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Highlights	
  
A	
  combination	
  of	
  SEM,	
  AFM	
  and	
  FIB	
  techniques	
  were	
  used	
  to	
  measure	
  bone	
  
micromechanics.	
  
The	
  relationship	
  between	
  bone	
  micromechanics	
  and	
  collagen	
  orientation	
  was	
  studied.	
  
There	
  is	
  a	
  direct	
  relationship	
  between	
  elastic	
  modulus	
  and	
  mineralised	
  collagen	
  
orientation.	
  
The	
  results	
  showed	
  no	
  correlation	
  between	
  elastic	
  modulus	
  with	
  work-­‐to-­‐fracture.	
  
	
  

Abstract	
  

The	
   lamellar	
  unit	
   is	
  a	
  critical	
   component	
   in	
  defining	
   the	
  overall	
  mechanical	
  properties	
  of	
  

bone.	
  In	
  this	
  paper,	
  micro-­‐beams	
  of	
  bone	
  with	
  dimensions	
  comparable	
  to	
  the	
  lamellar	
  unit	
  

were	
   fabricated	
   using	
   focused	
   ion	
   beam	
   (FIB)	
   microscopy	
   and	
   mechanically	
   tested	
   in	
  

bending	
   to	
   failure	
   using	
   atomic	
   force	
   microscopy	
   (AFM).	
   A	
   variation	
   in	
   the	
   mechanical	
  

properties,	
   including	
   elastic	
  modulus,	
   strength	
   and	
  work	
   to	
   fracture	
   of	
   the	
  micro-­‐beams	
  

was	
   observed	
   and	
   related	
   to	
   the	
   collagen	
   fibril	
   orientation	
   inferred	
   from	
   back-­‐scattered	
  

scanning	
  electron	
  microscopy	
  (SEM)	
  imaging.	
  Established	
  mechanical	
  models	
  were	
  further	
  

applied	
   to	
   describe	
   the	
   relationship	
   between	
   collagen	
   fibril	
   orientation	
   and	
   mechanical	
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behaviour	
   of	
   the	
   lamellar	
   unit.	
   Our	
   results	
   highlight	
   the	
   ability	
   to	
   measure	
   mechanical	
  

properties	
   of	
   discrete	
   bone	
   volumes	
   directly	
   and	
   correlate	
  with	
   structural	
   orientation	
   of	
  

collagen	
  fibrils.	
  	
  	
  

	
  

Introduction	
  

Bone	
  is	
  a	
  natural	
  composite	
  material	
  and	
  possesses	
  a	
  structural	
  complexity	
  across	
  a	
  range	
  

of	
   length	
   scales.	
   This	
   structural	
   complexity	
   is	
   commonly	
   based	
   on	
   the	
   organizations	
   of	
  

fibrils	
   within	
   lamellar	
   units	
   that	
   allow	
   bone	
   to	
   maintain	
   biological	
   function	
   while	
  

performing	
  a	
  number	
  of	
  mechanical	
  roles	
  (Fratzl	
  and	
  Weinkamer,	
  2007;	
  Wainwright	
  et	
  al.,	
  

1982).	
  The	
  structural	
  organizations	
  found	
  at	
  various	
  length	
  scales	
  make	
  the	
  determination	
  

of	
   bone	
   mechanics	
   challenging.	
   Of	
   all	
   the	
   structural	
   features,	
   Thus,	
   the	
   mechanical	
  

properties	
  of	
  the	
  lamellar	
  unit	
  are	
  critical	
  in	
  defining	
  overall	
  bone	
  mechanics.	
  Determining	
  

mechanical	
  properties	
  of	
  lamellae	
  is	
  compromised	
  by	
  the	
  micron	
  length	
  scale	
  of	
  the	
  unit	
  as	
  

well	
  as	
  the	
  anisotropy	
  of	
  the	
  constituents	
  including	
  the	
  collagen	
  predominantly	
  in	
  the	
  form	
  

of	
  fibrillar	
  framework,	
  hydroxyapatite	
  platelets,	
  non-­‐collagenous	
  protein	
  and	
  water	
  (Gupta	
  

et	
  al.,	
  2006).	
  Approaches	
  to	
  understand	
  mechanics	
  of	
  the	
  lamellar	
  unit	
  therefore	
  consider	
  a	
  

three	
   phase	
   composite	
   material	
   with	
   plate-­‐like	
   hydroxyapatite	
   minerals	
   reinforcing	
  

collagen	
   fibrils	
   bound	
   together	
   in	
   a	
   relatively	
   small	
   volume	
   fraction	
   of	
   non-­‐collagenous	
  

proteins	
   (Akiva	
   et	
   al.,	
   1998).	
   These	
   hydroxyapatite	
   minerals	
   are	
   platelet-­‐shaped	
   and	
  

embedded	
  within	
   and	
   around	
   the	
   collagen	
   fibrils,	
   with	
   the	
   principal	
   axis	
   of	
   the	
  mineral	
  

oriented	
   in	
   the	
   same	
  direction	
   as	
   the	
   long	
   axis	
   of	
   the	
   collagen	
   fibrils	
   (Fratzl	
   et	
   al.,	
   2004;	
  

Landis	
   et	
   al.,	
   1996;	
   Wagermaier	
   et	
   al.,	
   2007;	
   Wagner	
   and	
   Weiner,	
   1992).	
   Thus,	
   the	
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organization	
  of	
  the	
  collagen	
  fibrils	
  within	
  the	
  lamellar	
  unit	
  defines	
  the	
  mineral	
  orientation	
  

within	
  this	
  same	
  unit.	
  The	
  orientation	
  of	
  collagen	
  fibrils	
  and,	
  thus,	
  the	
  mineral	
  phase	
  in	
  the	
  

lamellar	
  unit	
  has	
  been	
  the	
  subject	
  of	
  considerable	
  research	
  due	
  to	
  the	
  resultant	
   influence	
  

on	
   bone	
   mechanics.	
   Layered	
   arrays	
   of	
   aligned	
   mineralized	
   collagen	
   fibrils	
   have	
   been	
  

previously	
  proposed	
  to	
  organize	
  into	
  five	
  subunit	
  layers	
  within	
  the	
  lamellar	
  unit	
  (Weiner	
  et	
  

al.,	
   1997).	
   	
   The	
   orientation	
   of	
   the	
   sub	
   layers	
   has	
   been	
   shown	
   to	
   conform	
   to	
   a	
   rotated	
  

plywood-­‐like	
   structure	
   and	
   can	
   be	
   generally	
   grouped	
   into	
   two	
   subunits	
   (Boyd	
   and	
  Nigg,	
  

2007;	
  Gupta	
  et	
  al.,	
  2006;	
  Weiner	
  et	
  al.,	
  1999);	
  the	
  ‘thick’	
  subunit	
  where	
  the	
  collagen	
  fibrils	
  

run	
  parallel	
  or	
  at	
  30°	
  to	
  the	
  long	
  axis	
  of	
  bone,	
  thus	
  contributing	
  significantly	
  to	
  the	
  elastic	
  

modulus	
  (Ascenzi	
  et	
  al.,	
  1982),	
  and	
  the	
  ‘thin’	
  subunit	
  for	
  fibrillar	
  arrays	
  oriented	
  at	
  60°,	
  90°	
  

and	
  120°	
   to	
   the	
   long	
  axis.	
  More	
   recent	
  work	
   indicated	
  considerably	
  more	
  disorder	
  when	
  

examining	
   bone	
   volumes	
   using	
   3D	
   imaging	
   due	
   to	
   fibril	
   dispersions,	
   suggesting	
   subunit	
  

layers	
  are	
  better	
  described	
  using	
  three	
  sub-­‐lamellar	
  structures	
  (Reznikov	
  et	
  al.,	
  2013).	
  	
  

The	
   overall	
   mechanical	
   properties	
   of	
   bone	
   have	
   shown	
   to	
   depend	
   on	
   both	
   the	
   volume	
  

fraction	
   of	
   constituents,	
   most	
   notably	
   mineral	
   phase,	
   and	
   the	
   organization	
   of	
   these	
  

constituents	
   represented	
   by	
   the	
   lamellar	
   unit.	
   Previous	
   works	
   have	
   indicated	
   the	
  

importance	
  of	
   the	
  mineral	
  phase	
   in	
  defining	
  overall	
  bone	
  mechanical	
  behaviour	
  by	
  direct	
  

investigations	
  on	
  mineral	
  volume	
   fraction	
   in	
  a	
  variety	
  of	
  different	
  bone	
  samples	
   (Currey,	
  

2006).	
  A	
  general	
  increase	
  in	
  the	
  elastic	
  modulus	
  of	
  bone	
  was	
  correlated	
  with	
  an	
  increase	
  in	
  

the	
  mineral	
   volume	
   fraction	
   but	
   a	
   number	
   of	
   exceptions	
  were	
   noted	
  where	
   the	
  mineral	
  

volume	
   fraction	
   alone	
   does	
   not	
   determine	
   the	
   mechanical	
   properties	
   of	
   bone.	
   Currey	
  

suggested	
   a	
   mineral	
   organizational	
   factor	
   that	
   further	
   defined	
   the	
   effectiveness	
   of	
   the	
  

reinforcement	
   in	
   bone,	
  which	
   has	
   also	
   been	
   considered	
   by	
   Rho	
   et	
   al.	
   (1998)	
   (Rho	
   et	
   al.,	
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1998)	
   and	
   Sasaki	
   et	
   al.	
   (1991)	
   (Sasaki	
   et	
   al.,	
   1991).	
   The	
   plywood	
   collagen	
   organisation	
  

within	
   the	
   lamellar	
   unit	
   has	
   also	
   been	
   shown	
   to	
   act	
   as	
   a	
   crack	
   blunter	
   to	
   enhance	
  

toughening	
  mechanisms	
  at	
  this	
  submicrostructural	
  level	
  (Gupta	
  et	
  al.,	
  2006;	
  Peterlik	
  et	
  al.,	
  

2006).	
  The	
  mechanical	
  properties	
  of	
  bone	
  material	
  are	
  therefore	
  not	
  determined	
  solely	
  by	
  

mineral	
   volume	
   fraction	
   but	
   by	
   both	
   the	
   mineral	
   content	
   and	
   the	
   mineral	
   platelet	
  

orientation	
  defined	
  by	
  the	
  collagen	
  fibril	
  orientation	
  (Sasaki	
  et	
  al.,	
  1991).	
  This	
  mineralized	
  

fibril	
   orientation	
   will	
   therefore	
   give	
   rise	
   to	
   the	
   overall	
   mechanical	
   properties	
   in	
   bone	
  

material.	
  	
  

The	
   influence	
   of	
   constituent	
   organization	
   on	
   bone	
   mechanical	
   behaviour	
   was	
   first	
  

conclusively	
  highlighted	
   in	
   studies	
  on	
   individual	
  osteons.	
  Polarized	
   light	
  microscopy	
  was	
  

previously	
   used	
   to	
   identify	
   collagen	
   fibril	
   orientation	
   and	
   related	
   to	
   the	
   mechanical	
  

properties	
   of	
   individual	
   osteons	
   in	
   tension	
   (Ascenzi	
   et	
   al.,	
   1982),	
   bending	
   (Ascenzi	
   and	
  

Bonucci,	
   1990)	
   and	
   compression	
   (Ascenzi	
   and	
   Bonucci,	
   1968).	
   Increases	
   in	
   the	
   elastic	
  

modulus	
  of	
  individual	
  osteons	
  were	
  found	
  to	
  occur	
  when	
  the	
  majority	
  of	
  the	
  collagen	
  fibrils	
  

were	
   oriented	
   in	
   the	
   loading	
   direction	
   and	
   supported	
   theories	
   that	
   established	
   the	
  

existence	
   of	
   lamellar	
   orientations	
   in	
   bone	
   material	
   (Ascenzi	
   et	
   al.,	
   1965;	
   Giraud-­‐Guille,	
  

1988).	
  Further	
  works	
  have	
  more	
  specifically	
  highlighted	
  the	
  relationship	
  between	
  overall	
  

bone	
  mechanics	
  and	
  collagen	
  fibril	
  orientation,	
  including	
  increased	
  tensile	
  strength	
  (Martin	
  

and	
   Ishida,	
   1989)	
   and	
   higher	
   elastic	
  modulus	
   (Ramasamy	
   and	
   Akkus,	
   2007;	
   Riggs	
   et	
   al.,	
  

1993)	
  when	
  collagen	
  fibrils	
  are	
  predominantly	
  oriented	
  along	
  the	
  longitudinal,	
  as	
  opposed	
  

to	
   the	
   transverse,	
   loading	
   direction.	
   The	
   importance	
   of	
   the	
   collagen	
   fibril	
   orientation	
   in	
  

determining	
   overall	
   bone	
   mechanical	
   properties	
   led	
   to	
   mechanical	
   testing	
   at	
   smaller	
  

submicrostructural	
   length	
   scales.	
   In	
   particular,	
   direct	
  mechanical	
   testing	
   of	
   bone	
   at	
   sub-­‐
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millimetre	
   length	
  scales	
  has	
  been	
  previously	
  achieved	
   in	
  order	
   to	
  determine	
   the	
  effect	
  of	
  

lamellar	
   orientation	
   on	
   the	
   elastic	
   properties	
   of	
   baboon	
   tibiae	
   (Liu	
   et	
   al.,	
   1999a).	
   The	
  

results	
  of	
   the	
  work	
  by	
  Liu	
  et	
  al.	
   (1999)	
   indicated	
  clear	
  anisotropic	
  behaviour	
  at	
  different	
  

spatial	
   positions	
   along	
   a	
   bone	
   fracture	
   surface,	
   and	
   correlated	
   lamellae	
   orientation	
   from	
  

mechanical	
  behaviour	
  and	
  observed	
   fracture	
  surfaces.	
  Further	
   improvements	
   to	
  measure	
  

the	
   mechanical	
   properties	
   of	
   bone	
   at	
   the	
   submicrostructural	
   level	
   have	
   been	
   attained	
  

through	
   nanoindentation,	
   which	
   allows	
   localized	
   testing	
   to	
   be	
   performed	
   on	
   individual	
  

constituents	
  such	
  as	
  individual	
  lamellae	
  (Gupta	
  et	
  al.,	
  2006;	
  Lewis	
  and	
  Nyman,	
  2008;	
  Xu	
  et	
  

al.,	
   2003).	
   However,	
   structural	
   heterogeneities	
   in	
   bone	
   coupled	
  with	
   the	
   complex	
   stress	
  

analysis	
   formed	
   from	
   indentation	
   of	
   bone	
   surfaces	
   make	
   direct	
   understanding	
   of	
   bone	
  

component	
   mechanics	
   particularly	
   fraught	
   (Gupta	
   et	
   al.,	
   2006;	
   Isaksson	
   et	
   al.,	
   2010;	
  

Rodriguez-­‐Florez	
  et	
  al.,	
  2013;	
  Xu	
  et	
  al.,	
  2003).	
  A	
  comprehensive	
  review	
  of	
  nanoindentaton	
  

in	
  mineralized	
   tissue	
   particularly	
   emphasizes	
   issues	
   of	
   indentation-­‐sample	
   contact	
   area,	
  

critical	
  in	
  determining	
  mechanical	
  properties	
  of	
  samples,	
  as	
  an	
  unexplored	
  area	
  of	
  study	
  (	
  

Lewis	
  and	
  Nyman,	
  2008).	
  A	
  more	
  recent	
  study	
  on	
  nanoindentation	
  as	
  a	
   technique	
  to	
   test	
  

the	
  mechanical	
  properties	
  of	
  bone	
  has	
  revealed	
  the	
  strong	
  effect	
  of	
  the	
  hydration	
  state,	
  tip	
  

geometry	
  and	
  the	
  assumptions	
  of	
  the	
  analysis	
  methods	
  on	
  the	
  results	
  (Rodriguez-­‐Florez	
  et	
  

al.,	
  2013)	
   that	
  provides	
  discrepancies	
   in	
   the	
  mechanical	
  properties	
  of	
  bone	
  measured	
  via	
  

nanoindentation.	
  	
  Further	
  determination	
  of	
  mechanical	
  properties	
  of	
  constituents	
  has	
  been	
  

more	
  recently	
  available	
  with	
  the	
  advent	
  of	
  more	
  sophisticated	
  and	
  higher	
  force	
  resolution	
  

techniques,	
  which	
  are	
  able	
   to	
  elucidate	
   constituent	
  mechanics	
  directly.	
   Such	
   components	
  

have	
   been	
   investigated	
   by	
   a	
   series	
   of	
   experiments	
   such	
   as	
   nanoindentation	
   (Tai	
   et	
   al.,	
  

2007),	
   tensile	
   testing	
   of	
   individual	
  mineralized	
   collagen	
   fibrils	
   (Hang	
   and	
   Barber,	
   2011)	
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and	
   collagen	
   fibril	
   pullout	
   to	
   determine	
   the	
   mechanical	
   properties	
   of	
   non-­‐collageneous	
  

protein	
  regions	
  (Hang	
  et	
  al.	
  2014).	
  

Variations	
   in	
   the	
  mechanical	
  properties	
  of	
  bone	
  when	
   testing	
   at	
  different	
  orientations	
   to	
  

the	
  bone’s	
  long	
  axis	
  are	
  considered	
  to	
  be	
  mainly	
  due	
  to	
  the	
  alignment	
  of	
  the	
  collagen	
  fibrils	
  

and	
  mineral	
  plates	
  relative	
  to	
  the	
   loading	
  axis,	
  and	
  highlight	
   the	
   influence	
  of	
   the	
   lamellar	
  

unit	
   on	
   overall	
   bone	
  mechanical	
   behaviour	
   (Fratzl	
   et	
   al.,	
   2004;	
  Martin	
   and	
   Ishida,	
   1989;	
  

Ramasamy	
   and	
   Akkus,	
   2007;	
   Riggs	
   et	
   al.,	
   1993).	
   Techniques	
   suitable	
   for	
   elucidating	
  

mechanical	
   anisotropy	
   defined	
   by	
   lamellae	
   include	
   nanoindentation	
   (Gupta	
   et	
   al.,	
   2006;	
  

Franzoso	
   and	
   Zysset,	
   2009),	
   scanning	
   acoustic	
   microscopy	
   (Granke	
   et	
   al.,	
   2013)	
   and	
  

micropillar	
  compression	
  (Schwiedrzik	
  et	
  al.,	
  2014),	
  with	
  this	
  latter	
  work	
  presenting	
  one	
  of	
  

the	
  few	
  data	
  sets	
  that	
  examine	
  failure	
  beyond	
  elastic	
   limits.	
  Computational	
  validation	
  has	
  

additionally	
   stressed	
   the	
   importance	
   of	
   anisotropy	
   on	
   overall	
   mechanical	
   properties	
   of	
  

bone	
  (Geers	
  et	
  al.,	
  2010;	
  Ghanbari	
  and	
  Naghdabadi,	
  2009).	
  Understanding	
  the	
  mechanical	
  

properties	
  of	
  the	
  lamellar	
  unit	
  and	
  the	
  effects	
  of	
  orientation	
  within	
  the	
  lamellae	
  therefore	
  

provides	
   a	
   link	
   between	
   constituent	
   and	
   overall	
   bone	
   mechanical	
   performance.	
   While	
  

mechanical	
   properties	
   of	
   constituents	
   are	
   instructive	
   in	
   defining	
   overall	
   bone	
  behaviour,	
  

testing	
  of	
  bone	
  at	
  larger	
  length	
  scales	
  approaching	
  a	
  few	
  microns	
  perhaps	
  best	
  represents	
  

the	
   synergy	
   between	
   the	
   constituents	
   in	
   bone	
   but	
   ignores	
   the	
   higher	
   order	
   structural	
  

effects	
   such	
   as	
   osteonal	
   canals	
   or	
   the	
   curvature	
   of	
   whole	
   bone.	
   However,	
   the	
   synergy	
  

between	
   the	
   individual	
   bone	
   constituents	
   even	
   at	
   these	
   relatively	
   small	
   length	
   scales	
   is	
  

poorly	
  understood.	
  This	
  paper	
  attempts	
  to	
  evaluate	
  the	
  mechanics	
  of	
  the	
  sub-­‐lamellar	
  unit	
  

through	
  the	
  study	
  of	
  tensile	
  failure	
  of	
  rat	
  femora.	
  Considering	
  that	
  the	
  width	
  of	
  a	
  lamellar	
  

unit	
  of	
  rat	
  bone	
  is	
  above	
  3	
  µm	
  (Akiva	
  et	
  al.,	
  1998;	
  Weiner	
  et	
  al.,	
  1997;	
  Reznikov	
  et	
  al.,	
  2013),	
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mechanical	
   testing	
   on	
   discrete	
   units	
   of	
   bone	
   below	
   this	
   length	
   scale	
   is	
   attempted.	
   These	
  

sub-­‐lamellar	
  units	
  will	
  provide	
  understanding	
  of	
  bone	
  mechanics	
  as	
  a	
  composite	
  material	
  

both	
   through	
   consideration	
   of	
   the	
   bone	
   components	
   and	
   the	
   organization	
   of	
   these	
  

components	
  within	
  the	
  lamellar	
  unit.	
  

	
  

Methods	
  

Sample	
  preparation	
  

The	
  mechanical	
  properties	
  of	
  individual	
  micron	
  sized	
  units	
  of	
  bone	
  were	
  evaluated	
  by	
  first	
  

isolating	
  individual	
  bone	
  beams	
  from	
  the	
  parent	
  bone	
  material	
  using	
  a	
  multi-­‐stage	
  process	
  

as	
  carried	
  out	
  previously	
  (Jimenez-­‐Palomar	
  et	
  al.,	
  2012).	
  	
  Briefly,	
  the	
  diaphysis	
  of	
  8	
  month	
  

old	
  sprague	
  dawley	
  rat	
  femora	
  were	
  extracted	
  and	
  sectioned	
  across	
  their	
  long	
  length	
  using	
  

a	
   water-­‐cooled	
   diamond	
   blade	
   slow	
   speed	
   circular	
   saw	
   (Buehler,	
   U.S.A).	
   Rectangular	
  

samples	
  of	
  bone	
  with	
  dimensions	
  of	
  12x1x1	
  mm	
  were	
  produced	
  and	
  stored	
  in	
  70%	
  ethanol.	
  

Bone	
   samples	
   were	
   further	
   dehydrated	
   by	
   submerging	
   in	
   a	
   series	
   of	
   water/ethanol	
  

solutions	
   with	
   progressively	
   increasing	
   ethanol	
   content.	
   The	
   dehydrated	
   bone	
   was	
   gold	
  

coated	
  and	
  fixed	
  to	
  the	
  sample	
  stage	
  using	
  a	
  two-­‐part	
  epoxy	
  glue	
  (Poxipol,	
  Arg.).	
  Isolation	
  

of	
   discrete	
   sub-­‐lamellar	
   units	
   was	
   achieved	
   using	
   focussed	
   ion	
   beam	
   (FIB)	
   milling	
  

according	
   to	
   previous	
   work	
   (Jimenez-­‐Palomar	
   et	
   al.,	
   2012)	
   in	
   a	
   dual	
   beam	
   microscope	
  

(Quanta	
  3D,	
  FEI,	
  U.S.A./E.U.)	
  incorporating	
  both	
  a	
  scanning	
  electron	
  microscope	
  (SEM)	
  and	
  

FIB.	
  We	
  note	
  that	
  the	
  smaller	
  ion	
  beam	
  currents	
  used	
  avoid	
  observable	
  ion	
  beam	
  damage	
  

and	
  FIB	
  milling	
  is	
  always	
  performed	
  parallel	
  to	
  the	
  sample	
  faces,	
  which	
  reduce	
  embedding	
  

gallium	
   ions	
   from	
   the	
   FIB	
   within	
   the	
   discrete	
   beam	
   volumes	
   produced.	
   Resultant	
   bone	
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beams	
  with	
  approximate	
  dimensions	
  of	
  ~10x2x2	
  µm	
  were	
   fabricated	
  at	
  regular	
   intervals	
  

along	
   the	
   bone	
   surface.	
   Finally,	
   an	
   ion	
   beam-­‐milling	
   step	
   at	
   a	
   low	
   current	
   of	
   0.1	
   nA	
  was	
  

used	
  to	
  polish	
  the	
  surface	
  of	
  the	
  bone	
  beam	
  samples	
  and	
  reveal	
  collagen	
  fibril	
  organization	
  

in	
  the	
  bone	
  structure	
  using	
  SEM	
  back-­‐scattered	
  electron	
  imaging	
  as	
  shown	
  in	
  Figure	
  1.	
  We	
  

note	
   the	
   additional	
   observation	
   of	
   porosity	
   due	
   to	
   the	
   canalicular	
   network	
   extending	
  

throughout	
  the	
  bone	
  material	
  (Reznikov	
  et	
  al.,	
  2013).	
  The	
  network	
  is	
  reasonably	
  periodic	
  

throughout	
   and	
   between	
   the	
   micro-­‐beams	
   as	
   shown	
   in	
   Figure	
   1,	
   which	
   indicates	
   a	
  

similarity	
  of	
  porosity	
  within	
  the	
  micro-­‐beams	
  that	
  are	
  subsequently	
  mechanically	
  tested.	
  

	
  

Samples	
   were	
   rehydrated	
   prior	
   to	
   mechanical	
   testing	
   by	
   removal	
   from	
   the	
   dual	
   beam	
  

chamber	
  followed	
  by	
  placement	
  in	
  a	
  closed	
  vessel	
  containing	
  a	
  high	
  vapour	
  concentration	
  

of	
  Hank’s	
  buffer	
  solution	
  for	
  two	
  hours.	
  This	
  method	
  of	
  rehydration	
  has	
  been	
  shown	
  to	
  be	
  

effective	
   in	
   maintaining	
   FIB	
   milled	
   micro-­‐beams	
   wet	
   in	
   air	
   but	
   also	
   in	
   the	
   vacuum	
  

conditions	
  of	
  an	
  SEM	
  (Jimenez-­‐Palomar	
  et	
  al.,	
  2012).	
  	
  

	
  

Mechanical	
  testing	
  of	
  bone	
  micro-­‐beams	
  

Mechanical	
   testing	
  of	
   individual	
  bone	
  micro-­‐beams	
  were	
  performed	
  using	
  a	
   custom	
  built	
  

atomic	
  force	
  microscope	
  (AFM)	
  (Attocube	
  GmbH,	
  Ger.)	
  setup	
  incorporated	
  within	
  the	
  dual	
  

beam	
  chamber	
  (Hang	
  et	
  al.,	
  2011).	
  AFM	
  cantilevers	
  (AppNano,	
  USA)	
  with	
  a	
  spring	
  constant	
  

of	
   28	
   Nm-­‐1	
   were	
   used	
   in	
   this	
   work.	
   Mechanical	
   testing	
   was	
   achieved	
   by	
   moving	
   a	
   FIB	
  

flattened	
   AFM	
   tip	
   into	
   contact	
  with	
   an	
   individual	
   bone	
  micro-­‐beam	
   inside	
   the	
   SEM	
   high	
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vacuum	
   (5.25x10-­‐4	
   Pa)	
   chamber	
   of	
   the	
   dual	
   beam	
   system.	
   The	
   mechanical	
   test	
   can	
  

therefore	
  be	
  carefully	
  monitored	
  and	
  recorded	
  in	
  situ	
  via	
  SEM	
  so	
  that	
  the	
  AFM	
  tip	
  contact	
  

with	
  the	
  bone	
  beam	
  is	
  accurately	
  known	
  as	
  shown	
  in	
  Figure	
  2a.	
  FIB	
  was	
  used	
  to	
  flatten	
  the	
  

apex	
   of	
   the	
   AFM	
   tip	
   prior	
   to	
   mechanical	
   testing	
   to	
   avoid	
   AFM	
   tip	
   indentation	
   into	
   the	
  

sample.	
  The	
  force	
  applied	
  by	
  the	
  AFM	
  causes	
  a	
  corresponding	
  deflection	
  in	
  the	
  bone	
  beam	
  

during	
  the	
  mechanical	
  bending	
  tests.	
  This	
  force	
  applied	
  by	
  the	
  AFM	
  tip	
  is	
  determined	
  from	
  

an	
  interferometer	
  system	
  recording	
  the	
  bending	
  of	
  the	
  AFM	
  cantilever,	
  which	
  is	
  attached	
  to	
  

the	
   AFM	
   tip	
   in	
   contact	
   with	
   the	
   bone	
   beam.	
   The	
   bending	
   of	
   the	
   AFM	
   cantilever	
   can	
   be	
  

translated	
  to	
  force	
  by	
  the	
  formula	
  F=xk	
  where	
  F	
  is	
  the	
  applied	
  force,	
  x	
  is	
  the	
  AFM	
  cantilever	
  

bending	
   deflection	
   recorded	
   by	
   the	
   interferometer	
   and	
   k	
   is	
   the	
   spring	
   constant	
   of	
   the	
  

cantilever,	
  which	
  is	
  determined	
  by	
  the	
  Sader	
  calibration	
  method	
  (Ohler,	
  2007;	
  Sader	
  et	
  al.,	
  

1995).	
  Six	
  individual	
  bone	
  micro-­‐beams	
  were	
  fabricated	
  and	
  mechanically	
  tested	
  using	
  the	
  

AFM	
   system	
   at	
   a	
   tip	
   displacement	
   rate	
   of	
   0.04	
   µm.s-­‐1.	
   Elastic	
   properties	
   and	
   fracture	
  

behaviour	
   for	
   individual	
   beams	
   were	
   found	
   using	
   small	
   deflection	
   and	
   large	
   deflection,	
  

respectively,	
  beam	
  bending	
  using	
   the	
  AFM	
  setup	
  as	
  used	
  previously	
   (Jimenez-­‐Palomar	
  et	
  

al.,	
   2012).	
   Bending	
   micro-­‐beams	
   to	
   small	
   deflections	
   was	
   achieved	
   by	
   applying	
   a	
   bone	
  

micro-­‐beam	
  displacement	
  of	
  up	
   to	
  1.7	
  µm	
  whereas	
   larger	
  deflections	
  beyond	
  3	
  µm	
  were	
  

required	
   for	
  sample	
   failure,	
  which	
  was	
  confirmed	
  using	
   the	
  SEM	
  observations	
  with	
  a	
  25°	
  

sample	
   tilt	
   relative	
   to	
   the	
   incident	
  SEM	
  beam	
  as	
  shown	
   in	
  Figure	
  2b.	
  Testing	
  of	
   the	
  bone	
  

beams	
  within	
  the	
  SEM	
  chamber	
  was	
  carried	
  out	
  within	
  a	
  time-­‐frame	
  of	
  2	
  hours.	
  Previous	
  

work	
  has	
  indicated	
  that	
  micro-­‐beams	
  of	
  bone	
  remain	
  hydrated	
  within	
  the	
  vacuum	
  chamber	
  

of	
  a	
  SEM	
  within	
  the	
  testing	
  time-­‐frame	
  of	
  this	
  work	
  (Jimenez-­‐Palomar	
  et	
  al.,	
  2012).	
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Simulation	
  of	
   the	
  deformation	
  of	
  bone	
  micro-­‐beams	
  was	
   carried	
  out	
  using	
   finite	
  element	
  

analysis	
  (FEA,	
  FEA,	
  Abaqus	
  6.7,	
  Dassault	
  Systèmes	
  Simulia	
  Corp.,	
  USA).	
  A	
  rectangular	
  beam	
  

with	
   dimensions	
   of	
   2x2x10	
   units	
   was	
   modelled.	
   One	
   beam	
   end	
   surface	
   was	
   anchored	
  

leaving	
   all	
   other	
   surfaces	
   free.	
   A	
   force	
  was	
   applied	
   to	
   the	
   opposite	
   end	
   of	
   the	
   anchored	
  

surface	
  to	
  give	
  resultant	
  beam	
  deformation.	
  In	
  order	
  to	
  simulate	
  bone	
  material,	
   the	
  beam	
  

was	
  selected	
  to	
  have	
  an	
  elastic	
  modulus	
  taken	
  from	
  the	
  experimental	
  bone	
  measurements.	
  

A	
  von	
  Mises	
  stress	
  analysis	
  was	
  used	
  to	
  show	
  the	
  point	
  of	
  highest	
  concentration	
  of	
  stresses	
  

in	
   this	
   simulation	
   in	
   order	
   to	
   determine	
   the	
   location	
  where	
   collagen	
   fibrils	
   significantly	
  

contributed	
  to	
  the	
  beam	
  bending	
  behaviour.	
  	
  	
  

Results	
  

Bending	
  of	
  bone	
  micro-­‐beams	
  to	
  failure	
  

The	
  force-­‐displacement	
  curves	
  for	
  six	
  beams	
  tested	
  to	
  failure	
  are	
  shown	
  in	
  Figure	
  3.	
  	
  These	
  

curves	
  exhibit	
  variations	
   in	
  the	
  amount	
  of	
   force	
  that	
  was	
  needed	
  to	
  displace	
  and	
  fracture	
  

each	
  beam	
  due	
  to	
  expected	
  structural	
  variations	
  from	
  collagen	
  orientation	
  within	
  the	
  bone	
  

micro-­‐beams	
  (Peterlik	
  et	
  al.,	
  2006).	
  A	
  relatively	
  linear	
  force-­‐displacement	
  relationship	
  was	
  

observed	
  during	
  beam	
  bending,	
   indicating	
  apparent	
  elastic	
  behaviour	
  up	
   to	
   fracture.	
  The	
  

gradient	
  of	
  the	
  linear	
  region	
  (df/dδ)	
  of	
  the	
  force-­‐displacement	
  curves	
  was	
  used	
  to	
  calculate	
  

an	
  effective	
  elastic	
  modulus	
  of	
  the	
  rat	
  bone	
  beam,	
  E,	
  using	
  Equation	
  (1):	
  	
  

E = 12l
3

3bh3
. f
δ
	
  	
   Equation	
  (1)	
  

Where	
  l,	
  b	
  and	
  h	
  are	
  the	
  length	
  from	
  the	
  base	
  of	
  the	
  sample	
  to	
  testing	
  contact	
  point,	
  breadth	
  

and	
  height	
  of	
  the	
  rat	
  bone	
  beam	
  respectively.	
  Typical	
  geometric	
  values	
  of	
  the	
  micro-­‐beam	
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are	
   l=10	
  µm,	
  b=2	
  µm	
  and	
  h=2	
  µm.	
  We	
  note	
  that	
  the	
  breadth	
  and	
  height	
  of	
   the	
  beams	
  are	
  

measured	
  by	
  SEM	
  at	
  their	
  base	
  where	
  the	
  stress	
  in	
  maximal	
  as	
  shown	
  below.	
  

	
  

The	
   strength	
   and	
  work-­‐to-­‐fracture	
   for	
   the	
  micro-­‐beams	
   tested	
   to	
   failure	
  were	
   calculated	
  

using	
  a	
  variation	
  of	
  the	
  equation	
  described	
  by	
  Liu	
  et	
  al.	
  (1999)	
  (Liu	
  et	
  al.,	
  1999b)	
  adjusted	
  

for	
   rectangular	
   cross-­‐sectioned	
   samples	
   as	
   opposed	
   to	
   their	
   circular	
   cross-­‐sectioned	
  

samples.	
   Specifically,	
   the	
   failure	
   strength	
   and	
   nominal	
   work-­‐to-­‐fracture	
   was	
   calculated	
  

using	
   previous	
   equations	
   for	
   beam	
  bending	
   experiments	
   (Koester	
   et	
   al.,	
   2008;	
   Liu	
   et	
   al.,	
  

1999b)	
  as	
  follows:	
  

σmax =
6 fl
bh2

	
   	
   Equation	
  (2)	
  

	
   	
   	
   	
   W =
A
2bh

	
   	
   Equation	
  (3)	
  

Where	
  l,	
  b	
  and	
  h	
  are	
  the	
  length	
  from	
  the	
  base	
  of	
  the	
  sample	
  to	
  testing	
  contact	
  point,	
  breadth	
  

and	
  height	
  of	
  the	
  rat	
  bone	
  beam	
  respectively,	
  σmax	
   is	
  the	
  maximum	
  stress	
  calculated	
  from	
  

Equations	
   (2),	
  W	
   is	
   the	
  work-­‐to-­‐fracture	
   and	
  A	
   is	
   the	
   area	
   under	
   the	
   force-­‐displacement	
  

curve.	
  Table	
  1	
  shows	
  the	
  elastic	
  modulus,	
  strength	
  and	
  work-­‐to-­‐fracture,	
  calculated	
  using	
  

Equation	
   (1),	
   (2)	
   and	
   (3)	
   respectively,	
   for	
   the	
   bone	
  micro-­‐beams	
  mechanically	
   tested	
   in	
  

bending	
   to	
   failure	
   from	
   the	
   data	
   shown	
   in	
   Figure	
   3.	
   The	
   error	
   in	
   mechanical	
   property	
  

values	
  were	
   calculated	
   from	
   the	
   standard	
   deviation	
   caused	
   by	
   small	
   changes	
   in	
   AFM	
   tip	
  

contact	
  point	
  along	
  the	
   length	
  of	
   the	
  micro-­‐beams	
  during	
  bending.	
  Contact	
  point	
  changes	
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arise	
  from	
  deflections	
  of	
  both	
  the	
  bone	
  micro-­‐beam	
  and	
  AFM	
  cantilever	
  and	
  are	
  observed	
  

by	
  the	
  SEM	
  during	
  mechanical	
  testing.	
  	
  	
  

	
  

Discussion	
  

The	
  mechanical	
  properties	
  of	
  the	
  micro-­‐beams	
  tested	
  at	
  various	
  locations	
  along	
  the	
  edge	
  of	
  

the	
  bone	
  sample,	
  such	
  as	
  shown	
  in	
  Figure	
  1,	
  provide	
  a	
  range	
  of	
  values	
  listed	
  in	
  Table	
  1.	
  The	
  

elastic	
   modulus	
   measured	
   from	
   the	
   bone	
   micro-­‐beam	
   bending	
   tests	
   are	
   comparable	
   to	
  

values	
   obtained	
   from	
   previous	
  work	
   but	
   using	
   different	
  mechanical	
   testing	
   experiments	
  

(Gupta	
  et	
  al.,	
  2006;	
  Liu	
  et	
  al.,	
  1999b).	
  Collagen	
  fibril	
  orientation	
  is	
  expected	
  to	
  be	
  dominant	
  

in	
  determining	
  the	
  mechanical	
  properties	
  of	
  each	
  micro-­‐beam	
  due	
  to	
  the	
  known	
  change	
  in	
  

the	
   organization	
   of	
   fibrils	
   throughout	
   bone	
   material.	
   Elastic	
   modulus	
   is	
   perhaps	
   the	
  

clearest	
  indication	
  of	
  collagen	
  fibril	
  orientation.	
  In	
  terms	
  of	
  proposing	
  a	
  model	
  to	
  describe	
  

fibril	
   organization	
   within	
   a	
   lamellar	
   unit,	
   a	
   regular	
   ordered	
   5	
   layered	
   subunit	
   structure	
  

composed	
   of	
   aligned	
   mineralized	
   collagen	
   fibrils	
   with	
   an	
   offset	
   of	
   around	
   30°	
   is	
   used	
  

according	
  to	
  plywood-­‐type	
  behaviour	
  (Weiner	
  et	
  al.,	
  1997)	
  as	
  shown	
  in	
  Figure	
  4.	
  We	
  note	
  

that	
  more	
   accurate	
   structural	
   observations	
   of	
   lamellae	
   have	
   been	
  made	
   (Reznikov	
   et	
   al.,	
  

2013)	
  but	
  are	
  more	
  difficult	
  to	
  model	
  due	
  to	
  the	
  disorder	
  of	
  fibrils	
  found.	
  	
  

	
  

Figure	
  5	
  shows	
  the	
  variation	
  in	
  elastic	
  modulus	
  of	
  the	
  bone	
  micro-­‐beams	
  as	
  a	
  function	
  of	
  

spatial	
   location	
  along	
  the	
  edge	
  of	
  the	
  bone	
  sample.	
  The	
  red	
  curve	
  was	
  fitted	
  to	
  the	
  elastic	
  

modulus	
   values	
   using	
   a	
   sine	
   curve	
   function	
   of	
   y=y0+A.sin(2π(x-­‐xc)/w),	
   fixing	
   an	
   upper	
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boundary	
   3.2	
  µm	
  periodicity	
   of	
   the	
   lamellar	
   unit	
   of	
   rat	
   long	
   bones	
   (Weiner	
   et	
   al.,	
   1997)	
  

using	
  software	
  (Origin	
  Pro	
  8,	
  OriginLab,	
  USA).	
  The	
  fitting	
  gave	
  parameters	
  of	
  y0=7.06±0.82,	
  

A=	
  5.23±1.8,	
  xc=3.1±0.15	
  and	
  w=3.04±0.01.	
  

	
  

The	
  measured	
  changes	
  in	
  the	
  elastic	
  modulus	
  of	
  the	
  bone	
  micro-­‐beams	
  are	
  expected	
  to	
  be	
  

due	
   to	
   the	
   collagen	
   fibril	
   orientations	
   within	
   the	
   beam.	
   In	
   particular,	
   a	
   micro-­‐beam	
  

consisting	
  predominantly	
  of	
  collagen	
  aligned	
  mainly	
  along	
  the	
  long	
  axis	
  of	
  the	
  micro-­‐beam	
  

will	
   give	
   a	
   relatively	
   large	
   elastic	
  modulus	
  whereas	
   a	
  micro-­‐beam	
   composed	
   of	
   collagen	
  

oriented	
  perpendicular	
   to	
   the	
   long	
  axis	
  of	
  bone	
  provides	
  a	
  relatively	
   low	
  elastic	
  modulus	
  

value.	
  To	
  validate	
   this	
  assumption,	
  SEM	
  back-­‐scattered	
   imaging	
  was	
  used	
   to	
  examine	
   the	
  

FIB	
  polished	
  surfaces	
  of	
  the	
  micro-­‐beams.	
  Back-­‐scattered	
  imaging	
  provides	
  atomic	
  number	
  

contrast	
  for	
  relatively	
  flat	
  samples.	
  Thus,	
  orientation	
  in	
  mineralized	
  collagen	
  fibrils	
  can	
  be	
  

quantified	
  using	
  back-­‐scattered	
  imaging	
  due	
  to	
  the	
  relatively	
  high	
  atomic	
  number	
  mineral	
  

phase	
  along	
  the	
  collagen	
  fibril	
  length.	
  Figure	
  6	
  shows	
  an	
  individual	
  bone	
  micro-­‐beam	
  with	
  a	
  

series	
  of	
  linear	
  patterns	
  observed	
  from	
  the	
  base	
  of	
  the	
  beam	
  to	
  the	
  end	
  of	
  the	
  beam.	
  Linear	
  

patterns	
   in	
  bone	
  material	
   in	
   this	
  work	
   show	
  similarities	
   to	
   fibrillar	
  patterns	
  observed	
   in	
  

transmission	
   electron	
  micrographs	
   collected	
   from	
   demineralised	
   lamellar	
   rat	
   femur	
   and	
  

tibia	
  samples	
  (Weiner	
  et	
  al.,	
  1997;	
  Weiner	
  et	
  al.,	
  1999).	
  The	
  linear	
  patterns	
  are	
  expected	
  to	
  

correspond	
  to	
  the	
  mineral	
  in	
  the	
  oriented	
  collagen	
  fibrils	
  and	
  are	
  seen	
  to	
  change	
  from	
  the	
  

micro-­‐beam	
   base	
   to	
   end	
   in	
   Figure	
   6.	
   We	
   note	
   that	
   the	
   linear	
   banding	
   patterns	
   vary	
   in	
  

direction	
   along	
   the	
   length	
   of	
   the	
   micro-­‐beams	
   and,	
   thus,	
   cannot	
   be	
   from	
   the	
   FIB	
  

preparation	
  as	
  this	
  was	
  carried	
  out	
  in	
  one	
  direction	
  only.	
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An	
  overall	
  fibril	
  orientation	
  in	
  the	
  micro-­‐beam	
  is	
  potentially	
  difficult	
  to	
  define	
  as	
  a	
  number	
  

of	
   different	
   collagen	
   fibril	
   orientations	
   exist	
   within	
   a	
   lamellar	
   unit	
   and	
   the	
   micro-­‐beam	
  

tested	
   may	
   bridge	
   between	
   multiple	
   lamellae.	
   However,	
   an	
   average	
   mineralized	
   fibril	
  

orientation	
  in	
  the	
  micro-­‐beams	
  can	
  be	
  defined	
  by	
  measuring	
  the	
  linear	
  pattern	
  angle	
  at	
  10	
  

equidistant	
   points	
   along	
   the	
   length	
   of	
   the	
   micro-­‐beam	
   as	
   shown	
   in	
   Figure	
   6.	
   Each	
  

orientation	
  was	
  measured	
   three	
   times	
   at	
   each	
  point	
   along	
   the	
   length,	
  with	
   all	
   values	
   the	
  

same	
  to	
  within	
   less	
  than	
  1°.	
  A	
  total	
  of	
  5	
  beams	
  were	
  examined	
  with	
  the	
   fibril	
  orientation	
  

angle	
   relative	
   to	
   the	
   length	
   of	
   the	
  micro-­‐beam	
   along	
   the	
   length	
   of	
   each	
   beam.	
   shown	
   in	
  

Table	
  2.	
  	
  

	
  

FEA	
   of	
   an	
   individual	
   bone	
   micro-­‐beam	
   under	
   bending	
   was	
   carried	
   out	
   in	
   order	
   to	
  

determine	
  the	
  orientation	
  along	
  the	
  micro-­‐beam	
  length	
  that	
  contributed	
  significantly	
  to	
  the	
  

overall	
   beam	
   bending	
   behaviour.	
   The	
   FEA	
   experiment	
   shown	
   in	
   Figure	
   7	
   highlights	
   a	
  

concentration	
  of	
  stresses	
  in	
  the	
  first	
  10%	
  of	
  the	
  length	
  of	
  the	
  beam,	
  which	
  indicates	
  that	
  the	
  

collagen	
   fibril	
   orientation	
  within	
   this	
   first	
   10%	
  of	
   the	
   beam	
   length	
   is	
   expected	
   to	
   define	
  

bone	
  micro-­‐beam	
  mechanics	
  during	
  bending	
  tests.	
  	
  

	
  

The	
  measured	
   fibril/platelet	
   orientation	
   observed	
   via	
   the	
   back-­‐scattered	
   SEM	
   images	
   as	
  

shown	
  in	
  Table	
  2	
  can	
  be	
  related	
  to	
  the	
  elastic	
  modulus	
  of	
  the	
  bone	
  micro-­‐beams	
  found	
  from	
  

AFM	
  mechanical	
   testing.	
   The	
   elastic	
   modulus	
   of	
   the	
   bone	
  micro-­‐beams	
   is	
   considered	
   to	
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increase	
   as	
   the	
   orientation	
   angle	
   decreases.	
   Thus,	
   collagen	
   fibrils	
   and	
   platelets	
   oriented	
  

along	
   the	
   long	
   axis	
   of	
   the	
   micro-­‐beam	
   (i.e.	
   the	
   0°	
   angle)	
   provide	
   an	
   increased	
   elastic	
  

modulus	
   whereas	
   progressive	
   off-­‐axis	
   alignment	
   gives	
   a	
   drop	
   in	
   the	
  micro-­‐beam	
   elastic	
  

modulus.	
  Such	
  observations	
  of	
  orientation	
  at	
  FIB	
  polished	
  micro-­‐beam	
  surfaces	
  using	
  SEM	
  

back-­‐scattered	
   imaging	
   is	
   potentially	
   a	
   method	
   for	
   characterizing	
   structural	
   orientation	
  

and	
  resultant	
  bone	
  micro-­‐beam	
  mechanics.	
  The	
  micro-­‐beam	
  elastic	
  modulus	
  variation	
  with	
  

orientation	
   is	
   therefore	
   further	
   described	
   using	
   a	
   theoretical	
   composite	
   model	
   such	
   as	
  

achieved	
   previously	
   by	
   Akiva	
   et	
   al.	
   (1998)	
   (Akiva	
   et	
   al.,	
   1998).	
   Using	
   the	
   structural	
  

parameters	
  given	
  by	
  Akiva	
  et	
  al.	
  (1998)	
  (Akiva	
  et	
  al.,	
  1998),	
  the	
  theoretical	
  elastic	
  modulus	
  

of	
  a	
  lamellar	
  unit	
  when	
  all	
  collagen	
  fibrils	
  are	
  aligned	
  along	
  the	
  long	
  axis	
  of	
  bone	
  and	
  when	
  

the	
  collagen	
  fibrils	
  are	
  aligned	
  perpendicular	
  to	
  the	
  bone	
  long	
  axis	
  can	
  be	
  calculated	
  using	
  

Equations	
  (4)	
  and	
  (5)	
  respectively.	
  

E1 = Em (1−Vp )+EpVp 	
  	
   Equation	
  (4)	
  	
  

E2 = E3 =
Vp

Ep

+
(1−Vp )
Em

"

#
$
$

%

&
'
'

−1

	
   Equation	
  (5)	
   	
  

Where	
   E1	
   is	
   the	
   theoretical	
   elastic	
   modulus	
   of	
   a	
   lamellar	
   unit	
   with	
   all	
   of	
   the	
   platelet	
  

reinforced	
  collagen	
  fibrils	
  aligned	
  along	
  the	
  long	
  axis	
  of	
  the	
  bone,	
  E2	
  is	
  the	
  elastic	
  modulus	
  

of	
  a	
  lamellar	
  unit	
  when	
  these	
  fibrils	
  are	
  all	
  aligned	
  transverse	
  and	
  perpendicular	
  to	
  the	
  long	
  

axis	
   of	
   the	
   bone	
   and	
   E3	
   is	
   the	
   elastic	
   modulus	
   when	
   the	
   collagen	
   fibrils	
   are	
   aligned	
  

transversely	
  out-­‐of-­‐plane.	
  Vp	
  is	
  the	
  platelet	
  volume	
  fraction	
  taken	
  as	
  0.5	
  (Akiva	
  et	
  al.,	
  1998;	
  

Doty	
  et	
  al.,	
  1976;	
  Ziv	
  et	
  al.,	
  1996),	
  Em	
  is	
  the	
  elastic	
  modulus	
  in	
  tension	
  of	
  collagen	
  taken	
  as	
  

2.4±0.4	
  GPa	
  (Hang	
  et	
  al.,	
  2011)	
  and	
  Ep	
  the	
  elastic	
  modulus	
  of	
  the	
  mineral	
  platelets	
  taken	
  as	
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114	
  GPa	
  (Akiva	
  et	
  al.,	
  1998;	
  Gilmore	
  and	
  Katz,	
  1982).	
  The	
  elastic	
  modulus	
  values	
  calculated	
  

for	
  a	
  lamellar	
  unit	
  using	
  Equations	
  4	
  and	
  5	
  give	
  upper	
  and	
  lower	
  limits	
  of	
  E1=	
  58.2	
  GPa	
  and	
  

E2	
  =E3=4.7	
  GPa	
  respectively.	
  Following	
   the	
  modelling	
  by	
  Akiva	
  et	
  al.	
   (1998),	
   these	
  elastic	
  

modulus	
  values	
  were	
  then	
  related	
  to	
  collagen	
  fibril	
  orientation	
  using:	
  

	
  

E(θ,ϕ ) = cos
4θ

E1
+
sin4θ cos4ϕ

E2
+
sin4θ sin4ϕ

E3
+ cos2θ sin2θ cos2ϕI12

+sin4θ sin2ϕ cos2ϕI23 + sin
2θ cos2θ sin2ϕI31

	
   Equation	
  (6)	
  

Where	
  

Iij =
1
Gij

− 2
vij
Eij

(i, j =1,2,3, i ≠ j)
	
   	
   	
   	
   	
   	
   Equation	
  (7)	
  

and	
  E	
   is	
   the	
   elastic	
  modulus	
   of	
   the	
  micro-­‐beam,	
  θ	
   is	
   the	
   collagen	
   fibril	
   orientation	
   angle	
  

varying	
   from	
   0°≤	
   θ≤90°,	
   φ	
   is	
   the	
   angle	
   of	
   mechanical	
   testing	
   as	
   known	
   from	
   the	
   SEM	
  

observations,	
   G	
   is	
   the	
   shear	
   modulus	
   of	
   the	
   micro-­‐beam	
   approximated	
   by	
   G=E/2(1+ν)	
  

where	
  ν	
  is	
  the	
  Poisson’s	
  ratio	
  with	
  a	
  value	
  of	
  0.35	
  (Akiva	
  et	
  al.,	
  1998)	
  and	
  ij	
   is	
  the	
  testing	
  

axis.	
  The	
  variation	
  in	
  micro-­‐beam	
  elastic	
  modulus,	
  previously	
  shown	
  in	
  Figure	
  5,	
  with	
  the	
  

predominant	
  collagen	
  fibril	
  orientation	
  found	
  from	
  back-­‐scattered	
  imaging	
  data	
  in	
  Table	
  1	
  

is	
  shown	
  in	
  Figure	
  8.	
  	
  

	
  

The	
   fit	
   between	
   the	
  variation	
  of	
   the	
   elastic	
  modulus	
  of	
   the	
  bone	
  micro-­‐beams	
  with	
   fibril	
  

orientation	
   using	
   the	
   relatively	
   simple	
  model	
   of	
   Equation	
   (6)	
   highlights	
   how	
   the	
   elastic	
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modulus	
  can	
  be	
  approximated	
  from	
  orientation	
  observations	
  using	
  the	
  back-­‐scattered	
  SEM	
  

imaging.	
  We	
  can	
   therefore	
   state	
   that	
   the	
  mechanical	
  properties	
  of	
   the	
  bone	
  micro-­‐beams	
  

are	
  defined	
  by	
  fibril	
  orientation	
  and	
  not,	
  for	
  example,	
  by	
  canaliculae.	
  The	
  AFM	
  mechanical	
  

testing	
   of	
   the	
   micro-­‐beams	
   provides	
   further	
   mechanical	
   information	
   based	
   on	
   failure	
  

including	
   the	
   strength	
   and	
   work-­‐to-­‐fracture,	
   which	
   may	
   give	
   additional	
   orientation	
  

dependent	
   variations	
   as	
   observed	
   for	
   elastic	
   modulus.	
   To	
   examine	
   these	
   failure	
   related	
  

mechanical	
   properties,	
   a	
   plot	
   of	
   the	
  micro-­‐beam	
   strength	
   and	
  work-­‐to	
   fracture	
  with	
   the	
  

variation	
  in	
  elastic	
  modulus	
  is	
  presented	
  in	
  Figure	
  9	
  below.	
  	
  

	
  

General	
   trend	
   lines	
   in	
   Figure	
   9	
   highlights	
   an	
   increase	
   in	
   the	
   bone	
   micro-­‐beam	
   elastic	
  

modulus	
  as	
  the	
  strength	
  of	
  the	
  beam	
  increases	
  but	
  little	
  variation	
  in	
  work-­‐to-­‐fracture	
  with	
  

respect	
  to	
  elastic	
  modulus.	
  The	
  mechanical	
  properties	
  shown	
  in	
  Figure	
  9	
  can	
  be	
  compared	
  

to	
  existing	
  literature.	
  Strength	
  values	
  from	
  bending	
  of	
  rat	
  whole	
  bones	
  are	
  between	
  134±4	
  

MPa	
  (Barengolts	
  et	
  al.,	
  1993)	
  to	
  180±6	
  MPa	
  (Jorgensen	
  et	
  al.,	
  1991),	
  which	
  are	
  similar	
  to	
  

strengths	
  from	
  compression	
  testing	
  of	
  samples	
  with	
  relatively	
  small	
  cross	
  sectional	
  areas	
  of	
  

the	
  order	
  of	
  1	
  mm2	
   (Cory	
  et	
   al.,	
   2010).	
   	
   Such	
  measured	
  strength	
  values	
  are	
   considerably	
  

smaller	
   than	
   reported	
   in	
   this	
  work	
  and	
   is	
   expected	
   to	
  be	
  because	
  bone	
  micro-­‐beams	
  are	
  

relatively	
  dense,	
  with	
  an	
  absence	
  of	
  voids	
  that	
  would	
  compromise	
  resultant	
  strength	
  found	
  

in	
  larger	
  sample	
  volumes.	
  Conversely,	
  elastic	
  modulus	
  is	
  not	
  so	
  dependent	
  on	
  defects	
  and	
  

exhibits	
  a	
  similarity	
  between	
  our	
  work	
  and	
  values	
  ranging	
  from	
  4.9±4	
  GPa	
  (Ejersted	
  et	
  al.,	
  

1993)	
  to	
  8±0.4	
  GPa	
  (Barengolts	
  et	
  al.,	
  1993)	
  for	
  whole	
  bone	
  and	
  5.12±0.77	
  GPa	
  (Kasra,	
  et	
  

al.,	
   1997)	
   to	
   8.8±2.5	
   GPa	
   (Cory	
   et	
   al.,	
   2010)	
   for	
   samples	
   with	
   millimeter	
   scale	
   widths.	
  



 18 

Previous	
   nanoindentation	
   experiments	
   typically	
   provide	
   elastic	
   modulus	
   values	
  

significantly	
   higher	
   than	
   the	
   micron	
   to	
   millimeter	
   length	
   scales,	
   with	
   corresponding	
  

structural	
   changes	
   at	
   the	
   smaller	
   length	
   scales	
   attributed	
   to	
   such	
   variations	
   (Cory	
   et	
   al.,	
  

2010).	
   The	
   effect	
   of	
   collagen	
   fibril	
   orientation	
   on	
   the	
   strength	
   of	
   a	
   bone	
  micro-­‐beam	
   is	
  

similar	
  to	
  elastic	
  modulus	
  dependence,	
  with	
  collagen	
  fibrils	
  organized	
  along	
  the	
  principal	
  

beam	
   axis	
   fracturing	
   during	
   failure	
   whereas	
   progressive	
   off-­‐axis	
   fibril	
   orientations	
  

promoting	
  failure	
  of	
  the	
  weaker	
  interfaces	
  between	
  the	
  fibrils.	
  Indeed,	
  the	
  strength	
  of	
  the	
  

non-­‐collagenous	
   protein	
   region	
   has	
   been	
   shown	
   to	
   be	
  many	
   orders	
   of	
  magnitude	
   lower	
  

than	
  fibril	
  strength	
  (Hang	
  et	
  al.	
  2014).	
  Thus,	
  the	
  mineralized	
  collagen	
  fibrils	
  in	
  the	
  micro-­‐

beams	
  behave	
  as	
  fibrous	
  reinforcements	
  that	
  provide	
  strength	
  and	
  stiffness	
  along	
  the	
  main	
  

orientation	
   axis.	
   However,	
   the	
   work-­‐to-­‐fracture	
   of	
   the	
   micro-­‐beams	
   is	
   observed	
   to	
   vary	
  

little	
  with	
  the	
  elastic	
  modulus	
  of	
  the	
  micro-­‐beam,	
  which	
  is	
  opposed	
  to	
  typically	
  composite	
  

design	
   where	
   off-­‐axis	
   reinforcing	
   fibres	
   allow	
   enhanced	
   crack-­‐deflection	
   between	
   the	
  

reinforcement	
  phase	
   for	
   improved	
   toughness	
   (Hull	
  and	
  Clyne,	
  2001).	
  Maintaining	
  a	
  bone	
  

work-­‐to-­‐fracture	
   that	
   is	
   independent	
   of	
   the	
   mineralized	
   collagen	
   fibril	
   orientation	
   is	
  

therefore	
   surprising	
   and	
   indicates	
   that	
   the	
   failure	
   at	
   the	
   base	
   of	
   the	
   beam	
   potentially	
  

fractures	
   the	
   same	
   number	
   of	
   collagen	
   fibrils	
   and	
   their	
   corresponding	
   interfaces.	
  

Homogeneous	
  work-­‐to-­‐fracture	
  at	
  the	
  micron	
  length	
  scales	
  examined	
  here	
  is	
  in	
  contrast	
  to	
  

the	
   behaviour	
   of	
   bulk	
   bone	
   specimens	
   where	
   directional	
   toughening	
   is	
   clearly	
   known	
  

(Koester	
   et	
   al.,	
   2008).	
   Importantly,	
   this	
   previous	
   work	
   highlighted	
   relatively	
   large	
  

structural	
   features	
   such	
   as	
   bone	
   cement	
   lines	
   that	
   control	
   crack	
   propagation	
   to	
   enhance	
  

toughness	
  in	
  a	
  ‘breaking’	
  direction	
  but	
  show	
  significant	
  lowering	
  of	
  toughness	
  in	
  the	
  bone	
  

‘splitting’	
  direction.	
  The	
  bone	
  micro-­‐beams	
  examined	
  here	
  do	
  not	
  contain	
  the	
  larger	
  scale	
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cement	
  line	
  features	
  as	
  rat	
  bone	
  is	
  unremodelled	
  and	
  would	
  therefore	
  demonstrate	
  a	
  lack	
  

of	
   directional	
   dependent	
   toughness	
   behaviour	
   that	
   originates	
   from	
   cement	
   lines,	
   thus	
  

emphasizing	
  the	
  control	
  of	
  structure	
  over	
  material	
  properties	
  in	
  defining	
  bone	
  toughness.	
  

Additional	
   defects	
   from	
   canaliculi	
   have	
   also	
   been	
   proposed	
   as	
   dictating	
   micro-­‐cracking	
  

mechanisms	
  (Behiri	
  and	
  Bonfield,	
  1984;	
  Evans,	
  1973)	
  (Bonfield	
  and	
  Datta,	
  1976;	
  Bonfield	
  

and	
  Li,	
  1966)	
  but	
  are	
  not	
   considered	
   in	
  our	
   current	
  work.	
  Our	
   results	
  must	
   therefore	
  be	
  

considered	
   as	
   evaluating	
   the	
   mechanical	
   properties	
   of	
   the	
   intrinsic	
   sub-­‐lamellar	
   bone	
  

material	
   to	
   failure,	
  which	
  may	
  be	
   important	
  when	
  the	
  quality	
  of	
   the	
  bone	
  material	
  varies	
  

such	
  as	
  from	
  the	
  effects	
  of	
  disease.	
  

	
  

Conclusions	
  

Bone	
   micro-­‐beams	
   with	
   dimensions	
   comparable	
   to	
   the	
   lamellar	
   unit	
   were	
   successfully	
  

isolated	
   using	
   focused	
   ion	
   beam	
   (FIB)	
   microscopy	
   and	
   mechanically	
   tested	
   in	
   bending	
  

using	
   atomic	
   force	
   microscopy	
   (AFM).	
   A	
   variation	
   in	
   the	
   mechanical	
   properties	
   of	
   the	
  

micro-­‐beams	
   was	
   observed	
   and	
   directly	
   related	
   to	
   the	
   mineralised	
   collagen	
   fibril	
  

orientation	
   inferred	
   from	
   back-­‐scattered	
   scanning	
   electron	
   microscopy	
   (SEM)	
   imaging.	
  

Mechanical	
   models	
   were	
   applied	
   to	
   describe	
   the	
   relationship	
   between	
   collagen	
   fibril	
  

orientation	
   and	
   mechanical	
   behaviour	
   of	
   the	
   lamellar	
   unit.	
   The	
   strength	
   and	
   elastic	
  

modulus	
  of	
  the	
  bone	
  micro-­‐beams	
  were	
  defined	
  by	
  fibril	
  orientation	
  and	
  conformed	
  to	
  

fibrous	
   composite	
   considerations	
  where	
   reinforcing	
   fibrils	
   aligned	
   in	
   the	
   direction	
   of	
  

the	
  load	
  gave	
  the	
  highest	
  strength	
  and	
  stiffness.	
  Work-­‐to-­‐fracture	
  exhibited	
  orientation	
  

independence	
  was	
  suggested	
  as	
  being	
  an	
  intrinsic	
  bone	
  property	
  from	
  the	
  sub-­‐lamellar	
  



 20 

unit	
   of	
   our	
   work	
   that	
   ignores	
   larger	
   structural	
   features	
   that	
   provide	
   orientation	
  

dependent	
  toughness	
  found	
  in	
  whole	
  bone	
  samples.	
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Figure	
   1.	
   Electron	
   micrograph	
   showing	
   a	
   back-­‐scattered	
   electron	
   image	
   of	
   bone	
   micro-­‐

beam	
  samples.	
  Porosity	
  due	
  to	
  the	
  canalicular	
  network	
  is	
  observed	
  within	
  the	
  micro-­‐beams	
  

as	
  dark	
  regions.	
  

Figure	
  2.	
  SEM	
  micrographs	
  showing	
  a)	
  in	
  situ	
  cantilever	
  beam	
  testing	
  in	
  bending	
  provided	
  

by	
   the	
  AFM	
   tip	
   pushing	
   into	
   the	
   free	
   end	
   of	
   the	
   bone	
  micro-­‐beam	
  until	
   b)	
   failure	
   of	
   the	
  

micro-­‐beam	
  occurs.	
  

Figure	
  3.	
  AFM	
  force-­‐deflection	
  curves	
  for	
  six	
  sub-­‐lamellar	
  micro-­‐beams	
  tested	
  to	
  fracture	
  in	
  

bending.	
  

Figure	
  4.	
  Schematic	
  showing	
  the	
  approximate	
  dimensions	
  of	
  the	
  sub-­‐lamellar	
  unit	
  in	
  bone	
  

material	
  produced	
  using	
  FIB	
  techniques.	
  The	
  FIB	
  milled	
  bone	
  micro-­‐beam	
  width	
   is	
  2	
  μm,	
  

which	
   is	
  below	
  the	
  width	
  of	
  a	
  single	
   lamellar	
  unit,	
   thus	
   indicating	
   that	
   the	
   testing	
   is	
  sub-­‐

lamellar.	
   In	
   the	
   diagram,	
   the	
   micro-­‐beam	
   contains	
   part	
   of	
   the	
   lamellar	
   unit	
   with	
   the	
  

collagen	
  fibril	
  orientation	
  predominantly	
  along	
  the	
  long	
  axis	
  of	
  the	
  micro-­‐beam,	
  which	
  will	
  

result	
  in	
  an	
  elastic	
  modulus	
  maximum	
  for	
  the	
  micro-­‐beam.	
  

Figure	
  5.	
  Plot	
  of	
   the	
  variation	
   in	
  bone	
  micro-­‐beam	
  elastic	
  modulus	
  against	
  beam	
  position	
  

(top)	
  at	
  the	
  edge	
  of	
  the	
  bone	
  sample	
  shown	
  in	
  the	
  SEM	
  micrograph	
  (bottom).	
  	
  

Figure	
   6.	
   SEM	
  micrograph	
   of	
   an	
   individual	
   FIB	
   polished	
   bone	
  micro-­‐beam	
  with	
  markers	
  

indicating	
   the	
  percentage	
  distance	
  along	
   the	
  beam	
  where	
   the	
   fibril	
  orientation	
  angle	
  was	
  

measured.	
  Arrows	
  highlight	
  the	
  observed	
  orientation	
  angle.	
  

Figure	
  7.	
   FEA	
  modelling	
  of	
   a	
   cantilever	
  beam	
   in	
  bending,	
   fixed	
   at	
   the	
   right	
   of	
   the	
   image,	
  

with	
   a	
   concentrated	
   load	
   applied	
   to	
   the	
   beam	
   free	
   end	
   at	
   the	
   left	
   of	
   the	
   image.	
   Red	
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colouration	
   corresponds	
   to	
   higher	
   stresses	
   while	
   the	
   blue	
   corresponds	
   to	
   the	
   lowest	
  

stresses.	
  

Figure	
   8.	
   Plot	
   of	
   the	
   variation	
   of	
   bone	
   micro-­‐beam	
   elastic	
   modulus	
   with	
   collagen	
   fibril	
  

orientation	
   angle	
   taken	
   from	
   SEM	
   images	
   as	
   demonstrated	
   in	
   Figure	
   6.	
   A	
   fit	
   line	
   from	
  

Equation	
  (6)	
  is	
  provided.	
  

Figure	
  9.	
  Plot	
  of	
  a)	
   the	
  strength	
  of	
  bone	
  micro-­‐beams	
  against	
  elastic	
  modulus,	
   showing	
  a	
  

general	
  increasing	
  modulus	
  with	
  increasing	
  strength	
  (R2=0.6)	
  and	
  b)	
  no	
  discernable	
  trend	
  

in	
  work-­‐to-­‐fracture	
  with	
  increasing	
  elastic	
  modulus.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

Tables	
  
	
  
Table	
  1.	
  Work-­‐to-­‐fracture	
  and	
  elastic	
  modulus	
  values	
  of	
  rat	
  bone	
  femur	
  micro-­‐beams	
  tested	
  

in	
  bending	
  to	
  failure.	
  	
  

Work-­‐to-­‐fracture	
  

(Jm-­‐2)	
  

Strength	
  

(MPa)	
  

Elastic	
  

Modulus	
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(GPa)	
  

24.8±3.7	
   847±127	
   8.29±1.24	
  

27.2±4.1	
   632±95	
   4.98±0.75	
  

31.2±4.7	
   952±143	
   6.03±0.91	
  

35.4±5.3	
   1083±162	
   11.24±1.69	
  

36.7±5.5	
   797±120	
   6.15±0.92	
  	
  

40.6±6.1	
   750±113	
   3.68±0.55	
  

	
  

Table	
  2.	
  Comparison	
  of	
   the	
  elastic	
  modulus	
  of	
   the	
  FIB	
  milled	
  bone	
  micro-­‐beams	
  with	
   the	
  

fibril	
  angle	
  in	
  degrees	
  of	
  the	
  orientation	
  along	
  the	
  length	
  of	
  the	
  micro-­‐beam,	
  as	
  indicated	
  by	
  

the	
  percentage	
  of	
  the	
  total	
  micro-­‐beam	
  length	
  from	
  the	
  base.	
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   Beam	
  1	
   Beam	
  2	
   Beam	
  3	
   Beam	
  4	
   Beam	
  5	
   Beam	
  6*	
  

Modulus	
  
(GPa)	
   4.98±0.25	
   8.29±0.30	
   11.24±0.20	
   6.15±0.19	
   3.68±0.181	
   6.03±0.31	
  

Percentage	
  
from	
  base	
  

	
  
	
   	
   	
  

	
   	
  

10%	
   N/A	
   41°	
   32°	
   66°	
   68°	
   43°	
  

20%	
   	
   54°	
   40°	
   90°	
   65°	
   44°	
  

30%	
   	
   47°	
   42°	
   63°	
   64°	
   46°	
  

40%	
   	
   36°	
   34°	
   71°	
   63°	
   35°	
  

50%	
   	
   25°	
   49°	
   61°	
   88°	
   43°	
  

60%	
   	
   35°	
   38°	
   65°	
   37°	
   46°	
  

70%	
   	
   33°	
   40°	
   75°	
   46°	
   20°	
  

80%	
   	
   47°	
   27°	
   90°	
   N/A	
   23°	
  

90%	
   	
   44°	
   37°	
   76°	
   N/A	
   6°	
  

100%	
   	
   N/A	
   N/A	
   N/A	
   N/A	
   N/A	
  

Total	
  
average	
  
orientation	
  

	
  
40°	
   38°	
   73°	
   62°	
   34°	
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Figures	
  
	
  

	
  

Figure	
   1.	
   Electron	
   micrograph	
   showing	
   a	
   back-­‐scattered	
   electron	
   image	
   of	
   bone	
   micro-­‐

beam	
  samples.	
  Porosity	
  due	
  to	
  the	
  canalicular	
  network	
  is	
  observed	
  within	
  the	
  micro-­‐beams	
  

as	
  dark	
  regions.	
  	
  	
  

	
  

Figure	
  2.	
  SEM	
  micrographs	
  showing	
  a)	
  in	
  situ	
  cantilever	
  beam	
  testing	
  in	
  bending	
  provided	
  

by	
   the	
  AFM	
   tip	
   pushing	
   into	
   the	
   free	
   end	
   of	
   the	
   bone	
  micro-­‐beam	
  until	
   b)	
   failure	
   of	
   the	
  

micro-­‐beam	
  occurs.	
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Figure	
  3.	
  AFM	
  force-­‐deflection	
  curves	
  for	
  six	
  sub-­‐lamellar	
  micro-­‐beams	
  tested	
  to	
  fracture	
  in	
  

bending.	
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Figure	
  4.	
  Schematic	
  showing	
  the	
  approximate	
  dimensions	
  of	
  the	
  sub-­‐lamellar	
  unit	
  in	
  bone	
  

material	
  produced	
  using	
  FIB	
  techniques.	
  The	
  FIB	
  milled	
  bone	
  micro-­‐beam	
  width	
   is	
  2	
  μm,	
  

which	
   is	
  below	
  the	
  width	
  of	
  a	
  single	
   lamellar	
  unit,	
   thus	
   indicating	
   that	
   the	
   testing	
   is	
  sub-­‐

lamellar.	
   In	
   the	
   diagram,	
   the	
   micro-­‐beam	
   contains	
   part	
   of	
   the	
   lamellar	
   unit	
   with	
   the	
  

collagen	
  fibril	
  orientation	
  predominantly	
  along	
  the	
  long	
  axis	
  of	
  the	
  micro-­‐beam,	
  which	
  will	
  

result	
  in	
  an	
  elastic	
  modulus	
  maximum	
  for	
  the	
  micro-­‐beam.	
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Figure	
  5.	
  Plot	
  of	
   the	
  variation	
   in	
  bone	
  micro-­‐beam	
  elastic	
  modulus	
  against	
  beam	
  position	
  

(top)	
  at	
  the	
  edge	
  of	
  the	
  bone	
  sample	
  shown	
  in	
  the	
  SEM	
  micrograph	
  (bottom).	
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Figure	
   6.	
   SEM	
  micrograph	
   of	
   an	
   individual	
   FIB	
   polished	
   bone	
  micro-­‐beam	
  with	
  markers	
  

indicating	
   the	
  percentage	
  distance	
  along	
   the	
  beam	
  where	
   the	
   fibril	
  orientation	
  angle	
  was	
  

measured.	
  Arrows	
  highlight	
  the	
  observed	
  orientation	
  angle.	
  

	
  

Figure	
  7.	
   FEA	
  modelling	
   of	
   a	
   cantilever	
  beam	
   in	
  bending,	
   fixed	
   at	
   the	
   right	
   of	
   the	
   image,	
  

with	
   a	
   concentrated	
   load	
   applied	
   to	
   the	
   beam	
   free	
   end	
   at	
   the	
   left	
   of	
   the	
   image.	
   Red	
  

colouration	
   corresponds	
   to	
   higher	
   stresses	
   while	
   the	
   blue	
   corresponds	
   to	
   the	
   lowest	
  

stresses.	
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Figure	
   8.	
   Plot	
   of	
   the	
   variation	
   of	
   bone	
   micro-­‐beam	
   elastic	
   modulus	
   with	
   collagen	
   fibril	
  

orientation	
   angle	
   taken	
   from	
   SEM	
   images	
   as	
   demonstrated	
   in	
   Figure	
   6.	
   A	
   fit	
   line	
   from	
  

Equation	
  (6)	
  is	
  provided.	
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Figure	
  9.	
  Plot	
  of	
  a)	
   the	
  strength	
  of	
  bone	
  micro-­‐beams	
  against	
  elastic	
  modulus,	
   showing	
  a	
  

general	
  increasing	
  modulus	
  with	
  increasing	
  strength	
  (R2=0.6)	
  and	
  b)	
  no	
  discernable	
  trend	
  

in	
  work-­‐to-­‐fracture	
  with	
  increasing	
  elastic	
  modulus.	
  	
  

	
  
	
  

a) b) 


