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Session	
  9B	
  
Ligaments,	
  Tendon	
  

and	
  CarClage	
  
…Structure,	
  Func,on,	
  

and	
  Proper,es	
  



Session	
  7A	
  Review	
  
•  ComputaConal	
  modeling	
  
•  Define	
  model	
  and	
  simulaCon	
  
• MoCvaCon	
  -­‐	
  why	
  develop	
  models?	
  
•  Types	
  of	
  models	
  
•  Important	
  modeling	
  consideraCons	
  
•  Specific	
  modeling	
  examples	
  

	
  



Session	
  9B	
  Overview...	
  
•  Ligament	
  
•  Tendon	
  
•  CarClage	
  
•  Injury	
  survey	
  



Structural	
  SoR	
  Tissues	
  	
  

•  ligament	
  

•  tendon	
  
•  carClage	
  (meniscus,	
  labrum)	
  

• muscle	
  (all	
  types)	
  

•  heel	
  pad	
  (plantar	
  soR	
  Cssue)	
  
•  intervertebral	
  discs	
  



Structural	
  SoR	
  Tissues	
  	
  

• morphology	
  and	
  histology	
  

•  funcCon	
  
• mechanical	
  properCes	
  

•  addiConal	
  informaCon	
  



Ligaments	
  

•  Fibrous,	
  anisotropic	
  Cssue	
  that	
  connects	
  bones	
  



Ligaments	
  

• Morphology	
  -­‐	
  hierarchical	
  structure	
  



Ligaments	
  

•  Steel	
  belted	
  radial	
  Cres	
  
§  hWp://www.youtube.com/watch?v=9YZzYAYjw3I	
  

•  Suspension	
  bridges	
  



Ligaments	
  

• Morphology	
  -­‐	
  crimping	
  
§  UndulaCng,	
  50	
  microns	
  
§  Fibroblasts	
  between	
  fibers	
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Ligaments	
  

• Morphology	
  -­‐	
  cross	
  secCon	
  
§  Epiligament	
  –	
  protect,	
  support	
  NV,	
  control	
  water	
  



Ligaments	
  

• Morphology	
  -­‐	
  cross	
  secCon	
  (EM,	
  bar=200nm)	
  

A)	
   B)	
  

healthy	
   diabeCc	
  



Ligaments	
  

• Morphology	
  -­‐	
  hierarchical	
  structure	
  



Ligaments	
  

• Morphology	
  -­‐	
  direct	
  inserCon	
  
§  4	
  layers	
  within	
  1	
  mm	
  



Ligaments	
  

www.jbjs.org/Comments/c_p_rodeo.shtml 

• Morphology	
  -­‐	
  direct	
  inserCon	
  
§  4	
  layers	
  within	
  1	
  mm	
  



 
 
VA RR&D Center for Limb Loss 
Prevention and Prosthetic Engineering

Ligaments	
  

•  Histology	
  	
  
§  Fibroblasts	
  or	
  fibrocytes	
  =	
  ligament	
  cells	
  	
  
§  not	
  homogenous	
  	
  -­‐	
  vary	
  in	
  size,	
  shape,	
  orientaCon	
  
and	
  number	
  	
  

§  synthesize	
  and	
  degrade	
  ligament	
  matrix	
  	
  
§  repair	
  microscopic	
  damage	
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Ligaments	
  

•  Histology	
  



Ligaments	
  

•  Histology	
  -­‐	
  hematoxylin	
  and	
  eosin	
  or	
  H&E	
  
staining,	
  bar	
  =	
  300µm	
  

healthy	
   diabeCc	
  

a)	
   b)	
  



Ligaments	
  

•  Histology	
  -­‐	
  hematoxylin	
  and	
  eosin	
  or	
  H&E	
  
staining,	
  bar	
  =	
  50µm	
  

c)	
   d)	
  

healthy	
   diabeCc	
  



Ligaments	
  

•  Histology	
  -­‐	
  The	
  matrix	
  



Ligaments	
  

•  Histology	
  -­‐	
  matrix:	
  water	
  
§  60-­‐70%	
  of	
  ligament	
  wet	
  weight	
  	
  
§  can	
  structurally	
  bond	
  to	
  other	
  matrix	
  components	
  
§  interacCon	
  with	
  ground	
  substance	
  (proteoglycans)	
  
influences	
  viscoelasCcity	
  

§  lubricaCon	
  
§  carries	
  nutrients	
  and	
  removes	
  waste	
  



Ligaments	
  

•  Histology	
  -­‐	
  matrix:	
  collagen	
  
§  consCtutes	
  70-­‐80%	
  of	
  dry	
  weight	
  	
  
§  90%	
  Type	
  I,	
  with	
  less	
  than	
  10%	
  type	
  III,	
  small	
  
quanCCes	
  of	
  Types	
  V,	
  VI,	
  XI,	
  XII	
  and	
  XIV	
  

§  fiber	
  size	
  related	
  to	
  material	
  strength	
  
§  aRer	
  exocytosis	
  of	
  collagen	
  molecules	
  from	
  
fibroblasts,	
  crosslinks	
  are	
  formed	
  	
  

§  in	
  mature	
  ligament	
  Cssue,	
  there	
  is	
  a	
  balance	
  
between	
  collagen	
  synthesis	
  and	
  degredaCon	
  



Ligaments	
  

•  Histology	
  -­‐	
  matrix:	
  water	
  
§  60-­‐70%	
  of	
  ligament	
  wet	
  weight	
  	
  

•  Histology	
  -­‐	
  matrix:	
  collagen	
  
§  consCtutes	
  70-­‐80%	
  of	
  dry	
  weight	
  
§  90%	
  Type	
  I	
  



Ligaments	
  

•  Histology	
  -­‐	
  matrix:	
  water	
  
§  most	
  of	
  ligament	
  wet	
  weight	
  	
  

•  Histology	
  -­‐	
  matrix:	
  collagen	
  
§  consCtutes	
  a	
  lot	
  of	
  dry	
  weight	
  
§  almost	
  all	
  Type	
  I	
  



Ligaments	
  

• What	
  consCtutes	
  90%	
  of	
  the	
  dry	
  weight	
  of	
  
ligament?	
  

•  Type	
  I	
  collagen	
  consCtutes	
  ____	
  %	
  of	
  the	
  dry	
  
weight	
  of	
  ligament.	
  
§  A)	
  80,	
  B)	
  85,	
  C)	
  90,	
  D)	
  95	
  	
  

•  Type	
  I	
  collagen	
  consCtutes	
  ____	
  %	
  of	
  the	
  dry	
  
weight	
  of	
  ligament.	
  
§  A)	
  10,	
  B)	
  25,	
  C)	
  50,	
  D)	
  90	
  	
  



•  Histology	
  -­‐	
  matrix:	
  collagen,	
  sirius	
  red	
  staining,	
  
bar	
  =	
  50µm	
  
	
  

Ligaments	
  

healthy	
   diabeCc	
  

e)	
   f)	
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Ligaments	
  

•  Histology	
  -­‐	
  matrix:	
  proteoglycans	
  
§  less	
  than	
  1%	
  of	
  ligament	
  dry	
  weight	
  (more	
  than	
  in	
  
tendons,	
  but	
  less	
  than	
  carClage	
  –	
  3	
  to	
  10%),	
  but	
  
key	
  to	
  ligament	
  funcCon	
  	
  

§  do	
  not	
  provide	
  cushioning	
  as	
  with	
  carClage	
  
§  associate	
  with	
  water	
  regulaCon	
  (amount	
  and	
  
movement),	
  forming	
  a	
  gel-­‐like	
  extracellular	
  matrix	
  

§  influence	
  the	
  viscoelasCc	
  behavior	
  of	
  Cssue	
  

	
  



Ligaments	
  

•  Histology	
  -­‐	
  matrix:	
  elasCn	
  
§  occurs	
  in	
  small	
  quanCCes	
  (1.5%)	
  
§  restoring	
  ligament	
  length	
  aRer	
  stress	
  	
  
§  protects	
  collagen	
  at	
  low	
  strains	
  

•  Histology	
  –	
  	
  matrix:	
  noncollagenous	
  
glycoproteins  

§  fibronecCn	
  (matrix-­‐cell	
  feedback	
  mechanism?)	
  

	
  



Ligaments	
  

•  Histology	
  -­‐	
  matrix:	
  elasCn,	
  modified	
  Hart’s	
  
staining,	
  bar	
  =	
  50µm	
  

	
  

healthy	
   diabeCc	
  

g)	
   h)	
  



Ligaments	
  

•  FuncCon	
  
§  aWach	
  arCculaCng	
  bones	
  to	
  one	
  another	
  across	
  a	
  joint	
  
§  guide	
  joint	
  movement	
  
§  maintain	
  joint	
  congruency	
  
§  possibly	
  act	
  as	
  a	
  posiConal	
  bend	
  or	
  strain	
  sensor	
  for	
  the	
  
joint	
  (propriocepCon)	
  

§  maintain	
  joint	
  capsule	
  
•  capsular	
  vs.	
  extracapsular	
  



Ligaments	
  

• Mechanical	
  properCes	
  -­‐	
  nonlinear	
  force	
  v.	
  
deformaCon	
  curve	
  

	
  



Ligaments	
  

• Mechanical	
  properCes	
  	
  
§  Stress	
  (load)	
  relaxaCon	
  



Ligaments	
  

• Mechanical	
  properCes	
  	
  
§  Creep	
  

	
  



Ligaments	
  

• Mechanical	
  properCes	
  	
  
§  PrecondiConing	
  (not	
  described	
  well	
  in	
  text)	
  

	
  



Ligaments	
  

“The	
  necessity	
  for	
  well-­‐documented	
  biomechanical	
  tesCng	
  
has	
  been	
  demonstrated.	
  	
  All	
  the	
  factors	
  menConed	
  above	
  
must	
  be	
  taken	
  into	
  consideraCon	
  before	
  conclusions	
  about	
  
ligament	
  behavior	
  are	
  drawn.”	
  

• Mechanical	
  tesCng	
  issues	
  
§  Sources	
  of	
  Cssue	
  
§  Aspect	
  raCos	
  /	
  securing	
  Cssue	
  ends	
  
§  Measurement	
  of	
  cross	
  secConal	
  area	
  
§  Zero	
  strain	
  posiCon	
  



Injury	
  survey	
  

•  Ligament	
  
•  Tendon	
  
•  CarClage	
  



Tendons	
  

•  Dense	
  fibrous	
  Cssue	
  that	
  
connects	
  muscle	
  to	
  bone	
  

•  External	
  vs	
  internal	
  tendon	
  



• Morphology	
  -­‐	
  hierarchical	
  structure	
  

Tendons	
  



Tendons	
  

• Morphology	
  -­‐	
  hierarchical	
  structure	
  



Tendons	
  

• Microscopic	
  organizaCon	
  



Tendons	
  

• Macroscopic	
  organizaCon	
  
§  musculo-­‐tendonous	
  juncCon	
  or	
  myotendonous	
  
juncCon	
  

§  tendon	
  proper	
  	
  
§  bone-­‐tendon	
  juncCon	
  or	
  osteotendinous	
  juncCon	
  



Tendons	
  

• Myotendonous	
  juncCon	
  -­‐	
  occurs	
  at	
  origin	
  and	
  
inserCon	
  ends	
  
§  acute	
  angle	
  allows	
  =	
  force	
  via	
  shear	
  



Tendons	
  

•  Direct	
  fibro-­‐carClagenous	
  inserCon	
  
osteotendinous	
  juncCon	
  	
  
§  Four-­‐stage	
  (like	
  ligament)	
  

www.jbjs.org/Comments/c_p_rodeo.shtml 
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Tendons	
  

•  Histology	
  	
  
§  Tenocytes	
  (fibrocytes)	
  and	
  tenoblasts	
  (fibroblasts)	
  
=	
  tendon	
  cells	
  	
  

§  Tenocytes	
  are	
  mature,	
  anchored	
  to	
  collagen	
  	
  
§  Tenoblasts	
  are	
  spindle-­‐shaped,	
  immature	
  cells	
  –	
  
give	
  rise	
  to	
  tenocytes;	
  occur	
  in	
  clusters	
  

§  Highly	
  proliferaCve,	
  synthesize	
  collagen	
  and	
  other	
  
components	
  of	
  extracellular	
  matrix	
  



Tendons	
  

• Major	
  consCtuents	
  of	
  tendons	
  
§  Type	
  I	
  collagen	
  (~80%	
  of	
  dry	
  weight)	
  
§  water	
  (65	
  to	
  70%	
  of	
  the	
  wet	
  weight)	
  
§  elasCn	
  (<3%	
  of	
  dry	
  weight)	
  
§  proteoglycans	
  (~1%).	
  

•  This	
  composiCon	
  is	
  similar	
  to	
  ligaments.	
  



Tendons	
  

•  Histology	
  -­‐	
  normal	
  tendon,	
  longitudinal	
  
secCon	
  H&E	
  40x	
  



Tendons	
  

•  Histology	
  -­‐	
  normal	
  tendon,	
  transverse	
  
secCon	
  H&E	
  40x	
  



•  FuncCon	
  
§  Transmit	
  tensile	
  loads	
  to	
  bones	
  
§  Apply	
  compressive	
  forces	
  to	
  bones	
  (flexor	
  hallucis	
  
longus	
  on	
  talus)	
  

§  Increase	
  muscle	
  moment	
  arms	
  
§  Sense	
  force	
  in	
  muscles	
  

Tendons	
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Tendons	
  

• Mechanical	
  properCes	
  	
  
§  Force	
  v.	
  deformaCon:	
  toe,	
  linear	
  and	
  yield	
  regions	
  



Tendons	
  

• Mechanical	
  properCes	
  	
  
§  Force	
  v.	
  deformaCon:	
  hysteresis	
  (6-­‐11%)	
  



Tendons	
  

• Mechanical	
  tesCng	
  issues	
  
§  Grip	
  slippage	
  
§  Bone-­‐tendon-­‐bone	
  is	
  not	
  an	
  opCon	
  
§  Freeze	
  clamps	
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Tendons	
  

Gray’s Anatomy, www.bartleby.com/107/
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Tendons	
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Tendons	
  	
  

•  patellar	
  tendon	
  
•  plantar	
  aponeurosis	
  



Ligaments	
  vs.	
  tendons	
  	
  



Ligaments	
  vs.	
  tendons	
  	
  

•  Ligaments	
  -­‐	
  short	
  bands	
  of	
  tough	
  but	
  flexible	
  
fibrous	
  connecCve	
  Cssue	
  that	
  bind	
  bone	
  to	
  bone	
  

•  Tendons	
  -­‐	
  similar	
  to	
  ligaments	
  in	
  structure	
  and	
  
composiCon,	
  but	
  connect	
  muscle	
  to	
  bone	
  

•  Suffice	
  for	
  the	
  purposes	
  of	
  this	
  class	
  

•  Ligament	
  and	
  tendon	
  properCes	
  vary	
  amongst	
  
themselves	
  
§  Deltoid	
  vs.	
  spring;	
  Achilles	
  vs.	
  Cbialis	
  anterior	
  
§  Misnomers:	
  plantar	
  aponeurosis,	
  patellar	
  tendon	
  	
  



CarClage	
  

•  Thin	
  (1	
  -­‐	
  6mm)	
  layer	
  of	
  fibrous	
  connecCve	
  Cssue	
  

•  biphasic	
  
•  2	
  to	
  15%	
  cells	
  
•  85	
  to	
  98%	
  intercellular	
  matrix	
  

§  65	
  to	
  80%	
  water	
  

•  virtually	
  fricConless	
  (0.002	
  to	
  0.05)	
  



CarClage	
  

•  Hyaline	
  
•  Bluish,	
  semi-­‐
transparent	
  

•  Strong,	
  but	
  flex-­‐
ible	
  and	
  elasCc	
  

•  Ends	
  of	
  bones,	
  
trachea,	
  larynx,	
  
Cp	
  of	
  nose	
  

•  Reduces	
  fricCon	
  



CarClage	
  

•  FibrocarClage	
  
•  White	
  

•  Extremely	
  tough	
  

•  Discs,	
  between	
  
pubic	
  bones,	
  edges	
  
of	
  arCcular	
  caviCes	
  
(labrum),	
  meniscus	
  

•  Shock	
  absorpCon,	
  
provides	
  sturdiness	
  



CarClage	
  

•  ElasCc	
  
•  Yellow	
  
•  Similar	
  to	
  hyaline,	
  
but	
  with	
  elasCn	
  

•  Lobe	
  of	
  ear,	
  
epiglous,	
  parts	
  of	
  
larynx	
  

•  Maintains	
  shape,	
  
supports	
  structures	
  



CarClage	
  

•  superficial	
  tangenCal	
  
(10-­‐20%)	
  

• middle	
  (or	
  
transiConal)	
  (40-­‐60%)	
  

•  deep	
  (or	
  radial)	
  (30%)	
  
•  calcified	
  	
  

• Morphology	
  -­‐	
  structurally	
  heterogeneous,	
  
properCes	
  change	
  with	
  depth	
  



CarClage	
  

• Morphology	
  -­‐	
  hierarchical	
  structure	
  



CarClage	
  

• Morphology	
  -­‐	
  hierarchical	
  structure	
  –	
  other	
  
ideas	
  



CarClage	
  

•  Cells:	
  chondrocytes	
  and	
  fibrocondrocytes	
  
§  Synthesis	
  of	
  collagen	
  type	
  II	
  and	
  proteoglycans	
  	
  

• Matrix:	
  structural	
  macromolecules	
  and	
  fluid	
  
§  Fluid	
  =	
  65	
  to	
  80%	
  of	
  wet	
  weight	
  
§  Volumetric	
  fracCon	
  decreases	
  as	
  you	
  go	
  deeper	
  
§  Collagen	
  =	
  50%	
  dry	
  weight	
  
§  Proteoglycans	
  =	
  30	
  to	
  35%	
  dry	
  weight	
  
§  Non-­‐collagenous	
  proteins	
  =	
  15	
  to	
  20%	
  



CarClage	
  

• Matrix	
  proteins	
  
§  collagen	
  type	
  II	
  (80	
  to	
  85%	
  of	
  collagen)	
  
§  collagen	
  type	
  V,	
  VI,	
  IX,	
  X	
  and	
  XI	
  
§  proteoglycans	
  (aggrecan)	
  

•  core	
  =	
  10%,	
  side	
  chains	
  =	
  90%	
  (negaCvely	
  charged)	
  



CarClage	
  

•  Histology	
  -­‐	
  hyaline	
  carClage,	
  bar	
  =	
  250	
  microns	
  



CarClage	
  

•  Histology	
  -­‐	
  hyaline	
  carClage,	
  bar	
  =	
  100	
  microns	
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CarClage	
  

•  Histology	
  -­‐	
  fibrocarClage,	
  bar	
  =	
  250	
  microns	
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CarClage	
  

•  Histology	
  -­‐	
  fibrocarClage,	
  bar	
  =	
  100	
  microns	
  



CarClage	
  

•  FuncCon	
  
§  transmits	
  forces	
  across	
  joints	
  
§  cushion	
  bones	
  	
  

•  load	
  bearing	
  and	
  load	
  distributor	
  
§  low	
  fricCon	
  at	
  joints	
  
§  support	
  structure	
  (i.e.,	
  outside	
  of	
  joints	
  -­‐	
  
fibrocarClage	
  or	
  elasCc	
  carClage)	
  



CarClage	
  

• Mechanical	
  properCes	
  



CarClage	
  

• Mechanical	
  properCes	
  



CarClage	
  

• Mechanical	
  properCes	
  


