergistic’ robotic tools such as B®DyC system that work in co-operation with the
surgeon [Troccaz 1996], as well as a number ot lggld compact robots that are placed directly on
the patient and have a specially designed architecto suit the clinical task [Berkelman
2004][Taillant 2004]. A key advantage of bone meuahtobots is that there is no need to immobilize
the limb or compensate for motion, and hence thegose a less dramatic departure from the
conventional surgical technique. A current drawbtzknost bone-mounted robotic TKA systems,
however, is that they require substantial incissbthe quadriceps muscle and reflection of thellzate
in order to rigidly fix the robot to the three stdgnedial, lateral, anterior) adjacent to the bauging
area.

4.1.1 Objectives

The goal of this chapter is to report on the dgwelent of a miniature robotic bone-milling and
sawing guide positioner for conventional CA-TKA.t&f specifying some key design parameters in
82.2, we describe the bone-mounted robot protatypewe initially developed for conventional TKA
(82.3). We then present in 82.4 a study that welgoied to optimize the geometry, kinematics, and
workspace of this initial design.

4.2 Robot Design Specifications

4.2.1 Accuracy Requirements

To attain an overall frontal plane leg alignmenthivi the critical 3° window >95% of the time [Ritte
1994], we would need to achieve a final cut repodullity better than ~1° standard deviation (SD)
both on the distal femur and on the proximal tilfidditionally, to consistently attain a precisedit

the femoral component, we would need similar aayuna the sagittal plane for all five femoral cuts.
The accuracy in determining the mechanical axitheffemur (i.e. the line joining the hip and knee
centers) using computer assisted techniques igvediahigh, introducing only ~0.3° of variability

the frontal and sagittal planes [Stindel 2002]. Magiability of the manual sawing process for an
experienced surgeon using a slotted guide has dmenated to be on the order of 0.3° in the frontal
plane and 0.7° SD in the sagittal plane [Plask@2R®umming the variances leaves us with a narrow
frontal plane error margin of ~0.4° SD, and virtyalo room for error in sagittal plane positioning.

4.2.2 Load Bearing Requirements

The first step in specifying an adequate motor sizé transmission ratio was to estimate the loads
applied to the cutting guide during surgery. Taneate the maximum forces that occur in bone-
milling, we use the results obtained in the presichapter. In order to have a conservative estimate
we assume that the bone at the cutting size isrpiieed completely of solid cortical bone (instedéd
cancellous or porous bone, which is known to béee#s cut). For the 5000RPM data, the maximum
peak forces measured in the direction normal tactheurface (i.e. the forces acting on the guige,
were 100N for full immersion down milling with a oaluted tool for the highest feed rate tested
(500mm/min or 8.3mm/s) and for an axial cutting tdepf 5mm (figure 5.12). Note that most forces
for 5000RPM where considerably less than 100N deetarger axial cutting depths of up to 9.6mm
(see for example, figures 3.13, 3.17 and 3.18)usdisg an average cut area of ~60x30mm for each of
the five femoral cuts, it would take less than amaute to make each cut with a feed rate of ~8mm/s
and an axial cutting depth of 5mm (not included tihee lost to practical tasks such as changing the
milling directions, repositioning retractors, etc. Ir) this force estimate we do not however consider
the force that the surgeon applies to the guidéhiavariable is currently unknown.
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Unfortunately, we could not find any published s&gdthat have measured the forces applied to a
surgical cutting guide during manual sawing. Mouatea et al [1997] measured the forces and the
moment in the plane of an unguided saw-blade wtiiiting bovine cortical bone blocks with a
conventional oscillating saw. The saw was rigidnigected to and constantly advanced by an
industrial milling machine. Maximum forces were tre order of 10N. Due to the inhomogeneous
nature of the epiphyseal bone at the knee, asasgehe interaction between the vibrating saw-blade
and the interior walls of the guiding slot, howewse suspect that maximum forces encountered in
manual surgery would be significantly higher. Indleeonventional saw-blades have been known to
jam in the slot and ‘kick-back’ in the surgeons d&rduring cutting [Laskin 1991]. We therefore
estimated our target for load bearing capabilityl@®N applied perpendicular to the guide plane,
which corresponds to an applied torque of 2Nm &d&0mm moment arm) about the mediolateral
axis.

4.2.3 Sterilization Conditions

Sterilization is defined as the process of killalmicroorganisms including bacteria, fungi, vieas
and spores with the use of either chemical or ghysagents. The typical procedure employed by
many hospitals to prepare instruments for invasuegery is to first clean them by washing,
scrubbing, and/or soaking them in a toxic bathibfteld glutaraldehyde solution for ~10-30 minutes.
It is mandatory that the instruments then underg@rs sterilization in an autoclave under the
following conditions: temperature 135°C, water vap@ressure 2.1 bar, relative humidity 100%,
duration of cycle >20 minutes. We therefore requarecompletely waterproof design in which
components could be easily disassembled for clgamashing. We also needed to encapsulate the
electrical system and connectors, to employ oninubally stable materials such as stainless steel,
titanium, polyetheretherketone (PEEK), etc., andige biocompatible lubricants for the mechanical
actuation system.

4.2.4 Safety Considerations

Several contrasting articles have been publishethersafety issues related to medical robotics in
orthopaedic surgery [Davies 1992][Troccaz 1996]gémeral, we feel that systems which allow the
surgeon to carry out the actual bone cutting areeneasily accepted by clinicians than automated
cutting systems in which the robot is in controttod cutting path. Although incorporating a systaefm
position or velocity constraint could potentiallghence the cutting process, we felt that this would
make our bone-mounted robot too large and cumbersdife therefore decided at this stage to
implement a fully passive cutting system in whihbk surgeon is in full control of the cutting prages
as in conventional surgery. We then consideredrabypessible scenarios in which the robot could
potentially cause harm to the patient or surgemeiuding power/motor failure, control malfunctions,
etc. For each of the following potentially hazarsl@cenarios, a corresponding preferred re