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Abstract	
  

	
  

	
   This	
  research	
  presents	
  new	
  methods	
  for	
  increasing	
  the	
  customization	
  of	
  the	
  

surface	
  characteristics	
  of	
  rapid	
  machined	
  patient-­‐specific	
  bone	
  implants.	
  	
  A	
  bone	
  

implant	
  is	
  a	
  medical	
  device	
  that	
  is	
  used	
  for	
  replacing	
  missing	
  or	
  damaged	
  bone	
  tissue	
  in	
  

a	
  patient’s	
  body.	
  	
  It	
  is	
  possible	
  for	
  a	
  bone	
  implant	
  to	
  have	
  three	
  different	
  types	
  of	
  

surfaces	
  (articular,	
  periosteal,	
  fracture)	
  which	
  each	
  require	
  different	
  surface	
  

characteristics	
  to	
  help	
  provide	
  biocompatibility.	
  	
  It	
  is	
  also	
  desirable	
  to	
  manufacture	
  

implants	
  that	
  are	
  customized	
  specifically	
  for	
  an	
  individual	
  patient	
  to	
  increase	
  the	
  

stability	
  and	
  fit	
  of	
  the	
  implant,	
  which	
  has	
  been	
  shown	
  to	
  improve	
  patient	
  healing.	
  	
  A	
  

research	
  project	
  at	
  Iowa	
  State	
  University	
  involves	
  developing	
  methods	
  for	
  

manufacturing	
  implants	
  using	
  a	
  subtractive	
  rapid	
  manufacturing	
  process	
  called	
  CNC-­‐

RP,	
  which	
  combines	
  the	
  automated	
  process	
  planning	
  of	
  rapid	
  prototyping	
  (RP)	
  

technologies	
  with	
  the	
  capabilities	
  of	
  4-­‐axis	
  CNC	
  machining.	
  	
  New	
  methods	
  are	
  proposed	
  

for	
  providing	
  more	
  effective	
  setup	
  planning	
  for	
  the	
  CNC-­‐RP	
  process,	
  and	
  for	
  isolating	
  

the	
  individual	
  surfaces	
  from	
  one	
  another	
  during	
  machining	
  with	
  the	
  goal	
  of	
  increasing	
  

customization	
  while	
  preserving	
  biocompatibility	
  of	
  the	
  implant.	
  	
  The	
  methods	
  were	
  

used	
  for	
  performing	
  setup	
  planning	
  for	
  machining	
  a	
  bone	
  implant	
  using	
  a	
  surrogate	
  

bone	
  material.	
  	
  It	
  was	
  shown	
  that	
  the	
  methods	
  were	
  effective	
  at	
  increasing	
  the	
  

customization	
  of	
  the	
  implant,	
  showing	
  a	
  notable	
  increase	
  in	
  the	
  ability	
  to	
  customize	
  the	
  

fracture	
  surface.	
  



www.manaraa.com

	
  
	
  
1	
  

Chapter	
  1:	
  Introduction	
  

	
  

1.1	
  Background	
  

This	
  research	
  involves	
  the	
  manufacturing	
  of	
  custom	
  orthopedic	
  implants	
  using	
  

rapid	
  prototyping	
  (RP)	
  technology.	
  	
  An	
  

orthopedic	
  implant	
  is	
  a	
  medical	
  device	
  

manufactured	
  in	
  a	
  way	
  that	
  allows	
  it	
  to	
  replace	
  

missing	
  or	
  damaged	
  osseous	
  (bone)	
  tissue	
  

inside	
  the	
  body	
  (Figure	
  1.1.1).	
  	
  The	
  goal	
  is	
  to	
  

allow	
  the	
  surrounding	
  bone	
  tissue	
  to	
  heal	
  and	
  

integrate	
  with	
  the	
  implant,	
  a	
  process	
  known	
  as	
  osseointegration	
  [1],	
  making	
  the	
  implant	
  

a	
  permanent	
  part	
  of	
  the	
  patient’s	
  body	
  that	
  provides	
  strength	
  comparable	
  to	
  the	
  

original,	
  undamaged	
  bone	
  tissue.	
  	
  Orthopedic	
  implants	
  can	
  be	
  manufactured	
  from	
  a	
  

variety	
  of	
  biocompatible	
  materials,	
  including	
  surgical	
  stainless	
  steel,	
  titanium,	
  metal	
  

foams,	
  artificial	
  bone	
  substitutes,	
  or	
  natural	
  bone	
  harvested	
  from	
  the	
  tissue	
  of	
  the	
  

patient	
  or	
  a	
  donor.	
  

In	
  addition	
  to	
  choosing	
  proper	
  

biocompatible	
  materials,	
  the	
  shape	
  and	
  surface	
  

finish	
  of	
  the	
  implant	
  is	
  critical	
  for	
  successful	
  

osseointegration	
  to	
  occur.	
  	
  Bones	
  requiring	
  an	
  

implant	
  will	
  have	
  mainly	
  three	
  types	
  of	
  

surfaces:	
  articular,	
  periosteal,	
  and	
  fractured.	
  	
  	
  	
  
	
  

Figure	
  1.1.2:	
  	
  Joint	
  movement	
  [40]	
  

	
  
Figure	
  1.1.1:	
  	
  Bone	
  implant	
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An	
  articular	
  surface,	
  a	
  joint	
  surface	
  at	
  which	
  the	
  ends	
  of	
  bones	
  meet	
  such	
  as	
  at	
  the	
  

elbow	
  or	
  knee,	
  is	
  required	
  to	
  be	
  as	
  smooth	
  as	
  possible	
  to	
  reduce	
  friction	
  and	
  allow	
  safe	
  

movement	
  (Figure	
  1.1.2).	
  	
  The	
  bone’s	
  periosteal	
  

surface	
  is	
  lined	
  with	
  a	
  connective	
  tissue	
  

membrane,	
  and	
  should	
  be	
  smooth	
  enough	
  to	
  

allow	
  tissue	
  to	
  connect,	
  but	
  does	
  not	
  need	
  to	
  be	
  

as	
  smooth	
  as	
  the	
  articular	
  surface.	
  	
  Lastly,	
  the	
  

fractured	
  surface	
  is	
  the	
  irregular	
  surface	
  of	
  the	
  

bone	
  that	
  has	
  been	
  exposed	
  by	
  damage	
  or	
  

removal	
  of	
  bone	
  tissue.	
  	
  To	
  aid	
  in	
  implant	
  

stabilization	
  and	
  osseointegration,	
  previous	
  research	
  has	
  shown	
  that	
  rough	
  surfaces	
  are	
  

ideal	
  for	
  contact	
  with	
  the	
  fractured	
  surface	
  [8].	
  	
  Rough	
  surfaces	
  provide	
  friction	
  to	
  hold	
  

the	
  implant	
  in	
  place,	
  while	
  providing	
  small	
  pores	
  for	
  new	
  bone	
  tissue	
  to	
  grow	
  into	
  and	
  

interface.	
  	
  Depending	
  on	
  the	
  location	
  and	
  type	
  of	
  injury,	
  it	
  is	
  possible	
  that	
  a	
  single	
  

implant	
  would	
  be	
  required	
  to	
  have	
  surfaces	
  of	
  all	
  three	
  types	
  (fractured,	
  periosteal,	
  

articular).	
  	
  	
  	
  A	
  custom	
  manufactured	
  implant	
  would	
  need	
  to	
  have	
  a	
  rough	
  surface	
  

corresponding	
  to	
  the	
  fracture	
  location	
  of	
  the	
  host	
  bone,	
  along	
  with	
  surfaces	
  that	
  allow	
  

for	
  continuation	
  of	
  the	
  articular	
  and	
  periosteal	
  regions.	
  

The	
  unique	
  nature	
  of	
  bone	
  injuries	
  between	
  different	
  patients	
  means	
  that	
  

orthopedic	
  implants	
  can	
  be	
  widely	
  varied	
  in	
  shape	
  and	
  surface	
  finish	
  requirements.	
  	
  

This	
  often	
  requires	
  an	
  orthopedic	
  surgeon	
  to	
  handcraft	
  a	
  custom	
  implant	
  to	
  suit	
  a	
  

particular	
  patient’s	
  injury	
  site.	
  	
  During	
  the	
  operation,	
  the	
  surgeon	
  will	
  often	
  make	
  small	
  

	
  

Figure	
  1.1.3:	
  Different	
  types	
  of	
  
implant	
  surfaces	
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adjustments	
  to	
  the	
  shape	
  of	
  the	
  implant,	
  compare	
  it	
  with	
  the	
  planned	
  implant	
  site,	
  and	
  

then	
  iterate	
  this	
  process	
  until	
  a	
  nominal	
  fit	
  is	
  achieved.	
  	
  In	
  order	
  to	
  reduce	
  some	
  of	
  the	
  

uncertainty	
  and	
  inaccuracies	
  in	
  this	
  process,	
  and	
  to	
  help	
  reduce	
  the	
  invasiveness	
  of	
  the	
  

surgical	
  procedure,	
  it	
  would	
  be	
  beneficial	
  to	
  manufacture	
  the	
  implants	
  according	
  to	
  

medical	
  imaging	
  data	
  obtained	
  from	
  the	
  patient	
  [21].	
  	
  Previous	
  research	
  has	
  also	
  

demonstrated	
  that	
  implants	
  that	
  provide	
  a	
  more	
  stable	
  and	
  accurate	
  fit	
  allow	
  for	
  better	
  

healing	
  and	
  patient	
  recovery	
  [5].	
  	
  Highly	
  accurate	
  3-­‐dimensional	
  (3D)	
  models	
  of	
  the	
  

patient’s	
  implant	
  can	
  be	
  constructed	
  from	
  medical	
  imaging	
  data,	
  such	
  as	
  that	
  achieved	
  

through	
  computed-­‐tomography	
  (CT)	
  data.	
  	
  To	
  create	
  a	
  more	
  effective	
  implant,	
  a	
  

machine	
  is	
  needed	
  that	
  would	
  be	
  able	
  to	
  quickly	
  and	
  easily	
  manufacture	
  the	
  implant	
  

according	
  to	
  the	
  3D	
  model.	
  

The	
  challenge	
  in	
  manufacturing	
  these	
  implants	
  is	
  in	
  development	
  of	
  a	
  process	
  

that	
  allows	
  for	
  the	
  creation	
  of	
  highly	
  customized	
  parts	
  with	
  varying	
  surface	
  roughness	
  

in	
  select	
  locations.	
  	
  Using	
  current	
  conventional	
  manufacturing	
  methods,	
  such	
  as	
  casting,	
  

molding,	
  conventional	
  machining,	
  etc.,	
  requires	
  the	
  labor	
  of	
  a	
  group	
  of	
  highly	
  skilled	
  

technicians	
  that	
  have	
  specialized	
  knowledge	
  of	
  how	
  to	
  manufacture	
  the	
  parts.	
  	
  Before	
  

the	
  actual	
  part	
  can	
  be	
  made,	
  a	
  significant	
  amount	
  of	
  time	
  and	
  labor	
  must	
  be	
  spent	
  in	
  

pre-­‐process	
  engineering	
  and	
  planning,	
  such	
  as	
  choosing	
  effective	
  setups,	
  creating	
  

custom	
  fixtures,	
  planning	
  the	
  sequence	
  of	
  operations,	
  and	
  selecting	
  the	
  appropriate	
  

tools.	
  	
  In	
  an	
  environment	
  where	
  each	
  part	
  being	
  manufactured	
  is	
  customized	
  and	
  

significantly	
  different	
  than	
  the	
  one	
  before	
  it,	
  these	
  pre-­‐process	
  planning	
  steps	
  would	
  

need	
  to	
  be	
  repeated	
  for	
  each	
  and	
  every	
  part.	
  	
  This	
  poses	
  a	
  problem	
  as	
  demand	
  for	
  



www.manaraa.com

	
  
	
  
4	
  

custom	
  orthopedic	
  implants	
  increases,	
  in	
  that	
  the	
  vast	
  majority	
  of	
  the	
  time	
  and	
  cost	
  

associated	
  with	
  making	
  the	
  implant	
  is	
  spent	
  on	
  planning	
  and	
  setup;	
  which	
  requires	
  the	
  

attention	
  of	
  those	
  skilled	
  technicians,	
  a	
  resource	
  which	
  is	
  usually	
  limited	
  in	
  a	
  

production	
  environment.	
  	
  One	
  of	
  the	
  goals	
  of	
  this	
  research	
  is	
  to	
  enable	
  custom	
  bone	
  

implants	
  to	
  be	
  manufactured	
  using	
  an	
  automated,	
  push-­‐button	
  process	
  that	
  eliminates	
  

the	
  need	
  for	
  the	
  pre-­‐process	
  engineering	
  and	
  skill	
  required	
  to	
  produce	
  the	
  part	
  by	
  

conventional	
  methods.	
  	
  Such	
  a	
  process	
  would	
  allow	
  a	
  manufacturer	
  to	
  go	
  directly	
  from	
  

computer-­‐aided	
  design	
  (CAD)	
  model	
  to	
  making	
  the	
  implant,	
  without	
  the	
  manual	
  setup	
  

planning	
  in	
  between.	
  	
  As	
  demand	
  for	
  implants	
  increases,	
  the	
  only	
  resource	
  needed	
  

would	
  be	
  machine	
  time,	
  and	
  an	
  effective	
  automated	
  process	
  could	
  allow	
  machines	
  to	
  

run	
  around	
  the	
  clock,	
  meeting	
  demand	
  for	
  parts	
  in	
  a	
  timelier	
  manner	
  than	
  current	
  

conventional	
  methods.	
  	
  Moreover,	
  it	
  is	
  hoped	
  that	
  a	
  computer	
  controlled	
  manufacturing	
  

process,	
  utilizing	
  accurate	
  CT	
  derived	
  models,	
  would	
  be	
  able	
  to	
  improve	
  the	
  accuracy	
  of	
  

fit	
  and	
  function	
  for	
  the	
  resulting	
  implant,	
  as	
  compared	
  to	
  handcrafting	
  in	
  surgery.	
  

	
  

1.2	
  Rapid	
  Prototyping	
  Overview	
  	
  	
  

Rapid	
  prototyping	
  systems	
  utilize	
  a	
  highly	
  automated	
  layer-­‐based	
  

manufacturing	
  process	
  that	
  allows	
  the	
  user	
  to	
  create	
  a	
  part	
  directly	
  from	
  a	
  CAD	
  model.	
  	
  

RP	
  technologies	
  first	
  emerged	
  in	
  the	
  1980’s,	
  and	
  have	
  grown	
  in	
  use	
  for	
  their	
  ability	
  to	
  

create	
  complex	
  parts	
  from	
  CAD	
  data.	
  	
  The	
  setup	
  planning	
  process	
  is	
  automated	
  by	
  

computer	
  software	
  and	
  involves	
  slicing	
  the	
  model	
  into	
  cross	
  sectional	
  layers.	
  	
  For	
  

example,	
  using	
  RP	
  technology	
  a	
  custom	
  Lego	
  brick	
  could	
  be	
  easily	
  made	
  from	
  a	
  CAD	
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model,	
  without	
  taking	
  the	
  time	
  to	
  create	
  an	
  injection	
  mold	
  for	
  the	
  part.	
  	
  The	
  surface	
  of	
  

the	
  CAD	
  model	
  is	
  first	
  converted	
  into	
  a	
  collection	
  of	
  triangular	
  facets—a	
  process	
  known	
  

as	
  tessellation.	
  

	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (a)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (b)	
  
Figure	
  1.2.1:	
  	
  a)	
  3D	
  CAD	
  model	
  of	
  a	
  Lego	
  brick.	
  	
  	
  b)	
  	
  The	
  Lego	
  brick	
  model	
  after	
  
tessellation,	
  with	
  surface	
  represented	
  by	
  triangular	
  facets.	
  

	
  

Once	
  the	
  model	
  is	
  tessellated,	
  it	
  is	
  sliced	
  into	
  2-­‐dimensional	
  (2D)	
  cross	
  sections	
  by	
  

intersecting	
  planes	
  at	
  varying	
  positions	
  along	
  the	
  z-­‐axis.	
  	
  The	
  triangular	
  facet	
  

representation	
  is	
  convenient	
  because	
  it	
  simplifies	
  the	
  math	
  required	
  for	
  finding	
  the	
  

surface/plane	
  intersection,	
  and	
  allows	
  for	
  the	
  use	
  of	
  a	
  simple	
  yet	
  robust	
  slicing	
  

algorithm	
  on	
  complex	
  models.	
  	
  The	
  outline	
  of	
  each	
  slice	
  is	
  drawn	
  by	
  tracing	
  the	
  line	
  of	
  

intersection	
  between	
  the	
  slice	
  plane	
  and	
  the	
  triangular	
  facets	
  of	
  the	
  model.	
  

	
  

	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (a)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (b)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (c)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (d)	
  
Figure	
  1.2.2:	
  	
  a)	
  Lego	
  model	
  to	
  be	
  sliced	
  at	
  three	
  different	
  positions	
  along	
  the	
  z-­‐axis.	
  	
  	
  b)	
  
Slice	
  1	
  from	
  Lego	
  model.	
  	
  	
  c)	
  Slice	
  2	
  	
  	
  d)	
  Slice	
  3	
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A	
  machine	
  utilizing	
  a	
  numerically-­‐controlled	
  material	
  deposition	
  nozzle,	
  traveling	
  in	
  the	
  

x-­‐y	
  plane,	
  can	
  then	
  fill	
  material	
  within	
  the	
  boundaries	
  of	
  the	
  2D	
  slices.	
  	
  This	
  process	
  is	
  

repeated,	
  with	
  the	
  machine	
  depositing	
  a	
  new	
  layer	
  of	
  material	
  on	
  top	
  of	
  the	
  previous	
  

layer,	
  until	
  all	
  layers	
  have	
  been	
  built	
  and	
  the	
  part	
  is	
  finished.	
  

	
  	
  There	
  are	
  many	
  different	
  RP	
  processes	
  available	
  commercially,	
  with	
  most	
  of	
  

them	
  falling	
  under	
  the	
  category	
  of	
  additive	
  manufacturing	
  methods.	
  	
  	
  Additive	
  RP	
  

processes—such	
  as	
  stereolithography,	
  3D	
  printing,	
  fused	
  deposition	
  modeling	
  (FDM),	
  

and	
  selective	
  laser	
  sintering—involve	
  building	
  up	
  layers	
  of	
  material	
  by	
  depositing	
  new	
  

material	
  on	
  top	
  of	
  the	
  layer	
  below,	
  where	
  each	
  layer	
  has	
  a	
  shape	
  corresponding	
  to	
  a	
  

cross-­‐section	
  of	
  the	
  CAD	
  model.	
  	
  Additive	
  processes	
  are	
  possible	
  with	
  specialized	
  

materials	
  that	
  have	
  been	
  found	
  suitable	
  for	
  depositing	
  small	
  layers,	
  with	
  each	
  layer	
  

joining	
  properly	
  with	
  the	
  layer	
  below.	
  

Conversely,	
  subtractive	
  processes	
  begin	
  with	
  a	
  piece	
  of	
  stock	
  material	
  that	
  is	
  

larger	
  in	
  overall	
  size	
  than	
  the	
  part	
  that	
  will	
  be	
  manufactured.	
  	
  Material	
  is	
  selectively	
  

removed	
  from	
  the	
  stock	
  piece	
  with	
  a	
  cutting	
  tool,	
  leaving	
  the	
  desired	
  geometry	
  when	
  

complete.	
  	
  Subtractive	
  processes	
  mainly	
  utilize	
  numerically-­‐controlled	
  milling	
  or	
  

turning	
  procedures	
  for	
  removing	
  material.	
  	
  Subtractive	
  manufacturing	
  has	
  seen	
  very	
  

limited	
  use	
  in	
  rapid	
  prototyping,	
  mostly	
  relegated	
  to	
  small	
  desktop	
  milling	
  machines.	
  	
  	
  	
  

A	
  current	
  research	
  effort	
  at	
  Iowa	
  State	
  University	
  is	
  developing	
  a	
  more	
  advanced	
  

subtractive	
  RP	
  technology	
  called	
  CNC-­‐RP	
  [25].	
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1.3	
  Overview	
  of	
  CNC-­‐RP	
  

	
   Computer	
  numerical	
  control	
  rapid	
  prototyping	
  (CNC-­‐RP)	
  is	
  a	
  subtractive	
  process	
  

that	
  combines	
  the	
  automated	
  process	
  planning	
  of	
  RP	
  

technology	
  with	
  the	
  capabilities	
  of	
  4-­‐axis	
  CNC	
  

milling	
  to	
  create	
  parts	
  from	
  CAD	
  models.	
  	
  In	
  contrast	
  

with	
  additive	
  RP	
  technologies,	
  CNC-­‐RP	
  allows	
  for	
  the	
  

use	
  of	
  many	
  new	
  materials	
  that	
  can	
  be	
  acquired	
  in	
  

stock	
  form,	
  including	
  FDA-­‐approved	
  biomaterials	
  

like	
  natural	
  coral,	
  titanium	
  foam,	
  and	
  biocompatible	
  

polymers.	
  	
  CNC-­‐RP	
  utilizes	
  a	
  layer-­‐based	
  computer	
  

algorithm	
  that	
  analyzes	
  the	
  geometry	
  of	
  the	
  CAD	
  

model	
  and	
  finds	
  which	
  part	
  surfaces	
  are	
  visible	
  from	
  

different	
  orientations.	
  	
  Beginning	
  with	
  material	
  in	
  

round	
  stock	
  form	
  in	
  a	
  4th	
  axis	
  rotary	
  indexer,	
  the	
  CNC	
  mill	
  machines	
  all	
  surfaces	
  that	
  are	
  

visible	
  from	
  a	
  particular	
  setup	
  orientation,	
  after	
  which	
  the	
  indexer	
  rotates	
  the	
  work	
  

piece	
  to	
  a	
  new	
  position,	
  allowing	
  the	
  cutting	
  tool	
  to	
  access	
  surfaces	
  that	
  were	
  

inaccessible	
  during	
  the	
  previous	
  orientation	
  (Figure	
  1.3.1).	
  	
  This	
  process	
  is	
  repeated	
  

until	
  all	
  surfaces	
  of	
  the	
  CAD	
  model	
  have	
  been	
  machined,	
  with	
  the	
  desired	
  part	
  geometry	
  

remaining.	
  	
  The	
  automated	
  setup	
  planning	
  algorithm	
  chooses	
  the	
  orientations	
  that	
  

allow	
  for	
  complete	
  coverage	
  of	
  the	
  part,	
  while	
  reducing	
  the	
  total	
  number	
  of	
  required	
  

rotations.	
  

	
  

Figure	
  1.3.1:	
  Steel	
  part	
  
machined	
  from	
  four	
  different	
  
orientations.	
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   Previous	
  research	
  has	
  shown	
  that	
  CNC-­‐RP	
  is	
  effective	
  for	
  producing	
  functional	
  

industrial	
  components—parts	
  that	
  have	
  been	
  traditionally	
  cast	
  or	
  machined	
  from	
  steel	
  

or	
  aluminum.	
  	
  The	
  resulting	
  parts	
  have	
  good	
  dimensional	
  accuracy	
  and	
  strength,	
  

allowing	
  for	
  the	
  creation	
  of	
  functional	
  replacements	
  for	
  parts	
  that	
  have	
  broken	
  down.	
  	
  

While	
  the	
  results	
  have	
  been	
  positive	
  when	
  producing	
  industrial	
  parts	
  with	
  CNC-­‐RP,	
  new	
  

challenges	
  arise	
  when	
  using	
  it	
  to	
  manufacture	
  orthopedic	
  implants.	
  

	
   The	
  process	
  planning	
  algorithm	
  of	
  CNC-­‐RP	
  examines	
  triangular	
  mesh	
  models	
  of	
  

the	
  parts	
  being	
  manufactured,	
  commonly	
  in	
  the	
  STL	
  file	
  format.	
  	
  The	
  triangular	
  facets	
  of	
  

the	
  model	
  represent	
  the	
  shape	
  and	
  dimensions	
  of	
  the	
  part.	
  	
  The	
  objective	
  is	
  to	
  ensure	
  

that	
  all	
  points	
  of	
  the	
  model	
  that	
  are	
  visible	
  from	
  a	
  particular	
  orientation	
  have	
  been	
  

machined.	
  	
  To	
  assess	
  the	
  visibility	
  of	
  a	
  point	
  from	
  a	
  specific	
  orientation,	
  the	
  CAD	
  model	
  

is	
  sliced	
  into	
  two-­‐dimensional	
  cross	
  sections,	
  after	
  which	
  the	
  points	
  of	
  each	
  cross	
  

section	
  are	
  tested	
  for	
  visibility.	
  	
  During	
  the	
  slicing	
  and	
  visibility	
  test,	
  all	
  points	
  and	
  

facets	
  of	
  the	
  model	
  are	
  assumed	
  to	
  represent	
  the	
  same	
  material	
  and	
  surface	
  properties,	
  

with	
  the	
  desired	
  result	
  being	
  a	
  manufactured	
  part	
  that	
  has	
  the	
  same	
  shape	
  and	
  

dimensions	
  as	
  the	
  model.	
  

	
   In	
  manufacturing	
  orthopedic	
  implants,	
  there	
  is	
  not	
  only	
  the	
  need	
  for	
  replicating	
  

the	
  shape	
  and	
  dimensions	
  of	
  the	
  model,	
  but	
  also	
  selective	
  customization	
  of	
  the	
  surface	
  

finish	
  of	
  the	
  material.	
  	
  In	
  this	
  case,	
  all	
  points	
  on	
  the	
  CAD	
  model	
  cannot	
  be	
  assumed	
  to	
  

have	
  the	
  same	
  properties,	
  requiring	
  a	
  method	
  of	
  customizing	
  the	
  surface	
  properties	
  

within	
  select	
  regions	
  of	
  the	
  part.	
  	
  The	
  CNC-­‐RP	
  process	
  needs	
  to	
  target	
  specific	
  surface	
  

regions	
  within	
  each	
  orientation,	
  while	
  taking	
  steps	
  to	
  avoid	
  surrounding	
  regions	
  of	
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different	
  surface	
  properties	
  that	
  should	
  not	
  be	
  interfered	
  with.	
  	
  For	
  example,	
  when	
  

machining	
  the	
  fractured	
  surface	
  of	
  a	
  bone	
  implant,	
  it	
  is	
  important	
  to	
  make	
  sure	
  the	
  

cutting	
  tool	
  stays	
  within	
  the	
  appropriate	
  region,	
  and	
  does	
  not	
  inadvertently	
  touch	
  

nearby	
  joint	
  surfaces.	
  

	
  

1.4	
  Selective	
  Customization	
  of	
  the	
  Part	
  Surface	
  

The	
  need	
  has	
  been	
  established	
  for	
  CAD	
  models	
  that	
  represent	
  multiple	
  materials	
  

or	
  surface	
  data	
  in	
  a	
  single	
  part.	
  	
  In	
  biomedical	
  applications,	
  such	
  models	
  could	
  be	
  

utilized	
  in	
  an	
  integrated	
  system	
  for	
  printing	
  different	
  types	
  of	
  biomaterials	
  that	
  would	
  

bond	
  and	
  interact	
  with	
  one	
  another	
  to	
  form	
  a	
  complex	
  artificial	
  organ.	
  	
  In	
  

manufacturing	
  orthopedic	
  implants,	
  the	
  definition	
  of	
  multiple	
  types	
  of	
  CAD	
  surfaces	
  

would	
  correspond	
  to	
  the	
  periosteal,	
  articular,	
  and	
  fractured	
  regions	
  of	
  the	
  implant.	
  	
  In	
  

these	
  types	
  of	
  applications,	
  each	
  surface	
  of	
  the	
  model	
  would	
  need	
  to	
  have	
  a	
  clear	
  

definition	
  of	
  the	
  boundaries	
  between	
  neighboring	
  material	
  regions.	
  

This	
  research	
  expands	
  on	
  methods	
  developed	
  by	
  Joshi	
  [19]	
  for	
  targeting	
  custom	
  

surfaces	
  in	
  CNC-­‐RP.	
  	
  In	
  Joshi’s	
  work,	
  polygonal	
  CAD	
  

files	
  in	
  the	
  PLY	
  file	
  format	
  were	
  used	
  for	
  process	
  

planning.	
  	
  The	
  PLY	
  files	
  contain	
  the	
  definition	
  of	
  

triangular	
  facets	
  that	
  have	
  associated	
  color	
  

information	
  for	
  representing	
  different	
  types	
  of	
  

surfaces.	
  	
  Facets	
  that	
  are	
  red	
  represent	
  the	
  fractured	
  surface,	
  green	
  is	
  periosteal,	
  and	
  

blue	
  is	
  the	
  articular	
  surface.	
  	
  The	
  model	
  is	
  sliced	
  into	
  cross	
  sections	
  (Figure	
  1.4.1),	
  with	
  

	
  

Figure	
  1.4.1:	
  Colored	
  model,	
  
and	
  cross	
  sectional	
  slices.	
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each	
  segment	
  of	
  the	
  slice	
  assigned	
  a	
  color	
  corresponding	
  to	
  the	
  type	
  of	
  implant	
  surface	
  

at	
  that	
  particular	
  location.	
  	
  The	
  points	
  on	
  each	
  slice	
  are	
  tested	
  for	
  visibility	
  from	
  

different	
  orientation	
  angles.	
  	
  An	
  objective	
  function	
  is	
  used	
  with	
  the	
  goal	
  of	
  choosing	
  

setup	
  angles	
  that	
  isolate	
  the	
  different	
  types	
  of	
  surfaces	
  (different	
  colored	
  points	
  of	
  the	
  

slices),	
  while	
  also	
  providing	
  full	
  coverage	
  of	
  the	
  part	
  geometry.	
  	
  In	
  Figure	
  1.4.2a,	
  the	
  

machining	
  angles	
  generated	
  from	
  the	
  previous	
  method	
  are	
  shown,	
  in	
  which	
  all	
  surfaces	
  

of	
  the	
  part	
  are	
  assumed	
  to	
  be	
  the	
  same.	
  	
  Figure	
  1.4.2b	
  shows	
  the	
  setup	
  angles	
  found	
  

using	
  Joshi’s	
  method,	
  which	
  creates	
  setup	
  angles	
  that	
  better	
  isolate	
  the	
  different	
  

surfaces	
  of	
  the	
  part.	
  

	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (a)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (b)	
  

Figure	
  1.4.2:	
  	
  a)	
  Machining	
  setup	
  angles	
  preventing	
  surface	
  customization.	
  	
  b)	
  Setup	
  
angles	
  that	
  allow	
  for	
  surface	
  customization	
  by	
  isolating	
  different	
  implant	
  surfaces.	
  
	
  

	
   Limitations	
  were	
  noted	
  in	
  cases	
  where	
  the	
  surfaces	
  could	
  not	
  be	
  completely	
  

isolated	
  from	
  one	
  another.	
  	
  A	
  setup	
  orientation	
  that	
  was	
  meant	
  for	
  machining	
  only	
  the	
  

articular	
  surface	
  would	
  overlap	
  with	
  geometry	
  of	
  a	
  fracture	
  surface,	
  causing	
  the	
  

fracture	
  surface	
  to	
  be	
  machined	
  partially.	
  	
  This	
  problem	
  is	
  referred	
  to	
  as	
  tool	
  path	
  cross	
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over	
  (Figure	
  1.4.3).	
  	
  This	
  is	
  a	
  problem	
  because	
  inadvertent	
  machining	
  of	
  different	
  

nearby	
  surfaces	
  can	
  reduce	
  the	
  effectiveness	
  of	
  the	
  orthopedic	
  implant.	
  	
  For	
  example,	
  if	
  

a	
  surface	
  that	
  is	
  meant	
  to	
  have	
  a	
  rough	
  finish	
  is	
  inadvertently	
  machined	
  smooth	
  by	
  tool	
  

paths	
  that	
  cross	
  over	
  into	
  this	
  area,	
  it	
  could	
  reduce	
  the	
  friction	
  at	
  the	
  bone-­‐implant	
  

interface,	
  which	
  has	
  a	
  negative	
  effect	
  on	
  implant	
  stability	
  and	
  patient	
  healing.	
  

	
  

	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (a)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (b)	
  
Figure	
  1.4.3:	
  	
  Tool	
  path	
  cross	
  over.	
  	
  a)	
  Tool	
  paths	
  meant	
  for	
  only	
  the	
  green	
  (periosteal)	
  
surface	
  will	
  overlap	
  onto	
  the	
  blue	
  (articular)	
  surface.	
  	
  b)	
  Tool	
  paths	
  will	
  overlap	
  from	
  
red	
  (fractured)	
  surface	
  onto	
  blue	
  (articular)	
  surface.	
  
	
   	
  

	
   This	
  thesis	
  proposes	
  new	
  methods	
  for	
  obtaining	
  greater	
  control	
  and	
  accuracy	
  in	
  

creating	
  customized	
  surfaces	
  using	
  CNC-­‐RP.	
  	
  It	
  addresses	
  two	
  basic	
  objectives:	
  1)	
  How	
  

can	
  one	
  more	
  accurately	
  provide	
  slice	
  data	
  for	
  initial	
  setup	
  planning	
  and	
  2)	
  Given	
  a	
  set	
  

of	
  setup	
  angles,	
  how	
  can	
  one	
  ensure	
  that	
  the	
  individual	
  surfaces	
  are	
  machined	
  

independently?	
  	
  In	
  doing	
  so,	
  this	
  work	
  considers	
  the	
  overarching	
  problem	
  of	
  ensuring	
  

that	
  the	
  biocompatibility	
  of	
  the	
  implant	
  is	
  maintained	
  and	
  optimized.	
  	
  For	
  the	
  first	
  

problem,	
  providing	
  accurate	
  slice	
  information,	
  this	
  thesis	
  presents	
  a	
  method	
  of	
  

modifying	
  the	
  initial	
  slice	
  data	
  if	
  ambiguous	
  surface	
  boundaries	
  are	
  found	
  (uncertainty	
  

in	
  the	
  form	
  of	
  “noise”,	
  with	
  respect	
  to	
  boundary	
  type).	
  	
  To	
  address	
  the	
  second	
  problem,	
  

ensuring	
  surfaces	
  are	
  independently	
  machined,	
  this	
  work	
  presents	
  a	
  method	
  for	
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creating	
  tool	
  path	
  containment	
  boundaries	
  that	
  restrict	
  the	
  tool	
  from	
  machining	
  

neighboring	
  surfaces.	
  	
  In	
  both	
  methods,	
  we	
  actively	
  address	
  the	
  issue	
  of	
  

biocompatibility	
  by	
  sequentially	
  giving	
  priorities	
  to	
  the	
  3	
  major	
  surfaces	
  where	
  

modifications	
  to	
  the	
  slices,	
  or	
  boundaries	
  for	
  tool	
  paths	
  are	
  chosen	
  based	
  on	
  the	
  type	
  of	
  

surface	
  it	
  is	
  modifying.	
  	
  This	
  method	
  will	
  allow	
  the	
  user	
  to	
  safely	
  and	
  selectively	
  

customize	
  the	
  material	
  properties	
  on	
  the	
  surface	
  of	
  the	
  part,	
  compensating	
  for	
  

inaccuracies	
  in	
  using	
  3D	
  scan	
  data	
  to	
  perform	
  process	
  planning	
  for	
  a	
  CNC	
  milling	
  

process.	
  

	
  

1.5	
  Thesis	
  Organization	
  

	
   The	
  layout	
  of	
  the	
  remainder	
  of	
  this	
  thesis	
  is	
  described	
  as	
  follows.	
  	
  Chapter	
  2	
  

provides	
  a	
  literature	
  review	
  of	
  research	
  that	
  studied	
  the	
  effects	
  of	
  bone	
  implant	
  surface	
  

roughness	
  on	
  bone	
  healing	
  and	
  the	
  osseointegration	
  process.	
  	
  Other	
  research	
  is	
  shown	
  

on	
  techniques	
  for	
  processing	
  colored	
  CAD	
  models,	
  RP	
  processes	
  for	
  multi-­‐material	
  

parts,	
  triangular	
  mesh	
  segmentation	
  techniques,	
  and	
  their	
  respective	
  advantages	
  and	
  

limitations.	
  	
  Chapter	
  3	
  details	
  the	
  new	
  methods	
  for	
  processing	
  colored	
  bone	
  implant	
  

models	
  for	
  improved	
  customization	
  of	
  surface	
  roughness	
  in	
  the	
  CNC-­‐RP	
  process,	
  and	
  is	
  

presented	
  in	
  paper	
  format.	
  	
  Chapter	
  4	
  presents	
  the	
  general	
  conclusions	
  from	
  this	
  

research	
  and	
  discusses	
  opportunities	
  for	
  future	
  work.
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Chapter	
  2:	
  Literature	
  Review	
  

	
  

2.1	
  Biomedical	
  Implant	
  Manufacturing	
  and	
  Aiding	
  Bone	
  Healing	
  

	
   Extensive	
  research	
  has	
  been	
  performed	
  in	
  developing	
  the	
  materials	
  and	
  

manufacturing	
  methods	
  used	
  for	
  creating	
  effective	
  bone	
  implants.	
  	
  Materials	
  used	
  in	
  

bone	
  implants	
  need	
  to	
  be	
  biocompatible,	
  and	
  thus	
  implants	
  are	
  commonly	
  made	
  from	
  

materials	
  such	
  as	
  titanium,	
  tantalum,	
  stainless	
  steel,	
  polymethylmethacrylate	
  (PMMA,	
  

also	
  referred	
  to	
  as	
  bone	
  cement),	
  and	
  various	
  other	
  biocompatible	
  polymers	
  and	
  

ceramics.	
  	
  Considering	
  the	
  unique,	
  free-­‐form	
  shape	
  of	
  biomedical	
  implants,	
  and	
  the	
  

desire	
  to	
  create	
  custom	
  implants,	
  many	
  layer-­‐based	
  additive	
  manufacturing	
  methods	
  

have	
  been	
  utilized	
  [2,	
  3,	
  13,	
  31].	
  	
  These	
  methods	
  include	
  fused	
  deposition	
  modeling	
  

(FDM),	
  3D	
  printing,	
  stereolithography,	
  electron	
  beam	
  melting,	
  and	
  laser	
  engineered	
  net	
  

shaping	
  (LENS).	
  	
  Melchels	
  et	
  al.	
  [2]	
  evaluated	
  the	
  effectiveness	
  of	
  stereolithography	
  in	
  

biomedical	
  applications,	
  and	
  demonstrated	
  that	
  bone	
  implants	
  could	
  be	
  created	
  that	
  

were	
  useful	
  in	
  surgery	
  planning.	
  	
  They	
  also	
  noted	
  that	
  stereolithography	
  had	
  uses	
  in	
  

many	
  other	
  biomedical	
  applications	
  such	
  as	
  tissue	
  engineering	
  scaffolding	
  and	
  custom	
  

hearing	
  aids.	
  	
  Espalin	
  et	
  al.	
  [3]	
  demonstrated	
  the	
  effectiveness	
  of	
  using	
  FDM	
  to	
  create	
  

craniofacial	
  implants	
  out	
  of	
  medical-­‐grade	
  PMMA	
  while	
  approximating	
  the	
  original	
  

tissue	
  densities	
  and	
  porosity.	
  	
  A	
  femur	
  model	
  was	
  also	
  fabricated.	
  	
  While	
  the	
  form	
  and	
  

fit	
  of	
  the	
  fabricated	
  models	
  were	
  effective,	
  it	
  was	
  noted	
  that	
  the	
  strength	
  of	
  the	
  models	
  

could	
  be	
  negatively	
  impacted	
  depending	
  on	
  build	
  direction	
  and	
  porosity.	
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   In	
  bone	
  implant	
  surgeries,	
  a	
  primary	
  concern	
  is	
  the	
  fixation	
  stability	
  of	
  the	
  

implant,	
  and	
  the	
  ability	
  for	
  the	
  surrounding	
  bone	
  tissue	
  to	
  react	
  positively	
  with	
  the	
  

implant	
  material	
  [17].	
  	
  An	
  effective	
  bone	
  implant	
  will	
  allow	
  for	
  osseointegration,	
  

meaning	
  that	
  living	
  bone	
  tissue	
  grows	
  directly	
  on	
  and	
  around	
  the	
  implant	
  [1,	
  18],	
  

integrating	
  the	
  implant	
  as	
  a	
  permanent	
  part	
  of	
  the	
  patient’s	
  body.	
  	
  Research	
  has	
  been	
  

demonstrated	
  on	
  the	
  effect	
  of	
  surface	
  properties	
  in	
  orthopedic	
  implants	
  and	
  dental	
  

implants	
  on	
  osseointegration,	
  in	
  both	
  humans	
  and	
  animals	
  [6-­‐11].	
  	
  It	
  was	
  shown	
  that	
  

implants	
  made	
  with	
  rough,	
  porous	
  surfaces	
  located	
  at	
  the	
  bone-­‐implant	
  interface	
  are	
  

highly	
  effective	
  at	
  aiding	
  osseointegration	
  and	
  bone	
  ingrowth.	
  	
  Titanium	
  dental	
  

implants	
  that	
  had	
  been	
  roughened	
  using	
  grit-­‐blasting,	
  acid-­‐etching,	
  or	
  anodizing	
  had	
  

significantly	
  higher	
  rates	
  of	
  bone	
  ingrowth	
  and	
  stability	
  than	
  those	
  left	
  untreated	
  [6,	
  9,	
  

10].	
  	
  Trabecular	
  metal	
  (a	
  type	
  of	
  metal	
  foam)	
  has	
  been	
  utilized	
  in	
  bone	
  implant	
  research	
  

because	
  it	
  provides	
  pores	
  for	
  bone	
  tissue	
  to	
  grow	
  into.	
  	
  Deglurkar	
  et	
  al.	
  [7]	
  

demonstrated	
  that	
  when	
  trabecular	
  metal	
  implants	
  were	
  machined,	
  the	
  pores	
  were	
  

smeared	
  and	
  closed,	
  resulting	
  in	
  less	
  bone	
  ingrowth	
  and	
  a	
  less	
  effective	
  implant.	
  	
  

Research	
  has	
  been	
  performed	
  regarding	
  methods	
  for	
  machining	
  trabecular	
  metal	
  

without	
  smearing	
  and	
  closing	
  the	
  pores	
  [4].	
  	
  Using	
  an	
  infiltrant,	
  the	
  smearing	
  was	
  

greatly	
  reduced	
  during	
  machining,	
  and	
  the	
  pores	
  were	
  preserved.	
  	
  It	
  was	
  proposed	
  that	
  

the	
  infiltrant	
  could	
  also	
  act	
  as	
  a	
  barrier	
  that	
  prevents	
  contaminants	
  from	
  entering	
  the	
  

implant	
  during	
  manufacturing.	
  

	
   In	
  total	
  hip	
  replacement	
  surgery,	
  the	
  majority	
  of	
  implants	
  are	
  fixated	
  without	
  the	
  

use	
  of	
  bone	
  cement	
  [20].	
  	
  Early	
  research	
  by	
  Albrektsson	
  et	
  al.	
  [14]	
  showed	
  evidence	
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that	
  osseointegration	
  could	
  occur	
  in	
  humans	
  without	
  the	
  use	
  of	
  cement,	
  using	
  threaded	
  

titanium	
  screws.	
  	
  Tight	
  initial	
  fixation	
  stability	
  was	
  noted	
  as	
  a	
  primary	
  requirement	
  for	
  

ensuring	
  permanent	
  osseointegration,	
  and	
  preventing	
  tissue	
  irritations	
  at	
  the	
  implant	
  

interface	
  [5,	
  14,	
  15].	
  	
  It	
  has	
  been	
  estimated	
  that	
  around	
  5-­‐10%	
  of	
  hip	
  replacements	
  fail	
  

within	
  the	
  first	
  10	
  years,	
  and	
  it	
  has	
  been	
  shown	
  that	
  micromotions	
  at	
  the	
  bone-­‐implant	
  

interface	
  are	
  a	
  primary	
  cause	
  [13].	
  	
  Micromotions	
  are	
  microscopic	
  movements	
  between	
  

the	
  implant	
  and	
  bone	
  surface.	
  	
  These	
  motions	
  are	
  often	
  difficult	
  to	
  detect,	
  and	
  can	
  lead	
  

to	
  loosening	
  of	
  the	
  implant	
  over	
  the	
  long	
  term.	
  	
  In	
  order	
  to	
  maintain	
  high	
  initial	
  fixation,	
  

and	
  a	
  reduction	
  in	
  motion	
  at	
  the	
  bone-­‐implant	
  interface,	
  a	
  high	
  amount	
  of	
  friction	
  is	
  

desirable	
  at	
  the	
  interface	
  [12,	
  16].	
  	
  Hsu	
  et	
  al.	
  [16]	
  demonstrated	
  that	
  micromotion	
  

increased	
  as	
  friction	
  between	
  the	
  implant	
  and	
  bone	
  surfaces	
  decreased.	
  	
  It	
  was	
  shown	
  

that	
  an	
  implant	
  surface	
  with	
  a	
  coefficient	
  of	
  friction	
  of	
  0.5	
  or	
  above	
  could	
  reduce	
  the	
  

motions	
  by	
  over	
  20%,	
  which	
  lead	
  to	
  an	
  increase	
  in	
  bone	
  ingrowth.	
  

	
  

2.2	
  Processing	
  3D	
  CAD	
  Data	
  for	
  Biomedical	
  Objects	
  

	
   As	
  noted	
  by	
  Thomas	
  et	
  al.	
  [21],	
  surgeons	
  are	
  faced	
  with	
  a	
  difficult	
  challenge	
  

when	
  reconstructing	
  complex	
  bone	
  fractures.	
  	
  Often,	
  they	
  iteratively	
  modify	
  the	
  bone	
  

fragments	
  during	
  the	
  surgery,	
  until	
  it	
  is	
  judged	
  that	
  a	
  good	
  fit	
  has	
  been	
  achieved.	
  	
  In	
  

order	
  to	
  remove	
  some	
  of	
  the	
  uncertainty	
  and	
  inaccuracies	
  from	
  this	
  process,	
  it	
  is	
  

desirable	
  to	
  manufacture	
  the	
  implant	
  according	
  to	
  medical	
  imaging	
  data.	
  	
  To	
  assist	
  in	
  

this	
  process	
  for	
  highly-­‐fragmented	
  bone	
  fractures,	
  Thomas	
  et	
  al.	
  has	
  demonstrated	
  a	
  3D	
  

puzzle-­‐solving	
  application	
  for	
  creating	
  accurate	
  CAD	
  models	
  of	
  bone	
  implants.	
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In	
  order	
  to	
  utilize	
  computer-­‐aided	
  layer-­‐based	
  manufacturing	
  methods,	
  a	
  3D	
  

CAD	
  model	
  of	
  the	
  implant	
  is	
  needed,	
  and	
  the	
  model	
  will	
  need	
  to	
  be	
  sliced	
  into	
  cross	
  

sectional	
  layers	
  for	
  process	
  planning.	
  	
  Several	
  different	
  approaches	
  can	
  be	
  taken	
  for	
  

representing	
  the	
  geometry	
  and	
  material	
  properties	
  in	
  the	
  CAD	
  model	
  and	
  slices.	
  	
  

Triangular	
  mesh	
  models	
  in	
  the	
  STL	
  file	
  format	
  are	
  commonly	
  used	
  in	
  RP	
  applications	
  to	
  

represent	
  the	
  geometry	
  of	
  3-­‐dimensional	
  objects.	
  	
  In	
  order	
  to	
  represent	
  models	
  with	
  

differing	
  colors,	
  materials,	
  or	
  material	
  properties,	
  modified	
  STL	
  files	
  have	
  been	
  used	
  

that	
  include	
  color	
  information	
  in	
  addition	
  to	
  geometry	
  definition	
  [32-­‐36].	
  	
  This	
  is	
  useful	
  

in	
  biomedical	
  applications	
  for	
  differentiating	
  between	
  different	
  types	
  of	
  biomaterials,	
  

and	
  other	
  applications	
  such	
  as	
  modeling	
  parts	
  made	
  from	
  functionally	
  graded	
  materials.	
  	
  

Choi	
  and	
  Cheung	
  [32-­‐34]	
  have	
  developed	
  a	
  virtual	
  prototyping	
  system	
  for	
  visual	
  

simulation	
  of	
  the	
  manufacturing	
  of	
  multi-­‐material	
  objects,	
  and	
  also	
  biomedical	
  objects	
  

such	
  as	
  bones,	
  simulating	
  an	
  additive	
  method	
  similar	
  to	
  FDM.	
  	
  Assemblies	
  of	
  STL	
  

models	
  were	
  used	
  for	
  representing	
  the	
  different	
  components	
  of	
  the	
  parts,	
  with	
  each	
  

component	
  of	
  the	
  assembly	
  having	
  a	
  different	
  color	
  if	
  representing	
  a	
  different	
  type	
  of	
  

material	
  (or	
  different	
  material	
  composition).	
  	
  The	
  models	
  were	
  sliced,	
  with	
  different	
  

colored	
  slice	
  contours	
  defining	
  where	
  the	
  different	
  materials	
  were	
  to	
  be	
  placed	
  in	
  the	
  

layer.	
  	
  Although	
  no	
  physical	
  parts	
  were	
  manufactured,	
  the	
  virtual	
  prototyping	
  method	
  

was	
  noted	
  as	
  being	
  useful	
  for	
  identifying	
  process	
  planning	
  challenges,	
  and	
  also	
  for	
  

identifying	
  areas	
  of	
  unacceptable	
  dimensional	
  deviation	
  stemming	
  from	
  slice	
  thickness	
  

or	
  build	
  direction.	
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   Aside	
  from	
  using	
  slice	
  contours	
  for	
  defining	
  material	
  deposition	
  locations,	
  a	
  

common	
  approach	
  in	
  3D	
  printing	
  is	
  to	
  represent	
  the	
  layer	
  information	
  using	
  voxels.	
  	
  

Wang	
  et	
  al.	
  [36]	
  outline	
  a	
  method	
  for	
  slicing	
  colored	
  STL	
  files,	
  and	
  constructing	
  colored	
  

voxel	
  information	
  from	
  the	
  colored	
  slices.	
  	
  The	
  colored	
  voxels	
  in	
  each	
  layer	
  could	
  then	
  

be	
  used	
  to	
  direct	
  an	
  inkjet	
  head	
  to	
  deposit	
  colored	
  ink	
  in	
  select	
  locations	
  during	
  3D	
  

printing,	
  similar	
  to	
  printing	
  the	
  pixels	
  of	
  a	
  2D	
  image.	
  	
  The	
  voxel	
  information	
  was	
  a	
  direct	
  

approximation	
  of	
  the	
  triangular	
  facets	
  of	
  the	
  model,	
  without	
  attempting	
  to	
  compensate	
  

for	
  cases	
  of	
  low-­‐resolution	
  meshes.	
  

	
   Zhou	
  et	
  al.	
  [37]	
  describe	
  a	
  method	
  for	
  modeling	
  and	
  processing	
  parts	
  designed	
  

with	
  functionally	
  graded	
  materials.	
  	
  The	
  geometry	
  of	
  the	
  part	
  was	
  described	
  using	
  

conventional	
  CAD	
  representations,	
  but	
  the	
  differing	
  material	
  composition	
  was	
  

represented	
  by	
  a	
  distance	
  function	
  dependent	
  on	
  the	
  distance	
  from	
  the	
  surface	
  of	
  the	
  

part	
  in	
  a	
  particular	
  direction.	
  	
  When	
  slicing	
  for	
  RP,	
  the	
  material	
  composition	
  functions	
  

are	
  associated	
  with	
  the	
  geometry	
  of	
  each	
  slice.	
  	
  The	
  continuous	
  material	
  function	
  can	
  

then	
  be	
  converted	
  into	
  discrete	
  voxels	
  of	
  material	
  data	
  concurrently	
  when	
  depositing	
  

the	
  material	
  of	
  the	
  slice.	
  

It	
  has	
  been	
  noted	
  that	
  constructing	
  3D	
  CAD	
  models	
  from	
  medical	
  imaging	
  data	
  

that	
  are	
  suitable	
  for	
  RP	
  is	
  often	
  still	
  a	
  complicated	
  and	
  laborious	
  task,	
  and	
  research	
  is	
  

going	
  into	
  creating	
  a	
  simpler	
  and	
  more	
  robust	
  procedure	
  [35].	
  	
  Wang	
  et	
  al.	
  propose	
  new	
  

methods	
  for	
  creating	
  STL	
  models	
  directly	
  from	
  CT	
  image	
  data,	
  while	
  ensuring	
  that	
  the	
  

model	
  does	
  not	
  contain	
  holes	
  and	
  gaps.	
  	
  Data	
  points	
  from	
  each	
  layer	
  of	
  the	
  CT	
  data	
  was	
  

examined	
  using	
  a	
  statistical	
  prediction	
  method	
  for	
  accurately	
  identifying	
  closed	
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boundaries	
  in	
  the	
  scanned	
  objects,	
  and	
  generating	
  triangular	
  facets	
  that	
  map	
  to	
  these	
  

boundaries.	
  

	
   STL	
  models	
  are	
  generally	
  an	
  unstructured,	
  unorganized	
  collection	
  of	
  triangular	
  

facets,	
  and	
  work	
  has	
  been	
  done	
  by	
  Kim	
  et	
  al.	
  [38]	
  to	
  identify	
  a	
  hierarchy	
  of	
  components	
  

in	
  the	
  model,	
  and	
  to	
  sort	
  the	
  facets	
  into	
  an	
  assembly	
  structure.	
  	
  Examples	
  were	
  given	
  

with	
  model	
  of	
  a	
  cell	
  phone,	
  in	
  which	
  the	
  proposed	
  method	
  could	
  identify	
  the	
  different	
  

components	
  of	
  the	
  phone	
  (keypad,	
  screen,	
  etc.)	
  and	
  segment	
  the	
  mesh	
  accordingly.	
  	
  The	
  

segmentation	
  was	
  based	
  on	
  analyzing	
  surface	
  normals,	
  and	
  iteratively	
  joining	
  

topographically	
  related	
  facets	
  into	
  larger	
  components.	
  	
  An	
  adaptation	
  of	
  methods	
  

developed	
  by	
  Latecki	
  and	
  Lakämper	
  [39],	
  which	
  are	
  used	
  for	
  identifying	
  shapes	
  in	
  2D	
  

images	
  independent	
  of	
  image	
  noise,	
  were	
  utilized	
  for	
  smoothing	
  out	
  the	
  boundaries	
  of	
  

the	
  segmented	
  components	
  based	
  on	
  decomposing	
  the	
  boundary	
  shapes	
  into	
  convex	
  

components.	
  

	
  

2.3	
  Machining	
  in	
  Biomedical	
  Applications,	
  and	
  Rapid	
  Machining	
  

	
   Hieu	
  et	
  al.	
  [28-­‐30]	
  have	
  developed	
  methods	
  for	
  designing	
  and	
  manufacturing	
  

implants	
  for	
  custom	
  cranioplasty	
  applications.	
  	
  It	
  was	
  desired	
  to	
  manufacture	
  custom-­‐

molded	
  PMMA	
  implants.	
  	
  3-­‐axis	
  CNC	
  milling	
  was	
  used	
  for	
  making	
  custom	
  molds,	
  not	
  for	
  

machining	
  the	
  implants	
  directly.	
  	
  Molds	
  were	
  created	
  using	
  3-­‐axis	
  CNC	
  milling,	
  and	
  later	
  

filled	
  with	
  PMMA	
  to	
  create	
  the	
  implant.	
  	
  The	
  study	
  was	
  largely	
  successful	
  at	
  creating	
  

custom	
  implants	
  for	
  cranioplasty,	
  although	
  limitations	
  were	
  noted	
  in	
  the	
  complexity	
  of	
  

the	
  implants	
  that	
  could	
  be	
  achieved	
  by	
  a	
  molding	
  process.	
  



www.manaraa.com

	
  
	
  

19	
  

A	
  rapid	
  process	
  has	
  been	
  developed	
  by	
  Frank	
  et	
  al.	
  [23-­‐25]	
  for	
  using	
  4-­‐axis	
  CNC	
  

milling	
  for	
  directly	
  machining	
  parts	
  out	
  of	
  round	
  stock	
  material	
  for	
  both	
  industrial	
  and	
  

biomedical	
  applications.	
  	
  This	
  new	
  method,	
  referred	
  to	
  as	
  CNC-­‐RP,	
  creates	
  the	
  

opportunity	
  for	
  using	
  many	
  new	
  and	
  different	
  materials	
  that	
  are	
  available	
  in	
  stock	
  form	
  

that	
  may	
  not	
  have	
  been	
  suitable	
  for	
  use	
  in	
  additive	
  RP	
  processes.	
  	
  To	
  determine	
  the	
  

setup	
  orientations	
  for	
  positioning	
  the	
  part	
  in	
  the	
  4th-­‐axis	
  rotary	
  indexer,	
  the	
  CAD	
  model	
  

is	
  sliced	
  and	
  the	
  points	
  of	
  each	
  slice	
  are	
  analyzed	
  for	
  visibility	
  from	
  different	
  

orientations.	
  	
  A	
  greedy	
  set	
  cover	
  algorithm	
  is	
  utilized	
  for	
  determining	
  an	
  efficient	
  

number	
  of	
  the	
  setup	
  orientations	
  that	
  maximizes	
  visibility	
  of	
  all	
  points	
  of	
  the	
  part	
  

surface.	
  	
  During	
  this	
  process,	
  all	
  surfaces	
  of	
  the	
  part	
  are	
  treated	
  as	
  having	
  the	
  same	
  

surface	
  properties,	
  and	
  same	
  surface	
  finish.	
  	
  When	
  using	
  the	
  CNC-­‐RP	
  process	
  for	
  

manufacturing	
  bone	
  implants,	
  the	
  need	
  was	
  presented	
  for	
  representing	
  different	
  

surface	
  regions	
  (articular,	
  periosteal,	
  and	
  fracture	
  surfaces)	
  within	
  the	
  implant	
  model,	
  

and	
  for	
  aiming	
  setup	
  orientations	
  at	
  the	
  individual	
  surfaces.	
  	
  A	
  revised	
  process	
  planning	
  

method	
  was	
  developed	
  by	
  Joshi	
  [19]	
  for	
  utilizing	
  colored	
  slice	
  data	
  (originating	
  from	
  

colored	
  models	
  in	
  the	
  PLY	
  format),	
  for	
  determining	
  setup	
  orientations	
  that	
  would	
  better	
  

isolate	
  the	
  surfaces.	
  	
  The	
  different	
  colors	
  in	
  each	
  facet	
  and	
  slice	
  segment	
  correspond	
  to	
  

the	
  type	
  of	
  surface	
  represented.	
  	
  This	
  version	
  of	
  CNC-­‐RP,	
  which	
  is	
  tailored	
  towards	
  

biomedical	
  applications,	
  is	
  referred	
  to	
  by	
  the	
  authors	
  as	
  CNC-­‐RPbio.	
  



www.manaraa.com

	
  
	
  

20	
  

Chapter	
  3:	
  Methods	
  for	
  Increasing	
  Customization	
  in	
  the	
  Rapid	
  

Machining	
  of	
  Patient-­‐Specific	
  Bone	
  Implants	
  	
  

	
  

3.1	
  Introduction	
  

This	
  research	
  involves	
  the	
  manufacturing	
  of	
  custom	
  orthopedic	
  implants	
  using	
  

rapid	
  prototyping	
  (RP)	
  technology.	
  	
  An	
  

orthopedic	
  implant	
  is	
  a	
  medical	
  device	
  

manufactured	
  in	
  a	
  way	
  that	
  allows	
  it	
  to	
  replace	
  

missing	
  or	
  damaged	
  osseous	
  (bone)	
  tissue	
  

inside	
  the	
  body	
  (Figure	
  3.1.1).	
  	
  The	
  goal	
  is	
  to	
  

allow	
  the	
  surrounding	
  bone	
  tissue	
  to	
  heal	
  and	
  

integrate	
  with	
  the	
  implant,	
  a	
  process	
  known	
  as	
  

osseointegration	
  [1],	
  making	
  the	
  implant	
  a	
  permanent	
  part	
  of	
  the	
  patient’s	
  body	
  that	
  

provides	
  strength	
  comparable	
  to	
  the	
  original,	
  undamaged	
  bone	
  tissue.	
  	
  Orthopedic	
  

implants	
  can	
  be	
  manufactured	
  from	
  a	
  variety	
  of	
  biocompatible	
  materials,	
  including	
  

surgical	
  stainless	
  steel,	
  titanium,	
  metal	
  foams,	
  

artificial	
  bone	
  substitutes,	
  or	
  natural	
  bone	
  

harvested	
  from	
  the	
  tissue	
  of	
  the	
  patient	
  or	
  a	
  

donor.	
  

In	
  addition	
  to	
  choosing	
  proper	
  

biocompatible	
  materials,	
  the	
  shape	
  and	
  surface	
  

finish	
  of	
  the	
  implant	
  is	
  critical	
  for	
  successful	
  

	
  
Figure	
  3.1.2:	
  	
  Joint	
  movement	
  [31]	
  

	
  
Figure	
  3.1.1:	
  	
  Bone	
  implant	
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osseointegration	
  to	
  occur.	
  	
  Bones	
  requiring	
  an	
  implant	
  will	
  have	
  mainly	
  three	
  types	
  of	
  

surfaces:	
  articular,	
  periosteal,	
  and	
  fractured.	
  	
  	
  	
  An	
  articular	
  surface,	
  a	
  joint	
  surface	
  at	
  

which	
  the	
  ends	
  of	
  bones	
  meet	
  such	
  as	
  at	
  the	
  elbow	
  or	
  knee,	
  is	
  required	
  to	
  be	
  as	
  smooth	
  

as	
  possible	
  to	
  reduce	
  friction	
  and	
  allow	
  safe	
  movement	
  (Figure	
  3.1.2).	
  	
  The	
  bone’s	
  

periosteal	
  surface	
  is	
  lined	
  with	
  a	
  connective	
  

tissue	
  membrane,	
  and	
  should	
  be	
  smooth	
  enough	
  

to	
  allow	
  tissue	
  to	
  connect,	
  but	
  does	
  not	
  need	
  to	
  be	
  

as	
  smooth	
  as	
  the	
  articular	
  surface.	
  	
  Lastly,	
  the	
  

fractured	
  surface	
  is	
  the	
  irregular	
  surface	
  of	
  the	
  

bone	
  that	
  has	
  been	
  exposed	
  by	
  damage	
  or	
  

removal	
  of	
  bone	
  tissue.	
  	
  To	
  aid	
  in	
  implant	
  

stabilization	
  and	
  osseointegration,	
  previous	
  

research	
  has	
  shown	
  that	
  rough	
  surfaces	
  are	
  ideal	
  for	
  contact	
  with	
  the	
  fractured	
  surface	
  

[8].	
  	
  Rough	
  surfaces	
  provide	
  friction	
  to	
  hold	
  the	
  implant	
  in	
  place,	
  while	
  providing	
  small	
  

pores	
  for	
  new	
  bone	
  tissue	
  to	
  grow	
  into	
  and	
  interface.	
  	
  Depending	
  on	
  the	
  location	
  and	
  

type	
  of	
  injury,	
  it	
  is	
  possible	
  that	
  a	
  single	
  implant	
  would	
  be	
  required	
  to	
  have	
  surfaces	
  of	
  

all	
  three	
  types	
  (fractured,	
  periosteal,	
  articular).	
  	
  	
  	
  A	
  custom	
  manufactured	
  implant	
  

would	
  need	
  to	
  have	
  a	
  rough	
  surface	
  corresponding	
  to	
  the	
  fracture	
  location	
  of	
  the	
  host	
  

bone,	
  along	
  with	
  surfaces	
  that	
  allow	
  for	
  continuation	
  of	
  the	
  articular	
  and	
  periosteal	
  

regions.	
  

The	
  unique	
  nature	
  of	
  bone	
  injuries	
  between	
  different	
  patients	
  means	
  that	
  

orthopedic	
  implants	
  can	
  be	
  widely	
  varied	
  in	
  shape	
  and	
  surface	
  finish	
  requirements.	
  	
  

	
  

Figure	
  3.1.3:	
  Different	
  types	
  of	
  
implant	
  surfaces	
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This	
  often	
  requires	
  an	
  orthopedic	
  surgeon	
  to	
  handcraft	
  a	
  custom	
  implant	
  to	
  suit	
  a	
  

particular	
  patient’s	
  injury	
  site.	
  	
  During	
  the	
  operation,	
  the	
  surgeon	
  will	
  often	
  make	
  small	
  

adjustments	
  to	
  the	
  shape	
  of	
  the	
  implant,	
  compare	
  it	
  with	
  the	
  planned	
  implant	
  site,	
  and	
  

then	
  iterate	
  this	
  process	
  until	
  a	
  nominal	
  fit	
  is	
  achieved.	
  	
  In	
  order	
  to	
  reduce	
  some	
  of	
  the	
  

uncertainty	
  and	
  inaccuracies	
  in	
  this	
  process,	
  and	
  to	
  help	
  reduce	
  the	
  invasiveness	
  of	
  the	
  

surgical	
  procedure,	
  it	
  would	
  be	
  beneficial	
  to	
  manufacture	
  the	
  implants	
  according	
  to	
  

medical	
  imaging	
  data	
  obtained	
  from	
  the	
  patient	
  [21].	
  	
  Previous	
  research	
  has	
  also	
  

demonstrated	
  that	
  implants	
  that	
  provide	
  a	
  more	
  stable	
  and	
  accurate	
  fit	
  allow	
  for	
  better	
  

healing	
  and	
  patient	
  recovery	
  [5].	
  	
  Highly	
  accurate	
  3-­‐dimensional	
  (3D)	
  models	
  of	
  the	
  

patient’s	
  implant	
  can	
  be	
  constructed	
  from	
  medical	
  imaging	
  data,	
  such	
  as	
  that	
  achieved	
  

through	
  computed-­‐tomography	
  (CT)	
  data.	
  	
  To	
  create	
  a	
  more	
  effective	
  implant,	
  a	
  

machine	
  is	
  needed	
  that	
  would	
  be	
  able	
  to	
  quickly	
  and	
  easily	
  manufacture	
  the	
  implant	
  

according	
  to	
  the	
  3D	
  model.	
  

The	
  challenge	
  in	
  manufacturing	
  these	
  implants	
  is	
  in	
  development	
  of	
  a	
  process	
  

that	
  allows	
  for	
  the	
  creation	
  of	
  highly	
  customized	
  parts	
  with	
  varying	
  surface	
  roughness	
  

in	
  select	
  locations.	
  	
  One	
  of	
  the	
  goals	
  of	
  this	
  research	
  is	
  to	
  enable	
  custom	
  bone	
  implants	
  

to	
  be	
  manufactured	
  using	
  an	
  automated,	
  push-­‐button	
  process	
  that	
  eliminates	
  the	
  need	
  

for	
  the	
  pre-­‐process	
  engineering	
  and	
  skill	
  required	
  to	
  produce	
  the	
  part	
  by	
  conventional	
  

manufacturing	
  methods.	
  	
  These	
  requirements	
  have	
  lead	
  to	
  the	
  interest	
  of	
  using	
  layer-­‐

based	
  rapid	
  processes	
  in	
  implant	
  manufacturing,	
  which	
  would	
  allow	
  for	
  producing	
  an	
  

implant	
  directly	
  from	
  CAD	
  data.	
  	
  Moreover,	
  it	
  is	
  hoped	
  that	
  a	
  computer-­‐aided	
  

manufacturing	
  process,	
  utilizing	
  accurate	
  CT	
  derived	
  models,	
  would	
  be	
  able	
  to	
  improve	
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the	
  accuracy	
  of	
  fit	
  and	
  function	
  for	
  the	
  resulting	
  implant,	
  as	
  compared	
  to	
  handcrafting	
  

in	
  surgery.	
  	
  A	
  current	
  research	
  effort	
  at	
  Iowa	
  State	
  University	
  is	
  developing	
  a	
  

subtractive	
  RP	
  technology	
  called	
  CNC-­‐RP	
  [24],	
  which	
  is	
  being	
  further	
  developed	
  for	
  

manufacturing	
  custom	
  bone	
  implants.	
  

	
  

3.1.2	
  Overview	
  of	
  CNC-­‐RP	
  

	
   Computer	
  numerical	
  control	
  rapid	
  prototyping	
  (CNC-­‐RP)	
  is	
  a	
  subtractive	
  process	
  

that	
  combines	
  the	
  automated	
  process	
  planning	
  of	
  RP	
  technology	
  with	
  the	
  capabilities	
  of	
  

4-­‐axis	
  CNC	
  milling	
  to	
  create	
  parts	
  from	
  CAD	
  models.	
  	
  In	
  contrast	
  with	
  additive	
  RP	
  

technologies	
  such	
  as	
  FDM	
  or	
  stereolithography,	
  CNC-­‐RP	
  allows	
  for	
  the	
  use	
  of	
  many	
  new	
  

materials	
  that	
  can	
  be	
  acquired	
  in	
  stock	
  form,	
  including	
  FDA-­‐approved	
  biomaterials	
  like	
  

natural	
  coral,	
  titanium	
  foam,	
  and	
  biocompatible	
  polymers.	
  	
  CNC-­‐RP	
  utilizes	
  a	
  layer-­‐

based	
  computer	
  algorithm	
  that	
  analyzes	
  the	
  geometry	
  of	
  the	
  CAD	
  model	
  and	
  finds	
  

which	
  part	
  surfaces	
  are	
  visible	
  from	
  different	
  orientations.	
  	
  Beginning	
  with	
  material	
  in	
  

round	
  stock	
  form	
  in	
  a	
  4th	
  axis	
  rotary	
  indexer,	
  the	
  CNC	
  mill	
  machines	
  all	
  surfaces	
  that	
  are	
  

visible	
  from	
  a	
  particular	
  setup	
  orientation,	
  after	
  which	
  the	
  indexer	
  rotates	
  the	
  work	
  

piece	
  to	
  a	
  new	
  position,	
  allowing	
  the	
  cutting	
  tool	
  to	
  access	
  surfaces	
  that	
  were	
  

inaccessible	
  during	
  the	
  previous	
  orientation	
  (Figure	
  3.1.2.1).	
  	
  This	
  process	
  is	
  repeated	
  

until	
  all	
  surfaces	
  of	
  the	
  CAD	
  model	
  have	
  been	
  machined,	
  with	
  the	
  desired	
  part	
  geometry	
  

remaining.	
  	
  The	
  automated	
  setup	
  planning	
  algorithm	
  chooses	
  the	
  orientations	
  that	
  

allow	
  for	
  complete	
  coverage	
  of	
  the	
  part,	
  while	
  reducing	
  the	
  total	
  number	
  of	
  required	
  

rotations	
  [22].	
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   Previous	
  research	
  has	
  shown	
  that	
  CNC-­‐RP	
  

is	
  effective	
  for	
  producing	
  functional	
  industrial	
  

components—parts	
  that	
  have	
  been	
  traditionally	
  

cast	
  or	
  machined	
  from	
  steel	
  or	
  aluminum.	
  	
  The	
  

resulting	
  parts	
  have	
  good	
  dimensional	
  accuracy	
  

and	
  strength,	
  allowing	
  for	
  the	
  creation	
  of	
  

functional	
  replacements	
  for	
  parts	
  that	
  have	
  broken	
  

down.	
  	
  While	
  the	
  results	
  have	
  been	
  positive	
  when	
  

producing	
  industrial	
  parts	
  with	
  CNC-­‐RP,	
  new	
  

challenges	
  arise	
  when	
  using	
  it	
  to	
  manufacture	
  

orthopedic	
  implants.	
  

	
   The	
  process	
  planning	
  algorithm	
  of	
  CNC-­‐RP	
  examines	
  triangular	
  mesh	
  models	
  of	
  

the	
  parts	
  being	
  manufactured,	
  commonly	
  in	
  the	
  STL	
  file	
  format.	
  	
  The	
  triangular	
  facets	
  of	
  

the	
  model	
  represent	
  the	
  shape	
  and	
  dimensions	
  of	
  the	
  part.	
  	
  The	
  objective	
  is	
  to	
  ensure	
  

that	
  all	
  points	
  of	
  the	
  model	
  that	
  are	
  visible	
  from	
  a	
  particular	
  orientation	
  have	
  been	
  

machined.	
  	
  To	
  assess	
  the	
  visibility	
  of	
  a	
  point	
  from	
  a	
  specific	
  orientation,	
  the	
  CAD	
  model	
  

is	
  sliced	
  into	
  two-­‐dimensional	
  cross	
  sections,	
  after	
  which	
  the	
  points	
  of	
  each	
  cross	
  

section	
  are	
  tested	
  for	
  visibility.	
  	
  During	
  the	
  slicing	
  and	
  visibility	
  test,	
  all	
  points	
  and	
  

facets	
  of	
  the	
  model	
  are	
  assumed	
  to	
  represent	
  the	
  same	
  material	
  and	
  surface	
  properties,	
  

with	
  the	
  desired	
  result	
  being	
  a	
  manufactured	
  part	
  that	
  has	
  the	
  same	
  shape	
  and	
  

dimensions	
  as	
  the	
  model.	
  

	
  

Figure	
  3.1.2.1:	
  Steel	
  part	
  
machined	
  from	
  four	
  different	
  
orientations.	
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   In	
  manufacturing	
  orthopedic	
  implants,	
  there	
  is	
  not	
  only	
  the	
  need	
  for	
  replicating	
  

the	
  shape	
  and	
  dimensions	
  of	
  the	
  model,	
  but	
  also	
  selective	
  customization	
  of	
  the	
  surface	
  

finish	
  of	
  the	
  material.	
  	
  In	
  this	
  case,	
  all	
  points	
  on	
  the	
  CAD	
  model	
  cannot	
  be	
  assumed	
  to	
  

have	
  the	
  same	
  properties,	
  requiring	
  a	
  method	
  of	
  customizing	
  the	
  surface	
  properties	
  

within	
  select	
  regions	
  of	
  the	
  part.	
  	
  The	
  CNC-­‐RP	
  process	
  needs	
  to	
  target	
  specific	
  surface	
  

regions	
  within	
  each	
  orientation,	
  while	
  taking	
  steps	
  to	
  avoid	
  surrounding	
  regions	
  of	
  

different	
  surface	
  properties	
  that	
  should	
  not	
  be	
  interfered	
  with.	
  	
  For	
  example,	
  when	
  

machining	
  the	
  fractured	
  surface	
  of	
  a	
  bone	
  implant,	
  it	
  is	
  important	
  to	
  make	
  sure	
  the	
  

cutting	
  tool	
  stays	
  within	
  the	
  appropriate	
  region,	
  and	
  does	
  not	
  inadvertently	
  touch	
  

nearby	
  joint	
  surfaces.	
  

	
  

3.1.3	
  Using	
  CNC-­‐RP	
  for	
  Selective	
  Surface	
  Customization	
  

Expanding	
  on	
  the	
  capability	
  of	
  CNC-­‐RP,	
  Joshi	
  [19]	
  developed	
  methods	
  for	
  

targeting	
  custom	
  surfaces	
  using	
  the	
  process.	
  	
  In	
  

Joshi’s	
  work,	
  polygonal	
  CAD	
  files	
  in	
  the	
  PLY	
  file	
  

format	
  were	
  used	
  for	
  process	
  planning.	
  	
  The	
  PLY	
  

files	
  contain	
  the	
  definition	
  of	
  triangular	
  facets	
  that	
  

have	
  associated	
  color	
  information	
  for	
  representing	
  

different	
  types	
  of	
  surfaces.	
  	
  Facets	
  that	
  are	
  red	
  represent	
  the	
  fractured	
  surface,	
  green	
  is	
  

periosteal,	
  and	
  blue	
  is	
  the	
  articular	
  surface.	
  	
  The	
  model	
  is	
  sliced	
  into	
  cross	
  sections	
  

(Figure	
  3.1.3.1),	
  with	
  each	
  segment	
  of	
  the	
  slice	
  assigned	
  a	
  color	
  corresponding	
  to	
  the	
  

type	
  of	
  implant	
  surface	
  at	
  that	
  particular	
  location.	
  	
  The	
  points	
  on	
  each	
  slice	
  are	
  tested	
  

	
  

Figure	
  3.1.3.1:	
  Colored	
  model,	
  
and	
  cross	
  sectional	
  slices.	
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for	
  visibility	
  from	
  different	
  orientation	
  angles.	
  	
  An	
  objective	
  function	
  is	
  used	
  with	
  the	
  

goal	
  of	
  choosing	
  setup	
  angles	
  that	
  isolate	
  the	
  different	
  types	
  of	
  surfaces	
  (different	
  

colored	
  points	
  of	
  the	
  slices),	
  while	
  also	
  providing	
  full	
  coverage	
  of	
  the	
  part	
  geometry.	
  	
  In	
  

Figure	
  3.1.3.2a,	
  the	
  machining	
  angles	
  generated	
  from	
  the	
  previous	
  method	
  are	
  shown,	
  

in	
  which	
  all	
  surfaces	
  of	
  the	
  part	
  are	
  assumed	
  to	
  be	
  the	
  same.	
  	
  Figure	
  3.1.3.2b	
  shows	
  the	
  

setup	
  angles	
  found	
  using	
  Joshi’s	
  method,	
  which	
  creates	
  setup	
  angles	
  that	
  better	
  isolate	
  

the	
  different	
  surfaces	
  of	
  the	
  part.	
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  (b)	
  

Figure	
  3.1.3.2:	
  	
  a)	
  Machining	
  setup	
  angles	
  preventing	
  surface	
  customization.	
  	
  b)	
  Setup	
  
angles	
  that	
  allow	
  for	
  surface	
  customization	
  by	
  isolating	
  different	
  implant	
  surfaces.	
  
	
  

	
   Limitations	
  were	
  noted	
  in	
  cases	
  where	
  the	
  surfaces	
  could	
  not	
  be	
  completely	
  

isolated	
  from	
  one	
  another.	
  	
  A	
  setup	
  orientation	
  that	
  was	
  meant	
  for	
  machining	
  only	
  the	
  

articular	
  surface	
  would	
  overlap	
  with	
  geometry	
  of	
  a	
  fracture	
  surface,	
  causing	
  the	
  

fracture	
  surface	
  to	
  be	
  machined	
  partially.	
  	
  This	
  problem	
  is	
  referred	
  to	
  as	
  tool	
  path	
  cross	
  

over	
  (Figure	
  3.1.3.3).	
  	
  This	
  is	
  a	
  problem	
  because	
  inadvertent	
  machining	
  of	
  different	
  

nearby	
  surfaces	
  can	
  reduce	
  the	
  effectiveness	
  of	
  the	
  orthopedic	
  implant.	
  	
  For	
  example,	
  if	
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a	
  surface	
  that	
  is	
  meant	
  to	
  have	
  a	
  rough	
  finish	
  is	
  inadvertently	
  machined	
  smooth	
  by	
  tool	
  

paths	
  that	
  cross	
  over	
  into	
  this	
  area,	
  it	
  could	
  reduce	
  the	
  friction	
  at	
  the	
  bone-­‐implant	
  

interface,	
  which	
  has	
  a	
  negative	
  effect	
  on	
  implant	
  stability	
  and	
  patient	
  healing.	
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  (b)	
  
Figure	
  3.1.3.3:	
  	
  Tool	
  path	
  cross	
  over.	
  	
  a)	
  Tool	
  paths	
  meant	
  for	
  only	
  the	
  green	
  (periosteal)	
  
surface	
  will	
  overlap	
  onto	
  the	
  blue	
  (articular)	
  surface.	
  	
  b)	
  Tool	
  paths	
  will	
  overlap	
  from	
  
red	
  (fractured)	
  surface	
  onto	
  blue	
  (articular)	
  surface.	
  
	
  
	
  

3.2	
  Related	
  Work	
  

	
   Extensive	
  research	
  has	
  been	
  performed	
  in	
  developing	
  the	
  materials	
  and	
  

manufacturing	
  methods	
  used	
  for	
  creating	
  effective	
  bone	
  implants.	
  	
  Materials	
  used	
  in	
  

bone	
  implants	
  need	
  to	
  be	
  biocompatible,	
  and	
  thus	
  implants	
  are	
  commonly	
  made	
  from	
  

materials	
  such	
  as	
  titanium,	
  tantalum,	
  stainless	
  steel,	
  polymethylmethacrylate	
  (PMMA,	
  

also	
  referred	
  to	
  as	
  bone	
  cement),	
  and	
  various	
  other	
  biocompatible	
  polymers	
  and	
  

ceramics.	
  	
  Considering	
  the	
  unique,	
  free-­‐form	
  shape	
  of	
  biomedical	
  implants,	
  and	
  the	
  

desire	
  to	
  create	
  custom	
  implants,	
  many	
  layer-­‐based	
  additive	
  manufacturing	
  methods	
  

have	
  been	
  utilized	
  [2,	
  3,	
  13,	
  25].	
  	
  These	
  methods	
  include	
  fused	
  deposition	
  modeling	
  

(FDM),	
  3D	
  printing,	
  stereolithography,	
  electron	
  beam	
  melting,	
  and	
  laser	
  engineered	
  net	
  

shaping	
  (LENS).	
  	
  Melchels	
  et	
  al.	
  [2]	
  evaluated	
  the	
  effectiveness	
  of	
  stereolithography	
  in	
  

biomedical	
  applications,	
  and	
  demonstrated	
  that	
  bone	
  implants	
  could	
  be	
  created	
  that	
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were	
  useful	
  in	
  surgery	
  planning.	
  	
  They	
  also	
  noted	
  that	
  stereolithography	
  had	
  uses	
  in	
  

many	
  other	
  biomedical	
  applications	
  such	
  as	
  tissue	
  engineering	
  scaffolding	
  and	
  custom	
  

hearing	
  aids.	
  	
  Espalin	
  et	
  al.	
  [3]	
  demonstrated	
  the	
  effectiveness	
  of	
  using	
  FDM	
  to	
  create	
  

craniofacial	
  implants	
  out	
  of	
  medical-­‐grade	
  PMMA	
  while	
  approximating	
  the	
  original	
  

tissue	
  densities	
  and	
  porosity.	
  	
  A	
  femur	
  model	
  was	
  also	
  fabricated.	
  	
  While	
  the	
  form	
  and	
  

fit	
  of	
  the	
  fabricated	
  models	
  were	
  effective,	
  it	
  was	
  noted	
  that	
  the	
  strength	
  of	
  the	
  models	
  

could	
  be	
  negatively	
  impacted	
  depending	
  on	
  build	
  direction	
  and	
  porosity.	
  

	
   In	
  bone	
  implant	
  surgeries,	
  a	
  primary	
  concern	
  is	
  the	
  fixation	
  stability	
  of	
  the	
  

implant,	
  and	
  the	
  ability	
  for	
  the	
  surrounding	
  bone	
  tissue	
  to	
  react	
  positively	
  with	
  the	
  

implant	
  material	
  [17].	
  	
  An	
  effective	
  bone	
  implant	
  will	
  allow	
  for	
  osseointegration,	
  

meaning	
  that	
  living	
  bone	
  tissue	
  grows	
  directly	
  on	
  and	
  around	
  the	
  implant	
  [1,	
  18],	
  

integrating	
  the	
  implant	
  as	
  a	
  permanent	
  part	
  of	
  the	
  patient’s	
  body.	
  	
  Research	
  has	
  been	
  

demonstrated	
  on	
  the	
  effect	
  of	
  surface	
  properties	
  in	
  orthopedic	
  implants	
  and	
  dental	
  

implants	
  on	
  osseointegration,	
  in	
  both	
  humans	
  and	
  animals	
  [6-­‐11].	
  	
  It	
  was	
  shown	
  that	
  

implants	
  made	
  with	
  rough,	
  porous	
  surfaces	
  located	
  at	
  the	
  bone-­‐implant	
  interface	
  are	
  

highly	
  effective	
  at	
  aiding	
  osseointegration	
  and	
  bone	
  ingrowth.	
  	
  Titanium	
  dental	
  

implants	
  that	
  had	
  been	
  roughened	
  using	
  grit-­‐blasting,	
  acid-­‐etching,	
  or	
  anodizing	
  had	
  

significantly	
  higher	
  rates	
  of	
  bone	
  ingrowth	
  and	
  stability	
  than	
  those	
  left	
  untreated	
  [6,	
  9,	
  

10].	
  	
  Trabecular	
  metal	
  (a	
  type	
  of	
  metal	
  foam)	
  has	
  been	
  utilized	
  in	
  bone	
  implant	
  research	
  

because	
  it	
  provides	
  pores	
  for	
  bone	
  tissue	
  to	
  grow	
  into.	
  	
  Deglurkar	
  et	
  al.	
  [7]	
  

demonstrated	
  that	
  when	
  trabecular	
  metal	
  implants	
  were	
  machined,	
  the	
  pores	
  were	
  

smeared	
  and	
  closed,	
  resulting	
  in	
  less	
  bone	
  ingrowth	
  and	
  a	
  less	
  effective	
  implant.	
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Research	
  has	
  been	
  performed	
  regarding	
  methods	
  for	
  machining	
  trabecular	
  metal	
  

without	
  smearing	
  and	
  closing	
  the	
  pores	
  [4].	
  	
  Using	
  an	
  infiltrant,	
  the	
  smearing	
  was	
  

greatly	
  reduced	
  during	
  machining,	
  and	
  the	
  pores	
  were	
  preserved.	
  	
  It	
  was	
  proposed	
  that	
  

the	
  infiltrant	
  could	
  also	
  act	
  as	
  a	
  barrier	
  that	
  prevents	
  contaminants	
  from	
  entering	
  the	
  

implant	
  during	
  manufacturing.	
  

	
   In	
  total	
  hip	
  replacement	
  surgery,	
  the	
  majority	
  of	
  implants	
  are	
  fixated	
  without	
  the	
  

use	
  of	
  bone	
  cement	
  [20].	
  	
  Early	
  research	
  by	
  Albrektsson	
  et	
  al.	
  [14]	
  showed	
  evidence	
  

that	
  osseointegration	
  could	
  occur	
  in	
  humans	
  without	
  the	
  use	
  of	
  cement,	
  using	
  threaded	
  

titanium	
  screws.	
  	
  Tight	
  initial	
  fixation	
  stability	
  was	
  noted	
  as	
  a	
  primary	
  requirement	
  for	
  

ensuring	
  permanent	
  osseointegration,	
  and	
  preventing	
  tissue	
  irritations	
  at	
  the	
  implant	
  

interface	
  [5,	
  14,	
  15].	
  	
  It	
  has	
  been	
  estimated	
  that	
  around	
  5-­‐10%	
  of	
  hip	
  replacements	
  fail	
  

within	
  the	
  first	
  10	
  years,	
  and	
  it	
  has	
  been	
  shown	
  that	
  micromotions	
  at	
  the	
  bone-­‐implant	
  

interface	
  are	
  a	
  primary	
  cause	
  [13].	
  	
  Micromotions	
  are	
  microscopic	
  movements	
  between	
  

the	
  implant	
  and	
  bone	
  surface.	
  	
  These	
  motions	
  are	
  often	
  difficult	
  to	
  detect,	
  and	
  can	
  lead	
  

to	
  loosening	
  of	
  the	
  implant	
  over	
  the	
  long	
  term.	
  	
  In	
  order	
  to	
  maintain	
  high	
  initial	
  fixation,	
  

and	
  a	
  reduction	
  in	
  motion	
  at	
  the	
  bone-­‐implant	
  interface,	
  a	
  high	
  amount	
  of	
  friction	
  is	
  

desirable	
  at	
  the	
  interface	
  [12,	
  16].	
  	
  Hsu	
  et	
  al.	
  [16]	
  demonstrated	
  that	
  micromotion	
  

increased	
  as	
  friction	
  between	
  the	
  implant	
  and	
  bone	
  surfaces	
  decreased.	
  	
  It	
  was	
  shown	
  

that	
  an	
  implant	
  surface	
  with	
  a	
  coefficient	
  of	
  friction	
  of	
  0.5	
  or	
  above	
  could	
  reduce	
  the	
  

motions	
  by	
  over	
  20%,	
  which	
  lead	
  to	
  an	
  increase	
  in	
  bone	
  ingrowth.	
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3.3	
  Overview	
  of	
  Proposed	
  Methods	
  

This	
  paper	
  proposes	
  new	
  methods	
  that	
  allow	
  us	
  to	
  provide	
  customized	
  surface	
  

characteristics	
  in	
  rapid	
  machining	
  patient-­‐specific	
  bone	
  implants.	
  	
  It	
  addresses	
  two	
  

basic	
  objectives:	
  1)	
  How	
  can	
  one	
  more	
  accurately	
  provide	
  slice	
  data	
  for	
  initial	
  setup	
  

planning	
  and	
  2)	
  Given	
  a	
  set	
  of	
  setup	
  angles,	
  how	
  can	
  one	
  ensure	
  that	
  the	
  individual	
  

surfaces	
  are	
  machined	
  independently?	
  	
  In	
  doing	
  so,	
  this	
  work	
  considers	
  the	
  overarching	
  

problem	
  of	
  ensuring	
  that	
  the	
  biocompatibility	
  of	
  the	
  implant	
  is	
  maintained	
  and	
  

optimized.	
  	
  For	
  the	
  first	
  problem,	
  providing	
  accurate	
  slice	
  information,	
  this	
  thesis	
  

presents	
  a	
  method	
  of	
  modifying	
  the	
  initial	
  slice	
  data	
  if	
  ambiguous	
  surface	
  boundaries	
  

are	
  found	
  (uncertainty	
  in	
  the	
  form	
  of	
  “noise”,	
  with	
  respect	
  to	
  boundary	
  type).	
  	
  To	
  

address	
  the	
  second	
  problem,	
  ensuring	
  surfaces	
  are	
  independently	
  machined,	
  this	
  work	
  

presents	
  a	
  method	
  for	
  creating	
  tool	
  path	
  containment	
  boundaries	
  that	
  restrict	
  the	
  tool	
  

from	
  machining	
  neighboring	
  surfaces.	
  	
  A	
  tool	
  containment	
  boundary	
  is	
  a	
  feature	
  found	
  

in	
  some	
  computer-­‐aided	
  manufacturing	
  (CAM)	
  software	
  packages	
  that	
  can	
  be	
  used	
  for	
  

constraining	
  the	
  cutting	
  tool	
  to	
  a	
  particular	
  region	
  of	
  the	
  part.	
  	
  This	
  allows	
  the	
  user	
  to	
  

draw	
  a	
  polygonal	
  boundary	
  that	
  defines	
  where	
  the	
  cutting	
  tool	
  should	
  or	
  should	
  not	
  cut,	
  

which	
  is	
  a	
  manual,	
  rather	
  than	
  rapid	
  procedure.	
  	
  In	
  Figure	
  3.3.1a,	
  a	
  simulated	
  piece	
  of	
  

stock	
  material	
  is	
  shown	
  before	
  machining.	
  	
  Figure	
  3.3.1b	
  shows	
  the	
  part	
  after	
  

machining	
  every	
  visible	
  surface	
  from	
  this	
  particular	
  setup.	
  	
  A	
  rectangular	
  tool	
  

containment	
  boundary	
  was	
  then	
  drawn	
  over	
  the	
  top	
  of	
  the	
  part,	
  and	
  the	
  machining	
  was	
  

simulated	
  again	
  (Figure	
  3.3.1c).	
  	
  The	
  cutting	
  tool	
  stayed	
  within	
  the	
  rectangular	
  tool	
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containment	
  boundary,	
  allowing	
  some	
  of	
  the	
  stock	
  material	
  surrounding	
  the	
  part	
  to	
  

remain.	
  

	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (a)	
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  (c)	
  
Figure	
  3.3.1:	
  	
  a)	
  Stock	
  material	
  before	
  machining.	
  	
  b)	
  Stock	
  is	
  machined	
  to	
  reveal	
  a	
  part,	
  
without	
  tool	
  containment	
  boundary.	
  	
  c)	
  A	
  rectangular	
  tool	
  containment	
  boundary	
  is	
  
used	
  to	
  allow	
  some	
  of	
  the	
  original	
  stock	
  surrounding	
  the	
  part	
  to	
  remain.	
  

	
  

In	
  both	
  methods,	
  the	
  issue	
  of	
  biocompatibility	
  is	
  actively	
  addressed	
  by	
  sequentially	
  

giving	
  priorities	
  to	
  the	
  3	
  major	
  surfaces	
  where	
  modifications	
  to	
  the	
  slices,	
  or	
  boundaries	
  

for	
  tool	
  paths	
  are	
  chosen	
  based	
  on	
  the	
  type	
  of	
  surface	
  it	
  is	
  modifying.	
  	
  Throughout	
  the	
  

remainder	
  of	
  this	
  paper,	
  the	
  fracture,	
  periosteal,	
  and	
  articular	
  surfaces	
  will	
  be	
  

represented	
  by	
  the	
  colors	
  red,	
  green,	
  and	
  blue	
  respectively.	
  	
  In	
  some	
  figures,	
  the	
  

different	
  types	
  of	
  surfaces	
  will	
  also	
  be	
  represented	
  by	
  the	
  following	
  symbols:	
  	
   	
  for	
  

fracture	
  surface,	
   	
  for	
  periosteal,	
  and	
   	
  for	
  articular.	
  

	
  

3.4	
  Slice	
  Modification	
  

	
   Several	
  factors	
  can	
  lead	
  to	
  ambiguous	
  or	
  inaccurate	
  material	
  boundaries	
  in	
  both	
  

the	
  CAD	
  model	
  and	
  the	
  manufactured	
  part.	
  	
  Defining	
  appropriate	
  surface	
  boundary	
  

lines	
  requires	
  overcoming	
  limitations	
  in	
  the	
  resolution	
  of	
  the	
  triangular	
  mesh	
  model	
  

and	
  in	
  dimensional	
  control	
  of	
  the	
  manufactured	
  part.	
  	
  Coloring	
  the	
  facets	
  of	
  a	
  triangular	
  

mesh	
  model	
  (Figure	
  3.4.1)	
  can	
  lead	
  to	
  fragmented	
  saw-­‐tooth-­‐like	
  boundaries	
  between	
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regions	
  of	
  differing	
  color.	
  	
  In	
  Figure	
  3.4.2,	
  triangular	
  facets	
  are	
  shown	
  at	
  the	
  boundary	
  

between	
  a	
  fracture	
  and	
  periosteal	
  surface,	
  with	
  a	
  dark	
  line	
  in	
  the	
  middle	
  representing	
  a	
  

slice	
  that	
  is	
  cut	
  through	
  that	
  region.	
  	
  The	
  facets	
  that	
  lie	
  directly	
  underneath	
  the	
  slice	
  

alternate	
  between	
  fracture	
  (red),	
  and	
  periosteal	
  (green).	
  

	
  
Figure	
  3.4.1:	
  Colored	
  triangular	
  mesh	
  

model	
  of	
  implant,	
  showing	
  articular	
  (blue),	
  
periosteal	
  (green),	
  and	
  fracture	
  (red)	
  

surfaces.	
  

	
  
Figure	
  3.4.2:	
  Fragmented	
  boundary	
  

between	
  fracture	
  and	
  periosteal	
  surfaces.	
  	
  
A	
  partial	
  slice	
  is	
  shown	
  as	
  a	
  dark	
  line	
  
cutting	
  through	
  the	
  jagged	
  area.	
  

	
  

These	
  fragmented	
  boundaries	
  arise	
  from	
  limitations	
  in	
  the	
  resolution	
  of	
  the	
  mesh,	
  and	
  

are	
  ambiguous	
  in	
  that	
  they	
  do	
  not	
  represent	
  the	
  true	
  boundary	
  that	
  would	
  occur	
  

naturally	
  in	
  the	
  bone.	
  	
  	
  

When	
  slicing	
  (Figure	
  3.4.3)	
  the	
  

model	
  for	
  visibility	
  analysis,	
  slices	
  that	
  lie	
  

across	
  a	
  rough	
  boundary	
  will	
  contain	
  a	
  

series	
  of	
  small	
  segments	
  that	
  alternate	
  

back	
  and	
  forth	
  between	
  colors,	
  as	
  did	
  the	
  

facets	
  that	
  the	
  slice	
  segments	
  originate	
  

from.	
  	
  These	
  small	
  segments	
  can	
  have	
  an	
  undesirable	
  influence	
  on	
  the	
  evaluation	
  of	
  

setup	
  angles	
  for	
  the	
  model.	
  	
  In	
  this	
  paper,	
  such	
  problem	
  segments	
  that	
  arise	
  from	
  

	
  
Figure	
  3.4.3:	
  Slice	
  plane	
  intersecting	
  
implant	
  model.	
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ambiguous	
  surface	
  boundaries	
  will	
  be	
  referred	
  to	
  as	
  noise	
  segments	
  and	
  such	
  slices	
  will	
  

be	
  considered	
  noisy	
  (Figure	
  3.4.4b).	
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  (b)	
  
Figure	
  3.4.4:	
  	
  a)	
  Close	
  view	
  of	
  intersection	
  of	
  slice	
  plane	
  and	
  implant	
  model,	
  showing	
  
areas	
  where	
  the	
  slice	
  crosses	
  rough	
  surface	
  boundaries.	
  	
  b)	
  Colored	
  slice,	
  with	
  color	
  
information	
  originating	
  from	
  the	
  colored	
  facets	
  of	
  the	
  corresponding	
  area	
  of	
  the	
  model.	
  	
  
Noise	
  has	
  been	
  produced	
  by	
  crossing	
  through	
  rough	
  surface	
  boundaries.	
  
	
  

Noise	
  occurs	
  at	
  the	
  edges	
  of	
  different	
  surfaces,	
  and	
  can	
  cause	
  the	
  setup	
  angle	
  solution	
  to	
  

be	
  skewed	
  in	
  different	
  directions,	
  because	
  the	
  method	
  for	
  finding	
  setup	
  angles	
  will	
  try	
  

to	
  include	
  the	
  noise	
  in	
  the	
  solution	
  even	
  if	
  it	
  is	
  unimportant	
  relative	
  to	
  the	
  main	
  body	
  of	
  

the	
  surface.	
  	
  A	
  simple	
  example	
  is	
  shown	
  in	
  Figure	
  3.4.5a.	
  	
  A	
  slice	
  containing	
  two	
  

different	
  colors	
  is	
  shown	
  with	
  a	
  direction	
  arrow	
  showing	
  the	
  direction	
  of	
  visibility	
  

(setup	
  angles)	
  for	
  each	
  of	
  the	
  two	
  colors.	
  	
  The	
  slice	
  in	
  Figure	
  3.4.5a	
  contains	
  small,	
  

fragmented	
  segments	
  (noise)	
  on	
  the	
  left	
  side,	
  causing	
  setup	
  angle	
  2	
  to	
  shift	
  around	
  

slightly	
  to	
  the	
  left	
  in	
  order	
  to	
  include	
  those	
  small	
  segments.	
  	
  In	
  Figure	
  3.4.5b,	
  the	
  noise	
  

segments	
  have	
  been	
  removed,	
  allowing	
  setup	
  angle	
  2	
  to	
  shift	
  down	
  and	
  to	
  the	
  right,	
  

more	
  in	
  line	
  with	
  the	
  large	
  continuous	
  slice	
  segment,	
  because	
  it	
  no	
  longer	
  needs	
  to	
  

include	
  the	
  small	
  segments	
  in	
  its	
  visible	
  area.	
  



www.manaraa.com

	
  
	
  

34	
  

	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (a)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (b)	
  
Figure	
  3.4.5:	
  	
  a)	
  Slice	
  has	
  small	
  noise	
  segments	
  on	
  the	
  left	
  side.	
  	
  b)	
  After	
  removing	
  the	
  
noise	
  segments,	
  setup	
  angle	
  2	
  shifts	
  downward	
  and	
  to	
  the	
  right.	
  
	
  
	
  

Slices	
  will	
  be	
  modified	
  using	
  a	
  method	
  to	
  remove	
  noise	
  segments	
  that	
  will	
  help	
  

prevent	
  ambiguous	
  surface	
  boundaries	
  from	
  negatively	
  influencing	
  the	
  setup	
  

orientation	
  solution.	
  	
  To	
  ensure	
  that	
  biocompatibility	
  is	
  maintained,	
  the	
  noisy	
  segments	
  

will	
  be	
  modified	
  and	
  potentially	
  assign	
  a	
  new	
  color	
  according	
  to	
  the	
  relative	
  priorities	
  of	
  

the	
  surfaces	
  in	
  question.	
  	
  With	
  regard	
  to	
  biocompatibility,	
  articular	
  surfaces	
  take	
  

priority	
  over	
  periosteal	
  surfaces,	
  and	
  periosteal	
  surfaces	
  take	
  priority	
  over	
  fracture	
  

surfaces.	
  	
  A	
  simple	
  overview	
  of	
  the	
  slice	
  modification	
  process	
  is	
  shown	
  for	
  a	
  single	
  slice	
  

in	
  Figure	
  3.4.6.	
  	
  Starting	
  at	
  an	
  initial	
  point	
  on	
  the	
  slice,	
  the	
  segments	
  are	
  searched	
  

through	
  by	
  traveling	
  counterclockwise	
  around	
  the	
  slice,	
  identifying	
  and	
  removing	
  small	
  

segments	
  of	
  color	
  that	
  interrupt	
  large	
  sections	
  of	
  the	
  chain.	
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Figure	
  3.4.6:	
  	
  Starting	
  with	
  the	
  initial	
  slice	
  data	
  (upper	
  left),	
  the	
  algorithm	
  searches	
  for	
  
noise	
  segments	
  while	
  traveling	
  counter-­‐clockwise	
  along	
  the	
  slice,	
  resulting	
  in	
  a	
  clean	
  
slice	
  with	
  noise	
  segments	
  removed	
  (lower	
  left).	
  

	
  

To	
  facilitate	
  the	
  discussion	
  of	
  the	
  proposed	
  method	
  for	
  slice	
  modification	
  for	
  

colored	
  bone	
  models,	
  the	
  following	
  is	
  defined:	
  

T	
  :	
  {T1,	
  T2,	
  …,	
  Tn}	
   Set	
  T	
  of	
  n	
  triangles,	
  each	
  denoted	
  Ti,	
  is	
  the	
  set	
  of	
  
colored	
  triangular	
  facets	
  that	
  comprise	
  the	
  bone	
  
implant	
  model.	
  	
  Each	
  facet	
  is	
  assigned	
  a	
  color	
  red,	
  
green,	
  or	
  blue	
  corresponding	
  to	
  the	
  type	
  of	
  surface.	
  
	
  

S	
  :	
  {S1,	
  S2,	
  …,	
  Sn}	
   Set	
  S	
  of	
  n	
  slices,	
  each	
  denoted	
  Si,	
  is	
  the	
  colored	
  slices	
  
obtained	
  from	
  intersecting	
  the	
  model	
  with	
  slice	
  planes.	
  
	
  

C	
  :	
  {Ci1,	
  Ci2,	
  …,	
  Cim}	
   Set	
  C	
  of	
  m	
  chains	
  in	
  a	
  slice,	
  each	
  denoted	
  Cij,	
  where	
  Cij	
  is	
  
the	
  jth	
  chain	
  of	
  the	
  ith	
  slice.	
  
	
  

P	
  :	
  {Pij1,	
  Pij2,	
  …,	
  Pijp}	
   Set	
  P	
  of	
  p	
  points	
  in	
  a	
  chain,	
  each	
  denoted	
  Pijk,	
  where	
  Pijk	
  
is	
  the	
  kth	
  point	
  of	
  the	
  jth	
  chain	
  of	
  the	
  ith	
  slice.	
  
	
  

L	
  :	
  {Lij1,	
  Lij2,	
  …,	
  Lijp-­‐1}	
   Set	
  of	
  line	
  segments	
  that	
  comprise	
  a	
  slice	
  chain.	
  	
  Lijq	
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denotes	
  the	
  line	
  segment	
  connecting	
  points	
  Pijk	
  and	
  
Pijk+1	
  in	
  a	
  chain.	
  	
  Each	
  line	
  segment	
  is	
  assigned	
  a	
  color	
  
red,	
  green	
  or	
  blue	
  depending	
  on	
  the	
  surface	
  it	
  
originates	
  from.	
  
	
  

!!"#	
   If	
  an	
  isolated	
  group	
  of	
  line	
  segments	
  of	
  the	
  same	
  color	
  
has	
  a	
  total	
  length	
  less	
  than  !!"#,	
  the	
  segments	
  are	
  
considered	
  to	
  be	
  noise.	
  
	
  

Colorc	
   The	
  color	
  (red,	
  green	
  or	
  blue)	
  of	
  the	
  most	
  recent	
  series	
  
of	
  segments	
  that	
  have	
  been	
  deemed	
  not	
  noise.	
  
	
  

Colorn	
   The	
  color	
  (red,	
  green	
  or	
  blue)	
  of	
  a	
  segment	
  that	
  has	
  
been	
  found	
  to	
  interrupt	
  the	
  continuation	
  of	
  a	
  sequence	
  
of	
  non-­‐noise	
  segments.	
  
	
  

G	
  ⊆  C	
   Set	
  G	
  is	
  the	
  current	
  set	
  of	
  line	
  segments	
  found	
  to	
  
interrupt	
  the	
  continuation	
  of	
  non-­‐noise	
  segments,	
  
which	
  will	
  be	
  evaluated	
  to	
  decide	
  whether	
  or	
  not	
  the	
  
set	
  is	
  noise,	
  or	
  is	
  data	
  that	
  should	
  be	
  kept	
  in	
  its	
  current	
  
form.	
  	
  G	
  will	
  either	
  be	
  empty,	
  or	
  refer	
  to	
  a	
  subset	
  of	
  C.	
  
	
  

	
  

A	
  slice	
  chain	
  is	
  comprised	
  of	
  a	
  set	
  of	
  points	
  that	
  are	
  specified	
  in	
  either	
  clockwise	
  or	
  

counterclockwise	
  order.	
  	
  The	
  first	
  step	
  of	
  the	
  noise	
  removal	
  process	
  is	
  to	
  search	
  

through	
  the	
  chain	
  to	
  find	
  a	
  starting	
  point	
  that	
  lies	
  in	
  an	
  area	
  that	
  is	
  known	
  to	
  not	
  be	
  

noise,	
  so	
  the	
  chain	
  is	
  searched	
  to	
  find	
  the	
  largest	
  uninterrupted	
  section	
  of	
  a	
  single	
  color.	
  	
  

Colorc	
  is	
  initialized	
  to	
  the	
  color	
  of	
  the	
  largest	
  section,	
  and	
  the	
  starting	
  point	
  is	
  chosen	
  to	
  

be	
  at	
  the	
  beginning	
  of	
  this	
  section	
  (Figure	
  3.4.7	
  Starting	
  point).	
  	
  With	
  the	
  starting	
  point	
  

lying	
  on	
  a	
  large,	
  unbroken	
  section	
  of	
  the	
  chain,	
  it	
  is	
  assumed	
  that	
  the	
  noise	
  removal	
  

process	
  begins	
  on	
  a	
  part	
  of	
  the	
  chain	
  that	
  is	
  not	
  noise.	
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When	
  searching	
  through	
  the	
  remainder	
  of	
  the	
  chain,	
  if	
  a	
  line	
  segment	
  is	
  found	
  to	
  have	
  a	
  

color	
  differing	
  from	
  Colorc,	
  the	
  new	
  color	
  is	
  referred	
  to	
  as	
  Colorn.	
  	
  Segments	
  further	
  

down	
  the	
  chain	
  will	
  be	
  examined	
  (traveling	
  counter-­‐clockwise	
  around	
  the	
  chain)	
  to	
  

determine	
  if	
  the	
  segment(s)	
  of	
  Colorn	
  represent	
  a	
  new	
  surface	
  region	
  or	
  noise.	
  	
  

Depending	
  on	
  what	
  is	
  found	
  after	
  the	
  change	
  to	
  Colorn,	
  the	
  new	
  segments	
  may	
  or	
  may	
  

not	
  be	
  assigned	
  a	
  different	
  color	
  depending	
  on	
  rules	
  that	
  are	
  proposed	
  for	
  the	
  

relationship	
  between	
  Colorc	
  and	
  Colorn.	
  	
  In	
  other	
  words,	
  if	
  a	
  section	
  of	
  an	
  articular	
  

surface	
  is	
  being	
  traversed,	
  it	
  needs	
  to	
  be	
  determined	
  where	
  the	
  surface	
  actually	
  begins	
  

and	
  ends.	
  	
  If	
  new	
  segments	
  are	
  found	
  that	
  suddenly	
  interrupt	
  the	
  articular	
  surface,	
  they	
  

will	
  be	
  further	
  examined	
  to	
  determine	
  if	
  the	
  real	
  boundary	
  of	
  the	
  surface	
  has	
  been	
  

found,	
  or	
  if	
  the	
  new	
  segments	
  are	
  just	
  a	
  result	
  of	
  noise	
  in	
  the	
  slice	
  data.	
  

	
   Set	
  G	
  is	
  initially	
  empty	
  at	
  the	
  beginning	
  of	
  the	
  noise	
  removal	
  process.	
  	
  When	
  a	
  

color	
  differing	
  from	
  Colorc	
  is	
  found,	
  the	
  new	
  segment	
  is	
  added	
  to	
  G	
  (Figure	
  3.4.8).	
  	
  In	
  the	
  

example	
  in	
  Figure	
  3.X	
  (First	
  red),	
  a	
  fracture	
  (red,	
   )	
  is	
  added	
  to	
  G,	
  and	
  Colorn	
  is	
  set	
  to	
  

red.	
  

Figure	
  3.4.7:	
  Starting	
  point	
  of	
  slice.	
  



www.manaraa.com

	
  
	
  

38	
  

	
  

If	
  subsequent	
  segments	
  of	
  the	
  new	
  color	
  (Colorn)	
  are	
  found,	
  they	
  will	
  also	
  be	
  added	
  to	
  G.	
  	
  

Subsequent	
  line	
  segments	
  are	
  examined	
  until	
  one	
  of	
  three	
  events	
  happen:	
  1)	
  A	
  new	
  

segment	
  is	
  found	
  that	
  is	
  the	
  same	
  as	
  the	
  original	
  color	
  (Colorc),	
  2)	
  The	
  total	
  length	
  of	
  

segments	
  in	
  G	
  is	
  found	
  to	
  be	
  greater	
  than	
  or	
  equal	
  to  !!"#,	
  or	
  3)	
  A	
  new	
  articular	
  (blue,

)	
  segment	
  is	
  found.	
  

In	
  scenario	
  1,	
  a	
  chain	
  of	
  color	
  has	
  been	
  found	
  that	
  is	
  interrupted	
  by	
  some	
  set	
  of	
  

segments	
  in	
  G.	
  	
  If   (!"#$%ℎ  !"  !!) < !!"#,	
  the	
  segments	
  of	
  G	
  themselves	
  do	
  not	
  

comprise	
  a	
  section	
  long	
  enough	
  to	
  be	
  considered	
  a	
  “good”	
  surface	
  region,	
  and	
  must	
  be	
  

examined	
  by	
  color	
  to	
  decide	
  how	
  the	
  noise	
  will	
  be	
  handled.	
  	
  In	
  the	
  slice	
  shown	
  in	
  Figure	
  

3.4.9,	
  a	
  periosteal	
  (green,	
   )	
  segment	
  is	
  found	
  after	
  a	
  fracture	
  (red,	
   )	
  segment	
  was	
  

added	
  to	
  set	
  G.	
  	
  The	
  fracture	
  (red,	
   )	
  segment	
  in	
  G	
  does	
  not	
  meet	
  the	
  minimum	
  length	
  

!!"#,	
  so	
  it	
  is	
  changed	
  to	
  green	
  ( )	
  to	
  allow	
  the	
  periosteal	
  section	
  to	
  continue	
  without	
  

interruption,	
  and	
  set	
  G	
  is	
  emptied.	
  	
  This	
  is	
  done	
  because	
  Colorc	
  is	
  currently	
  tracking	
  

periosteal	
  segments,	
  which	
  have	
  a	
  higher	
  priority	
  than	
  fracture	
  segments,	
  which	
  is	
  what	
  

was	
  represented	
  by	
  Colorn.	
  

Figure	
  3.4.8:	
  Fracture	
  (red)	
  segment	
  found.	
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Continuing	
  the	
  counter-­‐clockwise	
  search	
  around	
  the	
  chain,	
  another	
  fracture	
  

(red,	
   )	
  segment	
  is	
  found,	
  added	
  to	
  G,	
  and	
  Colorn	
  is	
  again	
  set	
  to	
  red.	
  	
  Another	
  

periosteal	
  (green,	
   )	
  segment	
  is	
  found	
  next.	
  	
  Since	
  the	
  segment	
  in	
  G	
  is	
  less	
  than	
  !!"#,	
  

and	
  Colorc	
  (green)	
  has	
  a	
  higher	
  priority	
  than	
  Colorn	
  (red),	
  the	
  segment	
  in	
  set	
  G	
  is	
  

changed	
  to	
  green,	
  allowing	
  the	
  periosteal	
  (green,	
   )	
  segments	
  to	
  continue	
  on	
  without	
  

interruption.	
  

In	
  scenario	
  2,	
   (!"#$%ℎ  !"  !!) ≥ !!"#	
  means	
  that	
  set	
  G	
  is	
  a	
  long	
  continuous	
  

section	
  that	
  is	
  considered	
  to	
  be	
  part	
  of	
  a	
  “good”	
  surface	
  (not	
  noise).	
  	
  In	
  this	
  case,	
  Colorc	
  

is	
  assigned	
  the	
  color	
  of	
  this	
  section,	
  and	
  the	
  search	
  then	
  continues	
  throughout	
  the	
  

remainder	
  of	
  the	
  chain	
  until	
  another	
  event	
  occurs.	
  	
  In	
  the	
  example	
  slice	
  shown	
  in	
  the	
  

previous	
  figures,	
  if	
  the	
  fracture	
  (red,	
   )	
  segments	
  that	
  were	
  added	
  to	
  set	
  G	
  had	
  met	
  the	
  

minimum	
  length	
  requirement,	
  the	
  red	
  segments	
  would	
  have	
  been	
  allowed	
  to	
  stay	
  and	
  

“red”	
  would	
  have	
  been	
  the	
  new	
  value	
  of	
  Colorc.	
  

Figure	
  3.4.9:	
  Periosteal	
  (green)	
  segment	
  
found	
  immediately	
  after	
  red.	
  	
  Previous	
  red	
  
segment	
  changed	
  to	
  green.	
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In	
  scenario	
  3,	
  an	
  articular	
  (blue, )	
  segment	
  has	
  been	
  found,	
  therefore	
  Colorc	
  is	
  

immediately	
  assigned	
  blue,	
  and	
  the	
  process	
  continues	
  on	
  the	
  remainder	
  of	
  the	
  chain	
  

assuming	
  a	
  “good”	
  blue	
  section	
  is	
  present.	
  	
  Since	
  blue	
  segments	
  represent	
  articular	
  

surfaces,	
  which	
  are	
  critical	
  to	
  maintaining	
  biocompatibility,	
  they	
  are	
  always	
  assumed	
  to	
  

be	
  non-­‐noise	
  and	
  will	
  not	
  be	
  removed	
  from	
  the	
  chain.	
  	
  Blue	
  segments	
  are	
  handled	
  in	
  

this	
  manner	
  to	
  ensure	
  that	
  an	
  articular	
  surface	
  will	
  not	
  be	
  reduced	
  in	
  size,	
  which	
  helps	
  

ensure	
  that	
  a	
  joint	
  between	
  bones	
  will	
  not	
  be	
  damaged.	
  

In	
  Figure	
  3.4.10,	
  an	
  articular	
  (blue,	
   )	
  segment	
  is	
  found.	
  	
  This	
  follows	
  scenario	
  

3,	
  so	
  “blue”	
  will	
  be	
  the	
  new	
  value	
  of	
  Colorc.	
  	
  Next,	
  a	
  periosteal	
  (green,	
   )	
  segment	
  is	
  

found,	
  so	
  Colorn	
  is	
  set	
  to	
  “green”,	
  and	
  the	
  segment	
  is	
  added	
  to	
  G.	
  	
  Another	
  articular	
  (blue,	
  

)	
  is	
  found	
  next,	
  so	
  the	
  length	
  of	
  the	
  segment	
  in	
  G	
  is	
  examined.	
  	
  The	
  length	
  of	
  the	
  

periosteal	
  segment	
  in	
  G	
  is	
  less	
  than	
  !!"#,	
  so	
  it	
  will	
  be	
  changed	
  to	
  blue	
  to	
  allow	
  the	
  

articular	
  segments	
  to	
  continue	
  without	
  interruption.	
  	
  The	
  same	
  happens	
  with	
  the	
  last	
  

small	
  periosteal	
  segment	
  that	
  interrupts	
  the	
  articular	
  section.	
  	
  It	
  is	
  found	
  to	
  have	
  a	
  

length	
  less	
  than	
  !!"#,	
  so	
  it	
  is	
  changed	
  to	
  blue	
  to	
  allow	
  the	
  articular	
  segments	
  to	
  continue	
  

without	
  interruption,	
  leaving	
  the	
  final	
  slice	
  as	
  shown	
  in	
  Figure	
  3.4.11.	
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Table	
  3.4.1:	
  Rules	
  for	
  modifying	
  colors	
  of	
  slice	
  segments	
  based	
  on	
  relative	
  priority	
  of	
  
surface	
  types	
  of	
  Colorc	
  and	
  Colorn	
  

Colorc	
   Colorn	
   Resulting	
  effect	
  on	
  segments	
  in	
  G	
  
Blue	
  (articular,	
   )	
   Red	
  (fracture,	
   )	
   Change	
  to	
  blue.	
  
Blue	
  (articular,	
   )	
   Green	
  (periosteal,	
   )	
   Change	
  to	
  blue.	
  
Green	
  (periosteal,	
   )	
   Red	
  (fracture,	
   )	
   Change	
  to	
  green.	
  
Green	
  (periosteal,	
   )	
   Blue	
  (articular,	
   )	
   Change	
  to	
  blue.	
  
Red	
  (fracture,	
   )	
   Blue	
  (articular,	
   )	
   Change	
  to	
  blue.	
  
Red	
  (fracture,	
   )	
   Green	
  (periosteal,	
   )	
   Change	
  to	
  green.	
  
	
  

	
  

This	
  process	
  is	
  repeated	
  for	
  every	
  chain	
  in	
  C	
  for	
  every	
  slice	
  in	
  S.	
  	
  The	
  slice	
  

modification	
  process	
  results	
  in	
  the	
  set	
  of	
  improved	
  slices	
  S’.	
  	
  To	
  obtain	
  machining	
  setup	
  

angles,	
  S’	
  is	
  analyzed	
  for	
  visibility	
  and	
  set	
  coverage	
  using	
  existing	
  methods.	
  	
  The	
  slice	
  

modification	
  and	
  visibility	
  analysis	
  processes	
  allow	
  for	
  the	
  cutting	
  tool	
  to	
  be	
  aimed	
  in	
  

the	
  general	
  direction	
  of	
  the	
  surface,	
  but	
  it	
  is	
  still	
  possible	
  for	
  multiple	
  surfaces	
  to	
  be	
  

visible	
  from	
  the	
  same	
  angle	
  (Figure	
  3.4.12).	
  	
  In	
  the	
  example	
  in	
  Figure	
  3.4.12,	
  tool	
  paths	
  

meant	
  for	
  the	
  articular	
  surface	
  would	
  also	
  machine	
  the	
  other	
  surfaces	
  that	
  are	
  visible	
  

from	
  this	
  orientation,	
  which	
  leads	
  to	
  a	
  reduction	
  in	
  the	
  ability	
  to	
  customize	
  the	
  surface	
  

Figure	
  3.4.10:	
  Articular	
  (blue)	
  
segment	
  found.	
  

Figure	
  3.4.11:	
  Final	
  noise	
  segment	
  
changed	
  to	
  blue,	
  all	
  noise	
  removed.	
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characteristics	
  of	
  the	
  implant.	
  	
  A	
  

method	
  is	
  needed	
  for	
  constraining	
  the	
  

tool	
  to	
  a	
  particular	
  surface	
  in	
  a	
  way	
  that	
  

does	
  not	
  allow	
  it	
  to	
  interfere	
  with	
  

neighboring	
  surfaces	
  that	
  are	
  also	
  

visible	
  from	
  that	
  setup	
  angle.	
  	
  This	
  

problem	
  is	
  addressed	
  in	
  the	
  next	
  

section	
  by	
  constructing	
  tool	
  path	
  

containment	
  boundaries	
  specific	
  to	
  each	
  type	
  of	
  surface.	
  

	
  

3.5	
  Generating	
  Tool	
  Path	
  Containment	
  Boundaries	
  

	
   The	
  second	
  research	
  question	
  proposed	
  at	
  the	
  beginning	
  of	
  this	
  paper	
  was	
  how	
  

can	
  one	
  ensure	
  that	
  the	
  individual	
  surfaces	
  are	
  machined	
  independently?	
  	
  To	
  address	
  

this	
  issue,	
  a	
  method	
  for	
  constructing	
  tool	
  path	
  containment	
  boundaries	
  is	
  proposed.	
  	
  To	
  

construct	
  a	
  containment	
  boundary,	
  one	
  must	
  first	
  determine	
  which	
  areas	
  of	
  an	
  implant	
  

surface	
  are	
  visible	
  from	
  each	
  setup	
  angle.	
  	
  With	
  visibility	
  information	
  available	
  from	
  the	
  

slices	
  of	
  the	
  model,	
  it	
  is	
  possible	
  to	
  determine	
  which	
  facets	
  of	
  the	
  CAD	
  model	
  are	
  visible	
  

from	
  a	
  particular	
  setup	
  orientation.	
  	
  Coupled	
  with	
  the	
  color	
  information	
  of	
  each	
  facet,	
  it	
  

is	
  possible	
  to	
  determine	
  exactly	
  which	
  regions	
  of	
  the	
  visible	
  surface	
  correspond	
  to	
  each	
  

type	
  of	
  implant	
  surface	
  (articular,	
  periosteal,	
  or	
  fracture).	
  	
  For	
  example,	
  in	
  using	
  the	
  

visibility	
  and	
  color	
  data,	
  a	
  method	
  can	
  be	
  developed	
  for	
  identifying	
  the	
  facets	
  of	
  the	
  

articular	
  surface	
  from	
  Figure	
  3.4.12.	
  	
  If	
  a	
  polygon	
  can	
  be	
  traced	
  along	
  the	
  outer	
  

	
  
Figure	
  3.4.12:	
  Three	
  different	
  surfaces	
  
visible	
  from	
  one	
  orientation.	
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boundary	
  of	
  the	
  articular	
  surface,	
  it	
  will	
  be	
  possible	
  to	
  constrain	
  CNC	
  tool	
  paths	
  to	
  this	
  

surface,	
  preventing	
  the	
  tool	
  from	
  cutting	
  the	
  neighboring	
  fracture	
  and	
  periosteal	
  

surfaces.	
  	
  In	
  the	
  following,	
  a	
  method	
  for	
  constructing	
  the	
  boundary	
  polygon	
  is	
  

presented.	
  

The	
  slices	
  from	
  S’,	
  setup	
  angles	
  and	
  visibility	
  results	
  are	
  used	
  for	
  determining	
  

which	
  facets	
  of	
  the	
  3D	
  model	
  are	
  visible	
  from	
  a	
  particular	
  setup	
  angle.	
  	
  The	
  set	
  of	
  visible	
  

facets	
  for	
  a	
  particular	
  surface	
  type	
  are	
  projected	
  onto	
  the	
  tool	
  plane,	
  and	
  then	
  a	
  Boolean	
  

union	
  operation	
  is	
  performed	
  on	
  the	
  projected	
  facets	
  to	
  create	
  an	
  irregular	
  polygon	
  

outlining	
  the	
  boundary	
  of	
  the	
  surface	
  (Figure	
  3.5.2).	
  

	
  

	
  

	
   The	
  visibility	
  algorithm	
  returns	
  the	
  set	
  of	
  required	
  machining	
  angles.	
  	
  To	
  

construct	
  a	
  tool	
  path	
  containment	
  boundary	
  for	
  a	
  particular	
  machining	
  angle,	
  the	
  points	
  

of	
  each	
  slice	
  in	
  set	
  S	
  are	
  examined	
  to	
  find	
  which	
  points	
  are	
  visible	
  from	
  that	
  machining	
  

angle.	
  	
  If	
  a	
  point	
  of	
  a	
  slice	
  is	
  found	
  to	
  be	
  visible,	
  the	
  triangular	
  facet	
  that	
  it	
  is	
  mapped	
  to	
  

will	
  be	
  inspected	
  to	
  determine	
  if	
  it	
  is	
  of	
  the	
  color	
  of	
  interest	
  (blue	
  for	
  articular,	
  green	
  for	
  

periosteal,	
  red	
  for	
  fracture).	
  	
  If	
  it	
  is	
  the	
  desired	
  color,	
  the	
  triangle	
  will	
  be	
  projected	
  onto	
  

	
  
Figure	
  3.5.1:	
  Boolean	
  union	
  of	
  
triangles,	
  resulting	
  in	
  a	
  single	
  polygon.	
  

	
  
Figure	
  3.5.2:	
  Surface	
  projected	
  onto	
  tool	
  
plane.	
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the	
  tool	
  plane	
  that	
  has	
  been	
  constructed	
  for	
  this	
  machining	
  angle,	
  giving	
  a	
  new	
  triangle	
  

t’,	
  which	
  is	
  added	
  to	
  set	
  T’.	
  

	
   	
  
Figure	
  3.5.3:	
  Gathering	
  the	
  set	
  of	
  visible	
  facets	
  for	
  containment	
  boundary	
  

	
  

After	
  collecting	
  the	
  visible	
  triangles	
  of	
  the	
  desired	
  color,	
  a	
  new	
  polygon	
  is	
  formed	
  by	
  

computing	
  the	
  2D	
  Boolean	
  union	
  of	
  all	
  elements	
  of	
  T’.	
  

	
   	
  
Figure	
  3.5.4:	
  Construct	
  containment	
  polygon	
  B	
  from	
  set	
  T’	
  

	
  

Given	
  the	
  nature	
  of	
  the	
  triangular	
  mesh	
  model,	
  these	
  polygonal	
  boundaries	
  can	
  

have	
  very	
  jagged	
  and	
  irregular	
  edges,	
  which	
  do	
  not	
  accurately	
  reflect	
  the	
  “true”	
  surface	
  

boundary	
  (Figure	
  3.5.5a).	
  	
  The	
  more	
  desirable	
  boundary,	
  with	
  jagged	
  areas	
  smoothed	
  

out,	
  is	
  shown	
  in	
  Figure	
  3.5.5b.	
  

For	
  (!! , ! = 1…!)	
  
	
   For	
  (!!" , ! = 1…!)	
  
	
   	
   For	
  (!!"# , ! = 1…!)	
  
	
   	
   	
   	
  
	
   	
   	
   If	
  !!"#is	
  visible	
  from	
  plane.angle	
  
	
   	
   	
   	
   Get	
  triangle	
  t	
  from	
  T	
  mapped	
  from	
  Pijk	
  
	
   	
   	
   	
   	
  
	
   	
   	
   	
   If	
  t	
  matches	
  color	
  of	
  interest	
  
	
   	
   	
   	
   	
   Project	
  t	
  onto	
  plane	
  to	
  get	
  t’	
  
	
   	
   	
   	
   	
   Add	
  t’	
  to	
  T’	
  
	
   	
   	
   	
  
	
  
	
  
	
  
	
  

	
  
For	
  (!′! , ! = 1…!)	
  
	
   ! = !   ∪     !′! 	
  
	
   	
   	
   	
  
	
  
	
  



www.manaraa.com

	
  
	
  

45	
  

	
  

To	
  compensate	
  for	
  this,	
  a	
  polygon	
  smoothing	
  process	
  has	
  been	
  developed	
  that	
  will	
  

reduce	
  jagged	
  edges	
  in	
  a	
  way	
  that	
  maintains	
  biocompatibility	
  by	
  assigning	
  priority	
  to	
  

the	
  different	
  types	
  of	
  surfaces.	
  	
  It	
  is	
  worth	
  noting	
  that	
  many	
  different	
  polygon	
  

smoothing	
  algorithms	
  exist,	
  and	
  most	
  rely	
  on	
  subdividing	
  the	
  line	
  segments	
  of	
  the	
  

polygon	
  or	
  fitting	
  a	
  curve	
  to	
  the	
  vertices.	
  	
  Chaikin	
  [26]	
  developed	
  an	
  approximating	
  

algorithm	
  for	
  subdividing	
  and	
  smoothing	
  polygons.	
  	
  Since	
  the	
  data	
  points	
  are	
  

approximated,	
  the	
  resulting	
  curve	
  will	
  lie	
  inside	
  or	
  outside	
  of	
  the	
  original	
  polygon	
  in	
  

certain	
  areas,	
  resulting	
  in	
  a	
  loss	
  of	
  surface	
  area	
  in	
  some	
  regions,	
  and	
  an	
  increase	
  in	
  area	
  

in	
  other	
  regions,	
  which	
  would	
  violate	
  the	
  rules	
  of	
  surface	
  priority	
  previously	
  stated	
  in	
  

this	
  paper.	
  	
  Dyn	
  et	
  al.	
  [27]	
  developed	
  a	
  similar	
  algorithm	
  that	
  interpolates	
  the	
  original	
  

data	
  points	
  of	
  the	
  polygon,	
  but	
  still	
  results	
  in	
  the	
  same	
  issues	
  of	
  gaining	
  or	
  losing	
  

polygon	
  surface	
  area	
  in	
  areas	
  that	
  would	
  be	
  undesirable	
  based	
  on	
  concerns	
  of	
  

biosensitivity	
  of	
  the	
  implant	
  surfaces.	
  	
  Piegl	
  and	
  Tiller	
  [28]	
  discuss	
  methods	
  for	
  fitting	
  

data	
  points	
  with	
  NURBS	
  curves,	
  but	
  it	
  is	
  noted	
  that	
  there	
  are	
  infinitely	
  many	
  NURBS	
  

curves	
  that	
  can	
  be	
  fit	
  to	
  a	
  given	
  set	
  of	
  data	
  points,	
  and	
  the	
  curve	
  will	
  travel	
  both	
  inside	
  

	
  	
  	
   	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (a)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (b)	
  
Figure	
  3.5.5:	
  	
  a)	
  Initial	
  jagged	
  containment	
  boundaries.	
  	
  b)	
  Smoother,	
  more	
  
desirable	
  containment	
  boundaries.	
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and	
  outside	
  of	
  the	
  original	
  polygon	
  in	
  a	
  ways	
  that	
  are	
  difficult	
  to	
  control.	
  	
  To	
  address	
  the	
  

problems	
  of	
  biosensitivity	
  of	
  the	
  implant	
  surfaces,	
  and	
  the	
  desire	
  to	
  only	
  increase	
  or	
  

decrease	
  the	
  area	
  of	
  the	
  polygon	
  based	
  on	
  relative	
  priorities	
  of	
  the	
  surfaces	
  (for	
  

example,	
  it	
  may	
  be	
  desirable	
  to	
  always	
  increase	
  the	
  size	
  of	
  an	
  articular	
  surface,	
  but	
  not	
  a	
  

fracture	
  surface,	
  to	
  prevent	
  possible	
  damage	
  to	
  joint	
  tissue),	
  a	
  different	
  approach	
  has	
  

been	
  taken	
  in	
  this	
  research.	
  

Consecutive	
  points	
  along	
  the	
  

polygon	
  chain	
  are	
  examined	
  to	
  find	
  

sharp	
  spikes,	
  and	
  depending	
  on	
  the	
  

priority	
  of	
  the	
  surface	
  in	
  question	
  

relative	
  to	
  surrounding	
  surfaces,	
  

points	
  may	
  be	
  translated	
  in	
  a	
  way	
  that	
  

would	
  help	
  eliminate	
  the	
  spike.	
  	
  It	
  has	
  been	
  found	
  that	
  tool	
  containment	
  boundaries	
  will	
  

have	
  sharp	
  spikes	
  that	
  are	
  either	
  inward	
  pointing	
  or	
  outward	
  pointing	
  (Figure	
  3.5.6).	
  	
  

Inward	
  pointing	
  spikes	
  occur	
  when	
  a	
  facet	
  of	
  a	
  differing	
  surface	
  type	
  lies	
  across	
  the	
  

“true”	
  surface	
  boundary,	
  meaning	
  that	
  the	
  tool	
  containment	
  boundary	
  is	
  possibly	
  

smaller	
  than	
  it	
  should	
  be.	
  	
  Outward	
  pointing	
  spikes	
  occur	
  when	
  a	
  facet	
  of	
  a	
  surface	
  lies	
  

across	
  the	
  “true”	
  boundary	
  of	
  that	
  surface	
  type,	
  meaning	
  it	
  is	
  possible	
  that	
  the	
  surface	
  is	
  

possibly	
  larger	
  than	
  it	
  should	
  be.	
  

For	
  example,	
  if	
  a	
  tool	
  containment	
  boundary	
  for	
  an	
  articular	
  surface	
  is	
  found	
  to	
  

have	
  an	
  inward	
  pointing	
  spike	
  that	
  protrudes	
  into	
  the	
  articular	
  boundary,	
  the	
  tip	
  of	
  the	
  

spike	
  will	
  be	
  moved	
  outward	
  to	
  eliminate	
  the	
  spike	
  and	
  enlarge	
  the	
  articular	
  surface	
  

	
  
Figure	
  3.5.6:	
  Sharp	
  spikes	
  in	
  boundary.	
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slightly.	
  	
  This	
  is	
  done	
  to	
  create	
  a	
  smoother	
  boundary	
  that	
  would	
  mimic	
  the	
  “true”	
  

surface	
  boundary,	
  and	
  biocompatibility	
  is	
  preserved	
  by	
  ensuring	
  that	
  the	
  articular	
  

surface	
  will	
  never	
  be	
  reduced	
  in	
  size.	
  	
  In	
  the	
  case	
  of	
  a	
  periosteal	
  boundary,	
  the	
  tip	
  of	
  an	
  

inward	
  pointing	
  spike	
  will	
  only	
  be	
  allowed	
  to	
  move	
  outward	
  if	
  it	
  is	
  found	
  to	
  lie	
  across	
  

the	
  boundary	
  of	
  a	
  fractured	
  surface,	
  and	
  will	
  not	
  be	
  moved	
  outward	
  if	
  found	
  to	
  impede	
  

on	
  an	
  articular	
  surface.	
  	
  This	
  allows	
  for	
  smoothing	
  of	
  the	
  periosteal	
  boundary,	
  and	
  

preserves	
  biocompatibility	
  by	
  ensuring	
  that	
  an	
  articular	
  boundary	
  will	
  not	
  be	
  reduced	
  

in	
  size.	
  

Since	
  multiple	
  implant	
  surfaces	
  can	
  be	
  visible	
  from	
  a	
  particular	
  machining	
  angle,	
  

there	
  will	
  be	
  multiple	
  tool	
  containment	
  boundaries	
  constructed	
  for	
  each	
  machining	
  

angle,	
  each	
  targeting	
  a	
  specific	
  type	
  of	
  surface.	
  	
  Let	
  !	
  represent	
  the	
  set	
  of	
  tool	
  

containment	
  boundaries	
  for	
  a	
  particular	
  machining	
  angle,	
  with	
  each	
  individual	
  

boundary	
  denoted	
  !! .	
  	
  	
  Each	
  tool	
  containment	
  boundary	
  !! 	
  is	
  a	
  polygonal	
  chain	
  

comprised	
  of	
  a	
  number	
  of	
  points,	
  each	
  denoted	
  !!" ,	
  which	
  represents	
  the	
  jth	
  point	
  of	
  the	
  

ith	
  tool	
  containment	
  boundary	
  polygon.	
  	
  The	
  method	
  for	
  smoothing	
  the	
  tool	
  

containment	
  boundary	
  begins	
  with	
  a	
  polygonal	
  chain	
  !! ,	
  which	
  represents	
  the	
  tool	
  

containment	
  boundary	
  that	
  has	
  been	
  constructed	
  from	
  the	
  Boolean	
  union	
  of	
  the	
  facets	
  

of	
  a	
  particular	
  implant	
  surface	
  that	
  have	
  been	
  projected	
  onto	
  the	
  tool	
  plane.	
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For	
  each	
  group	
  of	
  three	
  consecutive	
  points	
  within	
  !! ,	
  denoted	
  !!,! ,	
  !!,!!!,	
  and	
  

!!,!!!,	
  two	
  vectors	
  !!	
  and	
  !!	
  are	
  constructed:	
  

	
  

The	
  two	
  vectors	
  are	
  then	
  normalized	
  so	
  they	
  are	
  each	
  of	
  unit	
  length.	
  	
  !!	
  and	
  !!	
  

represent	
  the	
  directions	
  of	
  the	
  two	
  edges	
  connected	
  to	
  point	
  !!,!!!.	
  	
  To	
  determine	
  if	
  

point	
  !!,!!!	
  comprises	
  the	
  point	
  of	
  a	
  spike,	
  the	
  two	
  edge	
  vectors	
  are	
  compared	
  to	
  

determine	
  if	
  an	
  extreme	
  angle	
  is	
  formed.	
  	
  This	
  is	
  computed	
  using	
  the	
  dot	
  product	
  !! ⋅

!! .	
  	
  If	
  the	
  dot	
  product	
  is	
  less	
  than	
  !!"#,	
  it	
  is	
  concluded	
  that	
  a	
  sharp	
  spike	
  is	
  present.	
  	
  In	
  

practice,	
  it	
  has	
  been	
  found	
  that	
  0.4	
  is	
  a	
  good	
  value	
  for	
  !!"#,	
  which	
  means	
  that	
  an	
  angle	
  

of	
  approximately	
  66	
  degrees	
  or	
  less	
  between	
  edges	
  is	
  considered	
  “smooth”,	
  and	
  an	
  

angle	
  greater	
  than	
  that	
  will	
  be	
  considered	
  a	
  sharp	
  spike.	
  	
  A	
  simplified	
  example	
  is	
  shown	
  

in	
  Figure	
  3.5.8,	
  where	
  spikes	
  are	
  eliminated	
  step	
  by	
  step	
  by	
  comparing	
  angles	
  between	
  

	
  
Figure	
  3.5.7:	
  Multiple	
  tool	
  containment	
  
boundaries	
  constructed	
  on	
  the	
  tool	
  plane	
  
from	
  the	
  same	
  setup	
  orientation.	
  	
  

!! = !!,!!! −!!,! 	
  
!! = !!,!!! −!!,!!!	
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adjacent	
  pairs	
  of	
  edges	
  and	
  eliminating	
  the	
  tip	
  of	
  the	
  spike	
  if	
  found	
  to	
  meet	
  the	
  angle	
  

threshold.	
  

	
  

	
  
	
  

	
  
Figure	
  3.5.8:	
  A	
  jagged	
  boundary	
  between	
  an	
  articular	
  and	
  periosteal	
  surface	
  (left)	
  is	
  
smoothed	
  by	
  comparing	
  the	
  angle	
  between	
  adjacent	
  edges	
  along	
  the	
  chain,	
  with	
  the	
  
final	
  smooth	
  boundary	
  shown	
  on	
  the	
  right.	
  
	
  

	
   If	
  the	
  value	
  of	
  the	
  dot	
  product	
  is	
  less	
  than	
  !!"#,	
  then	
  a	
  sharp	
  spike	
  has	
  been	
  

found.	
  	
  Depending	
  on	
  the	
  type	
  of	
  implant	
  surface	
  being	
  targeted	
  by	
  !! ,	
  the	
  types	
  of	
  

surrounding	
  surfaces	
  that	
  are	
  present,	
  and	
  whether	
  the	
  spike	
  points	
  inward	
  or	
  

outward,	
  !!,!!!	
  may	
  be	
  modified	
  to	
  eliminate	
  the	
  spike.	
  	
  Let	
  point	
  !′!,!!!	
  represent	
  the	
  

modified	
  position	
  of	
  !!,!!!	
  for	
  eliminating	
  the	
  spike,	
  which	
  is	
  computed	
  as	
  the	
  midpoint	
  

between	
  !!,! 	
  and	
  !!,!!!.	
  	
  To	
  decide	
  if	
  the	
  spike	
  points	
  inward	
  or	
  outward,	
  !!is	
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examined	
  to	
  determine	
  if	
  it	
  is	
  directed	
  towards	
  the	
  interior	
  of	
  the	
  polygon	
  or	
  away	
  from	
  

it.	
  	
  This	
  is	
  found	
  by	
  travelling	
  in	
  the	
  direction	
  of	
  !!from	
  point	
  !!,!!!.	
  	
  If	
  the	
  interior	
  of	
  !! 	
  

has	
  been	
  entered	
  immediately,	
  then	
  the	
  spike	
  points	
  inward,	
  otherwise	
  the	
  spike	
  points	
  

outward.	
  

	
   Once	
  a	
  spike	
  has	
  been	
  identified,	
  the	
  surface	
  type	
  is	
  taken	
  into	
  consideration	
  to	
  

help	
  determine	
  how	
  the	
  spike	
  will	
  be	
  handled.	
  	
  Inward	
  and	
  outward	
  pointing	
  spikes	
  are	
  

treated	
  differently,	
  and	
  first	
  the	
  method	
  for	
  inward	
  spikes	
  will	
  be	
  examined.	
  	
  If	
  !! 	
  is	
  the	
  

boundary	
  for	
  an	
  articular	
  surface,	
  and	
  the	
  spike	
  points	
  inward,	
  !!,!!!	
  will	
  be	
  set	
  to	
  the	
  

position	
  of	
  !′!,!!!.	
  	
  This	
  eliminates	
  the	
  spike	
  and,	
  since	
  !!,!!!	
  is	
  moved	
  outward,	
  makes	
  

the	
  articular	
  region	
  slightly	
  larger.	
  	
  In	
  this	
  case,	
  the	
  surrounding	
  surfaces	
  are	
  not	
  taken	
  

into	
  consideration,	
  because	
  articular	
  surfaces	
  always	
  take	
  precedence	
  over	
  the	
  other	
  

types	
  of	
  surfaces,	
  so	
  an	
  articular	
  surface	
  will	
  always	
  be	
  made	
  larger	
  regardless	
  of	
  

surroundings.	
  	
  If	
  !! 	
  is	
  the	
  boundary	
  of	
  a	
  periosteal	
  surface,	
  !!,!!!	
  will	
  be	
  modified	
  only	
  

if	
  !′!,!!!	
  does	
  not	
  intersect	
  an	
  articular	
  boundary.	
  	
  All	
  other	
  boundaries	
  in	
  set	
  !	
  will	
  be	
  

examined	
  and	
  if	
  it	
  is	
  found	
  to	
  intersect	
  an	
  articular	
  boundary,	
  !!,!!!	
  will	
  remain	
  

unmodified	
  in	
  this	
  scenario.	
  	
  Inward	
  pointing	
  spikes	
  are	
  not	
  modified	
  for	
  fractured	
  

surfaces,	
  because	
  fractured	
  surfaces	
  are	
  of	
  the	
  lowest	
  priority	
  and	
  will	
  not	
  be	
  enlarged,	
  

which	
  would	
  cause	
  either	
  a	
  periosteal	
  or	
  articular	
  surface	
  to	
  be	
  reduced	
  in	
  size.	
  

	
   If	
  the	
  identified	
  spike	
  points	
  outward,	
  a	
  different	
  set	
  of	
  rules	
  applies	
  for	
  

modifying	
  spikes.	
  	
  For	
  outward	
  pointing	
  spikes,	
  moving	
  point	
  !!,!!!	
  to	
  !′!,!!!	
  would	
  

bring	
  the	
  point	
  inward	
  toward	
  the	
  interior	
  of	
  the	
  boundary,	
  eliminating	
  the	
  spike	
  and	
  

making	
  the	
  bounded	
  region	
  slightly	
  smaller.	
  	
  For	
  an	
  articular	
  boundary,	
  an	
  outward	
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spike	
  would	
  be	
  ignored,	
  because	
  it	
  is	
  not	
  desirable	
  to	
  reduce	
  the	
  size	
  of	
  an	
  articular	
  

surface,	
  as	
  this	
  would	
  have	
  a	
  negative	
  effect	
  on	
  biocompatibility.	
  	
  If	
  an	
  outward	
  spike	
  is	
  

identified	
  in	
  a	
  periosteal	
  boundary,	
  point	
  !!,!!!	
  will	
  be	
  moved	
  inward	
  to	
  !′!,!!!	
  if	
  it	
  is	
  

found	
  that	
  the	
  spike	
  intrudes	
  on	
  the	
  boundary	
  of	
  an	
  articular	
  surface.	
  	
  This	
  is	
  

determined	
  by	
  travelling	
  in	
  the	
  direction	
  of	
  !!	
  from	
  point	
  !!,!!!,	
  and	
  performing	
  an	
  

intersection	
  test	
  with	
  the	
  other	
  boundaries	
  in	
  set	
  !.	
  	
  If	
  an	
  articular	
  surface	
  boundary	
  is	
  

intersected,	
  then	
  the	
  point	
  is	
  moved	
  and	
  the	
  spike	
  is	
  eliminated,	
  otherwise	
  the	
  point	
  

will	
  remain	
  unchanged.	
  	
  If	
  !! 	
  is	
  a	
  fractured	
  surface	
  boundary,	
  the	
  outward	
  spike	
  will	
  be	
  

eliminated	
  if	
  it	
  is	
  found	
  to	
  intersect	
  with	
  any	
  other	
  surface	
  type,	
  again	
  because	
  the	
  

fractured	
  surface	
  is	
  of	
  the	
  lowest	
  priority.	
  	
  In	
  general,	
  fractured	
  surfaces	
  will	
  be	
  made	
  

smaller	
  to	
  accommodate	
  for	
  making	
  other	
  surface	
  types	
  larger.	
  	
  The	
  assumption	
  is	
  that	
  

reducing	
  the	
  size	
  of	
  a	
  fractured	
  surface,	
  while	
  reducing	
  fixation	
  stability,	
  enables	
  the	
  

periosteal	
  and	
  articular	
  surfaces	
  to	
  be	
  enlarged,	
  which	
  is	
  desirable	
  for	
  ensuring	
  

biocompatibility.	
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  (b)	
  
Figure	
  3.5.9:	
  	
  a)	
  Tool	
  containment	
  boundaries	
  before	
  smoothing.	
  	
  b)	
  Final	
  tool	
  
containment	
  boundaries	
  after	
  smoothing	
  is	
  performed.	
  



www.manaraa.com

	
  
	
  

52	
  

3.6	
  Implementation	
  and	
  Results	
  

The	
  proposed	
  methods	
  were	
  implemented	
  in	
  software	
  written	
  in	
  C++,	
  with	
  a	
  

graphical	
  interface	
  using	
  OpenGL.	
  	
  The	
  software	
  was	
  tested	
  on	
  a	
  computer	
  with	
  a	
  2.4	
  

GHz	
  Intel	
  Core	
  2	
  Duo	
  processor	
  running	
  Mac	
  OS	
  X	
  version	
  10.6.6.	
  	
  The	
  program	
  accepts	
  

colored	
  3D	
  models	
  in	
  the	
  Stanford	
  Polygon	
  (PLY)	
  file	
  format,	
  performs	
  slicing,	
  slice	
  

modification,	
  visibility	
  analysis,	
  and	
  generates	
  tool	
  containment	
  boundaries	
  based	
  on	
  

the	
  slicing	
  and	
  visibility	
  results.	
  	
  Analytical	
  results	
  are	
  also	
  reported	
  for	
  quantifying	
  tool	
  

path	
  crossover	
  and	
  redundant	
  machining.	
  	
  The	
  program	
  utilizes	
  the	
  VCG	
  library	
  [29]	
  for	
  

reading	
  PLY	
  files,	
  and	
  the	
  Computational	
  Geometry	
  Algorithms	
  Library	
  (CGAL)	
  [30]	
  for	
  

performing	
  2D	
  Boolean	
  set	
  operations.	
  

	
   The	
  VCG	
  I/O	
  and	
  Trimesh	
  modules	
  were	
  used	
  for	
  reading	
  the	
  contents	
  of	
  the	
  PLY	
  

files	
  and	
  gathering	
  the	
  facet	
  information.	
  	
  The	
  OpenGL	
  wrapper	
  functions	
  of	
  the	
  VCG	
  

library	
  were	
  also	
  used	
  for	
  displaying	
  the	
  PLY	
  model	
  in	
  an	
  OpenGL	
  viewport.	
  	
  The	
  model	
  

was	
  then	
  sliced,	
  noise	
  removal	
  was	
  performed,	
  and	
  the	
  improved	
  slices	
  were	
  used	
  for	
  

finding	
  the	
  machining	
  angles	
  using	
  previous	
  methods	
  developed	
  by	
  Joshi	
  [19].	
  	
  Tool	
  

containment	
  boundaries	
  were	
  generated	
  as	
  described	
  in	
  the	
  previous	
  section,	
  by	
  

projecting	
  visible	
  triangular	
  facets	
  onto	
  the	
  tool	
  plane	
  for	
  the	
  corresponding	
  machining	
  

angle.	
  	
  The	
  2D	
  Polygon	
  and	
  2D	
  Regularized	
  Boolean	
  Set-­‐Operations	
  packages	
  from	
  the	
  

CGAL	
  library	
  were	
  used	
  for	
  performing	
  the	
  Boolean	
  union	
  of	
  the	
  projected	
  facets	
  on	
  the	
  

tool	
  plane.	
  

The	
  bone	
  implant	
  models	
  shown	
  in	
  Tables	
  3.6.1	
  and	
  3.6.2	
  were	
  studied	
  with	
  the	
  

program.	
  	
  For	
  each	
  model,	
  the	
  reduction	
  in	
  redundant	
  machining	
  on	
  the	
  model	
  and	
  the	
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increase	
  in	
  the	
  ability	
  to	
  customize	
  the	
  implant	
  fracture	
  surface	
  is	
  shown.	
  	
  The	
  total	
  

length	
  of	
  noise	
  segments	
  removed	
  during	
  the	
  slice	
  modification	
  process	
  is	
  also	
  given.	
  	
  

The	
  reduction	
  in	
  redundant	
  machining	
  is	
  the	
  percentage	
  of	
  the	
  total	
  surface	
  area	
  of	
  the	
  

model	
  that	
  would	
  have	
  been	
  machined	
  from	
  one	
  setup	
  angle,	
  and	
  then	
  passed	
  over	
  

again	
  during	
  a	
  subsequent	
  setup	
  resulting	
  in	
  wasted	
  machine	
  time.	
  	
  The	
  increase	
  in	
  

fracture	
  surface	
  customization	
  shows	
  the	
  percentage	
  of	
  the	
  fracture	
  surface	
  that	
  would	
  

be	
  cut	
  away	
  and	
  lost	
  with	
  the	
  previous	
  setup	
  planning	
  method,	
  but	
  can	
  now	
  be	
  

preserved	
  with	
  the	
  new	
  method.	
  	
  This	
  is	
  presented	
  as	
  one	
  of	
  the	
  primary	
  metrics	
  for	
  

maintaining	
  the	
  biocompatibility	
  of	
  the	
  implants,	
  because	
  preserving	
  the	
  fracture	
  

surface	
  may	
  allow	
  for	
  increased	
  fixation	
  stability	
  and	
  improved	
  healing	
  time	
  for	
  the	
  

patient.	
  

	
  

	
  

	
  
Table	
  3.6.1:	
  Example	
  bone	
  implants.	
  
	
  

	
  
(1)	
  

	
  
(2)	
  

	
  
(3)	
  

Noise	
  Removed	
   12.0	
  mm	
   2.7	
  mm	
   7.3	
  mm	
  

Redundant	
  machining	
  
reduction	
   25.8%	
   23.1%	
   34.9%	
  

Fracture	
  surface	
  
customization	
  increase	
   7.7%	
   4.5%	
   3.4%	
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(4)	
  

	
  
(5)	
  

	
  
(6)	
  

Noise	
  Removed	
   0	
  mm	
   0	
  mm	
   0	
  mm	
  

Redundant	
  machining	
  
reduction	
   41.2%	
   0%	
   4.2%	
  

Fracture	
  surface	
  
customization	
  increase	
   34.2%	
   0%	
   4.3%	
  

	
  
	
  

In	
  Table	
  3.6.3,	
  a	
  detailed	
  breakdown	
  of	
  the	
  setup	
  angles,	
  tool	
  path	
  cross-­‐over	
  and	
  

various	
  other	
  metrics	
  are	
  shown	
  for	
  each	
  step	
  of	
  the	
  process	
  for	
  model	
  1.	
  	
  The	
  first	
  

column	
  of	
  the	
  table	
  (Model	
  1	
  Original)	
  shows	
  the	
  setup	
  angles	
  and	
  amount	
  of	
  tool	
  path	
  

cross-­‐over	
  for	
  the	
  original	
  setup	
  of	
  model	
  1	
  before	
  any	
  improvements	
  were	
  made.	
  	
  

There	
  is	
  cross-­‐over	
  from	
  the	
  articular	
  to	
  fracture	
  (A	
  to	
  F)	
  surfaces	
  of	
  7.7%,	
  meaning	
  that	
  

the	
  fracture	
  surface	
  would	
  be	
  reduced	
  by	
  7.7%	
  while	
  machining	
  from	
  the	
  articular	
  

setup	
  orientation,	
  which	
  causes	
  a	
  reduction	
  in	
  initial	
  fixation	
  stability	
  of	
  the	
  implant	
  and	
  

has	
  a	
  negative	
  impact	
  on	
  patient	
  healing	
  time.	
  	
  There	
  is	
  also	
  a	
  significant	
  amount	
  of	
  

cross-­‐over	
  from	
  the	
  periosteal	
  to	
  articular	
  (P	
  to	
  A)	
  and	
  articular	
  to	
  periosteal	
  (A	
  to	
  P)	
  

surfaces:	
  84.1%	
  and	
  23.6%	
  respectively,	
  which	
  translates	
  to	
  redundant	
  machining	
  on	
  

25.8%	
  of	
  the	
  total	
  surface	
  area	
  of	
  the	
  model.	
  	
  These	
  cross-­‐over	
  values,	
  while	
  not	
  having	
  

a	
  large	
  impact	
  on	
  biocompatibility	
  or	
  fixation	
  stability,	
  result	
  in	
  redundant	
  machining	
  

(wasted	
  machine	
  time).	
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Table	
  3.6.3:	
  Setup	
  angles	
  and	
  cross-­‐over	
  statistics	
  for	
  model	
  1.	
  
	
  

	
   	
  

-­‐-­‐	
  

	
   Model	
  1	
  
Original	
  

Model	
  1	
  
After	
  Noise	
  Removal	
  

Model	
  1	
  With	
  Tool	
  
Containment	
  
Boundaries	
  

Noise	
  Removed:	
   -­‐-­‐	
   12.0	
  mm	
   -­‐-­‐	
  
Articular	
  Angle:	
   183° -­‐-­‐	
   -­‐-­‐	
  
Periosteal	
  Angle:	
   219°	
   253°	
  (+34°)	
   -­‐-­‐	
  
Fracture	
  Angle:	
   50°	
   62°	
  (+12°)	
   -­‐-­‐	
  

P	
  to	
  A:	
   84.1%	
   33.7%	
  (-­‐50.4%)	
   0%	
  (-­‐33.7%)	
  
P	
  to	
  F:	
   1.6%	
   1.1%	
  (-­‐0.5%)	
   0%	
  (-­‐1.1%)	
  
A	
  to	
  P:	
   23.6%	
   -­‐-­‐	
   0%	
  (-­‐23.6%)	
  
A	
  to	
  F:	
   7.7%	
   -­‐-­‐	
   0%	
  (-­‐7.7%)	
  
F	
  to	
  P:	
   10.5%	
   10.1%	
  (-­‐0.4%)	
   0%	
  (-­‐10.1%)	
  
F	
  to	
  A:	
   4.8%	
   7.8%	
  (+3.0%)	
   0%	
  (-­‐7.8%)	
  

Redundant	
  Machining	
   25.8%	
   17.8%	
   0%	
  (-­‐17.8%)	
  
Fracture	
  Surface	
  
Improvement	
   -­‐-­‐	
   -­‐-­‐	
   7.7%	
  

	
  

After	
  removing	
  noise	
  segments	
  from	
  the	
  slices	
  of	
  model	
  1,	
  the	
  results	
  were	
  

examined	
  to	
  note	
  improvements	
  in	
  the	
  ability	
  of	
  the	
  setup	
  angles	
  to	
  isolate	
  the	
  different	
  

types	
  of	
  surfaces	
  (Table	
  3.6.3,	
  Model	
  1	
  After	
  Noise	
  Removal).	
  	
  Noise	
  removal	
  had	
  a	
  

pronounced	
  effect	
  on	
  the	
  setup	
  angle	
  solution,	
  causing	
  a	
  34°	
  shift	
  in	
  the	
  periosteal	
  setup	
  

angle,	
  and	
  a	
  12°	
  shift	
  in	
  the	
  fracture	
  setup	
  angle.	
  	
  The	
  change	
  in	
  the	
  periosteal	
  setup	
  

angle	
  reduced	
  the	
  tool	
  path	
  cross-­‐over	
  from	
  the	
  periosteal	
  to	
  articular	
  (P	
  to	
  A)	
  surfaces	
  

by	
  50.4%.	
  	
  This	
  reduces	
  wasted	
  machine	
  time,	
  since	
  the	
  tool	
  paths	
  for	
  the	
  periosteal	
  

surface	
  will	
  no	
  longer	
  repeat	
  over	
  the	
  articular	
  surface	
  in	
  multiple	
  setups.	
  	
  The	
  shift	
  in	
  

the	
  fracture	
  setup	
  angle	
  allows	
  the	
  cutting	
  tool	
  to	
  contact	
  the	
  surface	
  at	
  an	
  angle	
  closer	
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to	
  the	
  surface	
  normal,	
  which	
  allows	
  for	
  the	
  application	
  of	
  a	
  more	
  uniform	
  rough	
  surface	
  

texture.	
  

After	
  the	
  shift	
  in	
  setup	
  angles,	
  model	
  1	
  still	
  showed	
  tool	
  path	
  cross-­‐over	
  since	
  

multiple	
  surfaces	
  were	
  still	
  visible	
  from	
  some	
  setup	
  angles.	
  	
  Tool	
  containment	
  

boundaries	
  were	
  then	
  constructed	
  to	
  isolate	
  each	
  type	
  of	
  surface	
  from	
  one	
  another	
  

during	
  machining.	
  	
  This	
  causes	
  the	
  remainder	
  of	
  the	
  tool	
  path	
  cross-­‐over	
  to	
  be	
  largely	
  

irrelevant	
  (Table	
  3.6.3,	
  Model	
  1	
  With	
  Tool	
  Containment	
  Boundaries).	
  	
  With	
  the	
  use	
  of	
  

tool	
  containment	
  boundaries,	
  7.7%	
  of	
  the	
  fracture	
  surface	
  can	
  be	
  preserved.	
  	
  The	
  7.7%	
  

of	
  the	
  fractured	
  surface	
  is	
  125.3	
  mm2	
  of	
  surface	
  area,	
  which	
  could	
  relate	
  to	
  a	
  direct	
  

increase	
  in	
  fixation	
  strength	
  and	
  improved	
  patient	
  healing.	
  	
  The	
  cross-­‐over	
  from	
  

periosteal	
  to	
  articular,	
  and	
  vice	
  versa,	
  could	
  be	
  reduced	
  by	
  33.7%	
  and	
  23.6%	
  

respectively.	
  	
  Because	
  of	
  this	
  reduction	
  in	
  cross-­‐over,	
  machining	
  time	
  is	
  saved	
  by	
  

reducing	
  redundant	
  tool	
  paths	
  that	
  would	
  have	
  repeated	
  over	
  848	
  mm2	
  of	
  surface	
  area.	
  	
  

Furthermore,	
  10%	
  of	
  the	
  periosteal	
  surface	
  was	
  visible	
  and	
  accessible	
  with	
  the	
  use	
  of	
  a	
  

tool	
  containment	
  boundary	
  from	
  the	
  fracture	
  setup	
  angle,	
  allowing	
  for	
  more	
  complete	
  

machining	
  of	
  the	
  periosteal	
  surface.	
  

Models	
  4,	
  5,	
  and	
  6	
  represent	
  smaller	
  bone	
  fragments	
  each	
  with	
  only	
  two	
  

different	
  types	
  of	
  surfaces:	
  periosteal	
  and	
  articular.	
  	
  No	
  noise	
  was	
  present	
  in	
  the	
  slices	
  

of	
  these	
  models,	
  meaning	
  noise	
  removal	
  had	
  no	
  impact	
  on	
  the	
  setup	
  angles,	
  but	
  tool	
  

containment	
  boundaries	
  still	
  provide	
  a	
  significant	
  benefit,	
  which	
  is	
  shown	
  in	
  the	
  

following	
  results	
  for	
  model	
  4.	
  	
  The	
  setup	
  angle	
  solution	
  for	
  model	
  4	
  results	
  in	
  three	
  

angles:	
  one	
  angle	
  for	
  the	
  periosteal	
  surface	
  and	
  two	
  different	
  angles	
  for	
  the	
  fractured	
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surface	
  (Table	
  3.6.4,	
  Model	
  4	
  Original).	
  	
  One	
  of	
  the	
  fracture	
  angles	
  (112°)	
  was	
  very	
  close	
  

to	
  the	
  periosteal	
  angle	
  (125°),	
  overlapping	
  with	
  99%	
  of	
  the	
  periosteal	
  surface.	
  	
  From	
  the	
  

periosteal	
  setup	
  angle,	
  34%	
  of	
  the	
  fracture	
  surface	
  was	
  also	
  visible	
  (Figure	
  3.6.1).	
  	
  

Machining	
  from	
  the	
  periosteal	
  angle	
  would	
  have	
  removed	
  34%	
  of	
  the	
  fracture	
  surface,	
  

resulting	
  in	
  a	
  significant	
  loss	
  in	
  the	
  initial	
  fixation	
  stability	
  of	
  the	
  implant.	
  

	
  

Table	
  3.6.4:	
  Setup	
  angles	
  and	
  cross-­‐over	
  statistics	
  for	
  model	
  4.	
  

	
  

	
  

	
  
-­‐-­‐	
  

	
  
-­‐-­‐	
  

	
   Model	
  4	
  
Original	
  

Model	
  4	
  
After	
  Noise	
  
Removal	
  

Model	
  4	
  With	
  Tool	
  
Containment	
  
Boundaries	
  

Noise	
  Removed:	
   -­‐-­‐	
   0.0	
  mm	
   -­‐-­‐	
  
Periosteal	
  Angle:	
   125°	
   -­‐-­‐	
   -­‐-­‐	
  
Fracture	
  Angle:	
   112°	
  and	
  306°	
   -­‐-­‐	
   -­‐-­‐	
  

P	
  to	
  F:	
   34.2%	
   -­‐-­‐	
   0%	
  (-­‐34.2%)	
  
F	
  to	
  P:	
   99.1%	
   -­‐-­‐	
   0%	
  (-­‐99.1%)	
  

Redundant	
  Machining	
   41.2%	
   -­‐-­‐	
   0%	
  (-­‐41.2%)	
  
Fracture	
  Surface	
  
Improvement	
   -­‐-­‐	
   -­‐-­‐	
   34.2%	
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   With	
  the	
  use	
  of	
  tool	
  containment	
  boundaries,	
  the	
  periosteal	
  and	
  fracture	
  

surfaces	
  in	
  model	
  4	
  could	
  be	
  isolated	
  from	
  one	
  another,	
  allowing	
  the	
  fracture	
  surface	
  to	
  

be	
  preserved	
  and	
  leading	
  to	
  a	
  34%	
  increase	
  in	
  the	
  initial	
  fixation	
  stability	
  of	
  the	
  

implant.	
  	
  Redundant	
  machining	
  can	
  also	
  be	
  reduced	
  by	
  preventing	
  the	
  cutting	
  tool	
  from	
  

passing	
  over	
  the	
  overlapping	
  periosteal	
  surface	
  when	
  machining	
  from	
  the	
  fracture	
  

setup	
  angle.	
  

	
   Model	
  5	
  is	
  an	
  interesting	
  case.	
  	
  It	
  is	
  a	
  simple	
  model	
  with	
  mostly	
  convex	
  

geometry,	
  with	
  a	
  periosteal	
  surface	
  on	
  one	
  side	
  and	
  fracture	
  surface	
  on	
  the	
  opposite	
  

side	
  (Figure	
  3.6.2).	
  	
  The	
  setup	
  angle	
  solution	
  resulted	
  in	
  only	
  two	
  angles:	
  one	
  each	
  for	
  

the	
  periosteal	
  and	
  fracture	
  surfaces.	
  	
  The	
  surfaces	
  were	
  completely	
  isolated	
  within	
  their	
  

respective	
  setup	
  orientations,	
  resulting	
  in	
  negligible	
  surface	
  overlap.	
  	
  In	
  this	
  model,	
  the	
  

slice	
  noise	
  removal	
  had	
  no	
  effect	
  on	
  the	
  angles,	
  and	
  tool	
  containment	
  boundaries	
  were	
  

also	
  unnecessary.	
  

	
  
Figure	
  3.6.1:	
  Model	
  4,	
  viewed	
  from	
  the	
  
125°	
  periosteal	
  angle,	
  showing	
  both	
  
periosteal	
  and	
  fracture	
  surfaces	
  visible.	
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  (a)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (b)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (c)	
  
Figure	
  3.6.2:	
  	
  a)	
  Side	
  view	
  of	
  model	
  5	
  showing	
  periosteal	
  and	
  fracture	
  setup	
  directions.	
  	
  	
  	
  	
  	
  	
  
b)	
  View	
  from	
  the	
  periosteal	
  setup	
  angle.	
  	
  c)	
  View	
  from	
  the	
  fracture	
  setup	
  angle.	
  
	
  

	
   In	
  summary,	
  the	
  new	
  methods	
  had	
  a	
  significant	
  impact,	
  on	
  average,	
  for	
  these	
  

samples.	
  	
  Although	
  the	
  degree	
  of	
  improvement	
  varied,	
  in	
  the	
  best	
  case,	
  34%	
  of	
  the	
  

fracture	
  surface	
  could	
  be	
  preserved	
  which	
  may	
  allow	
  for	
  increase	
  fixation	
  strength	
  and	
  

improved	
  healing	
  time	
  for	
  the	
  patient.	
  	
  In	
  the	
  next	
  section,	
  an	
  example	
  case	
  is	
  provided	
  

of	
  actually	
  machining	
  an	
  implant	
  in	
  surrogate	
  bone	
  material	
  using	
  the	
  proposed	
  

methods	
  for	
  setup	
  planning.	
  

	
  

3.7	
  Machined	
  Example	
  

	
   Model	
  1	
  was	
  machined	
  using	
  the	
  improved	
  machining	
  angles	
  and	
  tool	
  

containment	
  boundaries	
  generated	
  from	
  the	
  program	
  introduced	
  in	
  the	
  previous	
  

section.	
  	
  The	
  part	
  was	
  initially	
  set	
  up	
  in	
  Mastercam	
  X4	
  using	
  CNC-­‐RP	
  to	
  perform	
  hogging	
  

and	
  rough	
  machining	
  operations.	
  	
  For	
  the	
  finishing	
  operations	
  on	
  the	
  part,	
  improved	
  

setup	
  angles	
  were	
  used	
  that	
  were	
  calculated	
  from	
  the	
  implementation	
  presented	
  in	
  the	
  

previous	
  section.	
  	
  The	
  tool	
  containment	
  boundaries	
  were	
  also	
  generated	
  by	
  the	
  

program	
  developed	
  for	
  this	
  thesis,	
  traced	
  in	
  AutoCAD,	
  and	
  then	
  imported	
  into	
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Mastercam	
  to	
  be	
  used	
  as	
  tool	
  containment	
  boundaries	
  for	
  the	
  finishing	
  operations	
  of	
  

the	
  part.	
  

	
   The	
  resulting	
  part	
  shows	
  a	
  clear	
  ability	
  to	
  control	
  the	
  surface	
  finish	
  on	
  the	
  

different	
  surfaces	
  regions	
  of	
  the	
  part,	
  even	
  if	
  multiple	
  surfaces	
  are	
  present	
  in	
  the	
  same	
  

setup	
  orientation	
  (Figure	
  3.7.1).	
  	
  The	
  red	
  region	
  shown	
  in	
  Figure	
  3.7.1b	
  shows	
  the	
  7.7%	
  

of	
  the	
  fracture	
  surface	
  that	
  was	
  visible	
  from	
  the	
  183°	
  setup	
  angle.	
  	
  Using	
  tool	
  

containment	
  boundaries,	
  a	
  rough	
  surface	
  finish	
  was	
  preserved	
  on	
  this	
  area	
  of	
  the	
  

implant,	
  increasing	
  fixation	
  stability	
  for	
  the	
  patient.	
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  (b)	
  
Figure	
  3.7.1:	
  	
  Machined	
  implant,	
  viewed	
  from	
  the	
  183°	
  setup	
  orientation	
  targeting	
  the	
  
articular	
  surface.	
  	
  Parts	
  of	
  the	
  periosteal	
  and	
  fracture	
  surfaces	
  were	
  visible	
  and	
  also	
  
machined	
  from	
  this	
  orientation.	
  
	
  

	
   The	
  same	
  implant	
  model	
  was	
  machined	
  previously	
  without	
  the	
  use	
  of	
  the	
  tool	
  

containment	
  boundaries,	
  and	
  is	
  shown	
  in	
  Figure	
  3.7.2.	
  	
  While	
  machining	
  the	
  articular	
  

surface,	
  the	
  visible	
  portion	
  of	
  the	
  fracture	
  surface	
  was	
  also	
  cut	
  away	
  (Figure	
  3.7.2a).	
  	
  

This	
  resulted	
  in	
  part	
  of	
  the	
  fracture	
  surface	
  being	
  smoothed	
  away	
  where	
  it	
  should	
  have	
  

had	
  a	
  rough	
  surface	
  texture,	
  as	
  shown	
  in	
  the	
  black	
  out	
  line	
  in	
  Figure	
  3.7.2b.	
  	
  This	
  loss	
  in	
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fracture	
  surface	
  customization	
  can	
  clearly	
  be	
  prevented	
  in	
  the	
  new	
  method	
  using	
  tool	
  

containment	
  boundaries,	
  as	
  shown	
  in	
  Figure	
  3.7.1.	
  

	
  	
   	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (a)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (b)	
  
Figure	
  3.7.2:	
  Implant	
  machined	
  using	
  previous	
  methods,	
  without	
  tool	
  containment	
  
boundaries.	
  	
  Missing	
  fracture	
  surface	
  is	
  outlined	
  in	
  black.	
  
	
  

By	
  isolating	
  the	
  surfaces	
  with	
  tool	
  containment	
  boundaries,	
  part	
  of	
  the	
  periosteal	
  

surface	
  could	
  also	
  be	
  machine	
  from	
  the	
  same	
  setup	
  orientation	
  as	
  the	
  fracture	
  surface	
  

(Figure	
  3.7.3).	
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  (b)	
  
Figure	
  3.7.3:	
  	
  Machined	
  implant,	
  viewed	
  from	
  the	
  62°	
  setup	
  orientation	
  targeting	
  the	
  
fracture	
  surface.	
  	
  10%	
  of	
  the	
  periosteal	
  surface	
  was	
  visible	
  and	
  also	
  machined	
  from	
  this	
  

orientation.	
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The	
  new	
  methods	
  for	
  setup	
  planning	
  showed	
  improved	
  results	
  over	
  the	
  previous	
  

method	
  in	
  preserving	
  the	
  fractured	
  surface.	
  	
  Using	
  tool	
  containment	
  boundaries,	
  the	
  

cutting	
  tool	
  could	
  be	
  constrained	
  to	
  each	
  type	
  of	
  surface	
  without	
  overlapping	
  with	
  

another	
  surface.	
  	
  This	
  allowed	
  for	
  an	
  increase	
  in	
  the	
  customization	
  of	
  the	
  fracture	
  

surface.	
  	
  In	
  the	
  next	
  section,	
  conclusions	
  and	
  future	
  research	
  directions	
  are	
  discussed.	
  

	
  

3.7	
  Conclusion	
  and	
  Future	
  Work	
  

	
   This	
  research	
  proposed	
  new	
  methods	
  for	
  providing	
  customized	
  surface	
  

characteristics	
  in	
  the	
  rapid	
  machining	
  of	
  patient-­‐specific	
  bone	
  implants.	
  	
  Two	
  problems	
  

were	
  addressed:	
  	
  1)	
  How	
  can	
  one	
  more	
  accurately	
  provide	
  slice	
  data	
  for	
  initial	
  setup	
  

planning	
  and	
  2)	
  Given	
  a	
  set	
  of	
  setup	
  angles,	
  how	
  can	
  one	
  ensure	
  that	
  the	
  individual	
  

surfaces	
  are	
  machined	
  independently?	
  	
  While	
  addressing	
  these	
  problems,	
  this	
  work	
  

considered	
  the	
  overarching	
  goal	
  of	
  ensuring	
  that	
  the	
  biocompatibility	
  of	
  the	
  implant	
  is	
  

maintained.	
  	
  For	
  the	
  first	
  problem,	
  a	
  method	
  for	
  modifying	
  initial	
  slice	
  data	
  was	
  

implemented	
  that	
  removed	
  noise	
  segments	
  from	
  the	
  slices	
  and	
  allowed	
  for	
  improved	
  

machining	
  angles	
  to	
  be	
  found.	
  	
  Angles	
  were	
  found	
  that	
  helped	
  reduce	
  tool	
  path	
  

crossover	
  and	
  allowed	
  the	
  cutting	
  tool	
  to	
  be	
  aimed	
  more	
  directly	
  at	
  the	
  individual	
  

surfaces.	
  	
  To	
  address	
  the	
  second	
  problem,	
  ensuring	
  surfaces	
  are	
  independently	
  

machined,	
  a	
  method	
  for	
  constructing	
  tool	
  containment	
  boundaries	
  was	
  implemented.	
  	
  

The	
  tool	
  containment	
  boundaries	
  were	
  able	
  to	
  constrain	
  the	
  cutting	
  tool	
  to	
  each	
  type	
  of	
  

surface	
  independently,	
  ensuring	
  that	
  it	
  does	
  not	
  inadvertently	
  machine	
  neighboring	
  

surfaces.	
  	
  The	
  methods	
  were	
  used	
  for	
  performing	
  setup	
  planning	
  for	
  machining	
  a	
  bone	
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implant	
  using	
  a	
  surrogate	
  bone	
  material.	
  	
  It	
  was	
  shown	
  that	
  the	
  methods	
  were	
  effective	
  

at	
  increasing	
  the	
  customization	
  of	
  the	
  implant,	
  showing	
  a	
  notable	
  increase	
  in	
  the	
  ability	
  

to	
  customize	
  the	
  fracture	
  surface.	
  

An	
  opportunity	
  for	
  future	
  work	
  would	
  be	
  to	
  modify	
  this	
  approach	
  so	
  that	
  is	
  

capable	
  of	
  handling	
  many	
  different	
  types	
  of	
  surfaces,	
  not	
  limited	
  to	
  just	
  three.	
  	
  Such	
  an	
  

approach	
  could	
  be	
  beneficial	
  in	
  custom	
  industrial	
  applications	
  where	
  more	
  than	
  three	
  

types	
  of	
  surfaces	
  may	
  appear	
  in	
  the	
  same	
  model.	
  	
  It	
  may	
  also	
  be	
  beneficial	
  to	
  store	
  the	
  

facets	
  of	
  the	
  model	
  in	
  a	
  different	
  type	
  of	
  data	
  structure,	
  instead	
  of	
  just	
  storing	
  the	
  

unstructured	
  facet	
  data	
  reminiscent	
  of	
  STL	
  files.	
  	
  For	
  example,	
  all	
  facets	
  corresponding	
  

to	
  a	
  certain	
  type	
  of	
  surface	
  could	
  be	
  stored	
  independently	
  from	
  neighboring	
  surfaces,	
  

with	
  the	
  facet	
  data	
  sorted	
  and	
  organized	
  into	
  “assemblies”	
  of	
  related	
  color	
  or	
  geometry.	
  	
  

A	
  more	
  structured	
  format	
  for	
  the	
  facet	
  data	
  may	
  allow	
  for	
  more	
  efficient	
  computation.	
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Chapter	
  4:	
  Conclusions	
  and	
  Future	
  Work	
  

	
   	
  

This	
  research	
  proposed	
  new	
  methods	
  for	
  providing	
  customized	
  surface	
  

characteristics	
  in	
  the	
  rapid	
  machining	
  of	
  patient-­‐specific	
  bone	
  implants.	
  	
  Two	
  problems	
  

were	
  addressed:	
  	
  1)	
  How	
  can	
  one	
  more	
  accurately	
  provide	
  slice	
  data	
  for	
  initial	
  setup	
  

planning	
  and	
  2)	
  Given	
  a	
  set	
  of	
  setup	
  angles,	
  how	
  can	
  one	
  ensure	
  that	
  the	
  individual	
  

surfaces	
  are	
  machined	
  independently?	
  	
  While	
  addressing	
  these	
  problems,	
  this	
  work	
  

considered	
  the	
  overarching	
  goal	
  of	
  ensuring	
  that	
  the	
  biocompatibility	
  of	
  the	
  implant	
  is	
  

maintained.	
  	
  For	
  the	
  first	
  problem,	
  a	
  method	
  for	
  modifying	
  initial	
  slice	
  data	
  was	
  

implemented	
  that	
  removed	
  noise	
  segments	
  from	
  the	
  slices	
  and	
  allowed	
  for	
  improved	
  

machining	
  angles	
  to	
  be	
  found.	
  	
  Angles	
  were	
  found	
  that	
  helped	
  reduce	
  tool	
  path	
  

crossover	
  and	
  allowed	
  the	
  cutting	
  tool	
  to	
  be	
  aimed	
  more	
  directly	
  at	
  the	
  individual	
  

surfaces.	
  	
  To	
  address	
  the	
  second	
  problem,	
  ensuring	
  surfaces	
  are	
  independently	
  

machined,	
  a	
  method	
  for	
  constructing	
  tool	
  containment	
  boundaries	
  was	
  implemented.	
  	
  

The	
  tool	
  containment	
  boundaries	
  were	
  able	
  to	
  constrain	
  the	
  cutting	
  tool	
  to	
  each	
  type	
  of	
  

surface	
  independently,	
  ensuring	
  that	
  it	
  does	
  not	
  inadvertently	
  machine	
  neighboring	
  

surfaces.	
  	
  The	
  methods	
  were	
  used	
  for	
  performing	
  setup	
  planning	
  for	
  machining	
  a	
  bone	
  

implant	
  using	
  a	
  surrogate	
  bone	
  material.	
  	
  It	
  was	
  shown	
  that	
  the	
  methods	
  were	
  effective	
  

at	
  increasing	
  the	
  customization	
  of	
  the	
  implant,	
  showing	
  a	
  notable	
  increase	
  in	
  the	
  ability	
  

to	
  customize	
  the	
  fracture	
  surface.	
  

In	
  future	
  research,	
  it	
  could	
  be	
  beneficial	
  to	
  modify	
  the	
  algorithms	
  for	
  finding	
  

setup	
  angles	
  to	
  account	
  for	
  the	
  fact	
  that	
  tool	
  containment	
  boundaries	
  can	
  now	
  be	
  used.	
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Instead	
  of	
  requiring	
  angles	
  that	
  isolate	
  the	
  different	
  surfaces,	
  it	
  may	
  be	
  beneficial	
  in	
  

some	
  cases	
  to	
  allow	
  angles	
  to	
  overlap	
  if	
  it	
  is	
  desirable	
  for	
  a	
  surface	
  to	
  be	
  contacted	
  at	
  a	
  

steeper	
  or	
  shallower	
  angle	
  for	
  applying	
  a	
  certain	
  surface	
  finish.	
  	
  Knowing	
  that	
  tool	
  

containment	
  boundaries	
  can	
  be	
  used,	
  the	
  angles	
  could	
  overlap	
  an	
  increasing	
  amount	
  (if	
  

desired)	
  and	
  the	
  surfaces	
  could	
  still	
  be	
  isolated	
  during	
  machining.	
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