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Trabecular Bone Structure  
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Trabecular Bone Structure 

     

Source: Gibson. L. J. "The Mecahnical Behaviour of Cancellous Bone." Journal of 
Biomechanics 18 (1985): 317-28. Courtesy of Elsevier. Used with permission.
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http://www.sciencedirect.com/science/article/pii/0021929085902878




Trabecular architecture and  
mechanical loading  

Figure  removed  due  to co pyright re strictions.  See  Figure  1: Pontzer,  H.,  et al .  "Trabecular Bone  in  the Bird  Knee  Responds
with  High S ensitivity  to C hanges in  Load Orientation."  The  Journal  of  Experimental Biology  209  (2006): 57-65.

http://jeb.biologists.org/content/209/1/57.abstract
http://jeb.biologists.org/content/209/1/57.abstract


Trabecular architecture and  
mechanical loading   

Figure  removed  due  to co pyright re strictions.  See  Figure  7: Pontzer,  H.,  et al .  "Trabecular Bone  in  the Bird  Knee  Responds
with  High S ensitivity  to C hanges in  Load Orientation."  The  Journal  of  Experimental Biology  209  (2006): 57-65.

http://jeb.biologists.org/content/209/1/57.abstract
http://jeb.biologists.org/content/209/1/57.abstract


Video: "Studying  Locomotion  With  Rat  Treadmills,  Wind  Tunnels."  March  9,  2012.  Science Friday. Accessed  November 12,  2014.

http://www.sciencefriday.com/video/03/09/2012/coolest-lab-ever.html






Compressive  
stress-strain curves  

Figure  removed  due  to co pyright re strictions.  See  Fig.  1: Hayes,  W.  C.,  and  D.  R.  Carter.  "Postyield Behavior

of  Subchondral  Trabecular Bone."  Journal of Biomedical Materials Research  10,  no.  4  (1976): 537-44.

Hayes and Carter, 1976 

http://onlinelibrary.wiley.com/doi/10.1002/jbm.820100409/abstract
http://onlinelibrary.wiley.com/doi/10.1002/jbm.820100409/abstract


Compression  
Whale Vertebra  

Images removed  due  to co pyright re strictions.  See  Figure  5: Müller,  R.  S.  C.  Gerber,  and  W. C.  Hayes. "Micro-compression:
A  Novel Tech nique  for the  Non-destructive  Assessment o f  Bone  Failure."  Technology  and  Health  Care  6  (1998): 433-44.

Muller et al, 1998 

http://www.ncbi.nlm.nih.gov/pubmed/10100946
http://www.ncbi.nlm.nih.gov/pubmed/10100946


 
     

Nazarian and Muller 2004 
Source: Narzarian, A., and R. Müller. "Time-lapsed Microstructural Imaging of Bone Failure Behavior." 
Journal of Biomechanics 37 (2000): 1575-83. Courtesy of Elsevier. Used with permission.

http://www.sciencedirect.com/science/article/pii/S0021929003002549
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Tension  

Figure  removed  due  to co pyright re strictions.  See  Fig.  5.6: Gibson,  L. J.,  et al .
Cellular Materials in Nature  and  Medicine.  Cambridge  University Pr ess,  2010.

Carter et al., 1980  

http://books.google.com/books?id=AKxiS4AKpyEC&pg=PA135
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Press, © 2010.  Figures  courtesy  of  Lorna Gibson  and  Cambridge  University  Press.
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Aligned Trabeculae 

     

Femoral Condyle (Knee) 
Source: Gibson. L. J. "The Mecahnical Behaviour of Cancellous Bone." Journal of 
Biomechanics 18 (1985): 317-28. Courtesy of Elsevier. Used with permission.

http://www.sciencedirect.com/science/article/pii/0021929085902878
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Osteoporosis 

Figure  removed  due  to co pyright re strictions.  See  Figure  1:  Vajjhala,  S.,  A.  M.  Kraynik,  et al .  "A Cellular Solid Model f or
Modulus Reduction  due  to  Resorption  of  Trabecular Bone."  Journal of Biomechanical Engineering  122,  no.  5  (2000): 511–15.

http://biomechanical.asmedigitalcollection.asme.org/article.aspx?articleid=1404063
http://biomechanical.asmedigitalcollection.asme.org/article.aspx?articleid=1404063




Modelling: 2D Voronoi 

     Silva et al, 1995 

Source: Silva, M. J., L. J. Gibston, et al. "The Effects of Non-periodic Microstructure on the Elastic Properties of Two-dimensional 
Cellular Solids." International Journal of Mechanical Sciences 37 (1995): 1161-77. Courtesy of Elsevier. Used with permission.

http://www.sciencedirect.com/science/article/pii/002074039400018F
http://www.sciencedirect.com/science/article/pii/002074039400018F


2D Voronoi 

Silva et al, 1995 
     

Source: Silva, M. J., L. J. Gibston, et al. "The Effects of Non-periodic Microstructure on the Elastic Properties of Two-dimensional 
Cellular Solids." International Journal of Mechanical Sciences 37 (1995): 1161-77. Courtesy of Elsevier. Used with permission.

http://www.sciencedirect.com/science/article/pii/002074039400018F
http://www.sciencedirect.com/science/article/pii/002074039400018F




2D Voronoi 

Relative density = 15% Plastic failure Silva et al, 1997

Source: Silva, M. J., and L. J. Gibson. "The Effects of Non-periodic Microstructure and Defects on the Compressive Strength of Two-dimensional 
Cellular Solids." International Journal of Mechanical Sciences 39 (1997b): 549-63. Courtesy of Elsevier. Used with permission.

http://www.sciencedirect.com/science/article/pii/S0020740396000653
http://www.sciencedirect.com/science/article/pii/S0020740396000653


2D Voronoi 

Relative density 1.5%; elastic buckling failure 
Silva et al, 1997 

Source: Silva, M. J., and L. J. Gibson. "The Effects of Non-periodic Microstructure and Defects on the Compressive Strength of Two-dimensional 
Cellular Solids." International Journal of Mechanical Sciences 39 (1997b): 549-63. Courtesy of Elsevier. Used with permission.

http://www.sciencedirect.com/science/article/pii/S0020740396000653
http://www.sciencedirect.com/science/article/pii/S0020740396000653


2D Voronoi 

     
Silva et al, 1997 

Source: Silva, M. J., and L. J. Gibson. "The Effects of Non-periodic Microstructure and Defects on the Compressive Strength of Two-dimensional 
Cellular Solids." International Journal of Mechanical Sciences 39 (1997b): 549-63. Courtesy of Elsevier. Used with permission.

http://www.sciencedirect.com/science/article/pii/S0020740396000653
http://www.sciencedirect.com/science/article/pii/S0020740396000653




2D Voronoi 

                
         

           

Figure removed due to copyright restrictions. See Figure 5; Silva, M. J., and L. J. Gibson. "The Effects of Non-periodic Microstructure and Defects 
on the Compressive Strength of Two-dimensional Cellular Solids." International Journal Mechanical Sciences 39, no. 5 (1997): 549-63.

Silva et al, 1997 

http://www.sciencedirect.com/science/article/pii/S0020740396000653
http://www.sciencedirect.com/science/article/pii/S0020740396000653




2D Voronoi 

  

Silva et al, 1997 

Source: Silva, M. J., and L. J. Gibson. "The Effects of Non-periodic Microstructure and Defects on the Compressive Strength of Two-dimensional 
Cellular Solids." International Journal of Mechanical Sciences 39 (1997b): 549-63. Courtesy of Elsevier. Used with permission.

http://www.sciencedirect.com/science/article/pii/S0020740396000653
http://www.sciencedirect.com/science/article/pii/S0020740396000653


2D Voronoi 

Figure  removed  due  to co pyright re strictions.  See  Figure  2:  Vajjhala,  S.,  A.  M.  Kraynik,  et al .  "A Cellular Solid Model f or
Modulus Reduction  due  to  Resorption  of  Trabecular Bone."  Journal of Biomechanical Engineering  122,  no.  5  (2000): 511–15.

Vajjhala et al, 2000 

http://biomechanical.asmedigitalcollection.asme.org/article.aspx?articleid=1404063
http://biomechanical.asmedigitalcollection.asme.org/article.aspx?articleid=1404063


Vertebral Trabecular Bone 

     
Source: Silva, M. J., and L. J. Gibson. "Modelling the Mechancial Behavior of 
Vertebral Trabecular Bone: Effects of Age-related Changes in Microstructure." 
Bone 21 (1997a): 191-99. Courtesy of Elsevier. Used with permission.

Silva et al, 1997 

http://www.thebonejournal.com/article/S8756-3282(97)00100-2/abstract
http://www.thebonejournal.com/article/S8756-3282(97)00100-2/abstract


Vertebral Trabecular Bone 

Figure  removed  due  to co pyright re strictions.  See  Figure  3:  Silva,  M.  J.,  and  L.  J.  Gibson.  "Modelling the  Mechancial
Behavior of  Vertebral  Trabecular Bone: Effects of  Age-related  Changes in Microstructure."  Bone  21  (1997): 191-99.

Silva et al, 1997 

http://www.thebonejournal.com/article/S8756-3282(97)00100-2/abstract
http://www.thebonejournal.com/article/S8756-3282(97)00100-2/abstract


Vertebral Trabecular Bone 

Figure  removed  due  to co pyright re strictions.  See  Figure  4:  Silva,  M.  J.,  and  L.  J.  Gibson.  "Modelling the  Mechancial
Behavior of  Vertebral  Trabecular Bone: Effects of  Age-related  Changes in Microstructure."  Bone  21  (1997): 191-99.

Silva et al, 1997 

http://www.thebonejournal.com/article/S8756-3282(97)00100-2/abstract
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Vertebral Trabecular Bone 

Figure  removed  due  to co pyright re strictions.  See  Figure  5:  Silva,  M.  J.,  and  L.  J.  Gibson.  "Modelling the  Mechancial
Behavior of  Vertebral  Trabecular Bone: Effects of  Age-related  Changes in Microstructure."  Bone  21 (1997): 191-99.

Silva et al, 1997 

http://www.thebonejournal.com/article/S8756-3282(97)00100-2/abstract
http://www.thebonejournal.com/article/S8756-3282(97)00100-2/abstract


Vertebral Trabecular Bone 

     

Silva et al, 1997 

Source: Silva, M. J., and L. J. Gibson. "Modelling the Mechancial Behavior of 
Vertebral Trabecular Bone: Effects of Age-related Changes in Microstructure." 
Bone 21 (1997a): 191-99. Courtesy of Elsevier. Used with permission.
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Vertebral Trabecular Bone 

Figure  removed  due  to co pyright re strictions.  See  Figure  7:  Silva,  M.  J.,  and  L.  J.  Gibson.  "Modelling the  Mechancial
Behavior of  Vertebral  Trabecular Bone: Effects of  Age-related  Changes in Microstructure."  Bone  21  (1997): 191-99.

Silva et al, 1997 

http://www.thebonejournal.com/article/S8756-3282(97)00100-2/abstract
http://www.thebonejournal.com/article/S8756-3282(97)00100-2/abstract


Vertebral Trabecular Bone 

Silva et al, 1997 
     

Source: Silva, M. J., and L. J. Gibson. "Modelling the Mechancial Behavior of Vertebral Trabecular Bone: Effects of
Age-related Changes in Microstructure." Bone 21 (1997a): 191-99. Courtesy of Elsevier. Used with permission.

http://www.thebonejournal.com/article/S8756-3282(97)00100-2/abstract
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3D Voronoi Model 

Figure  removed  due  to co pyright re strictions.  See  Figure  6:  Vajjhala,  S.,  A.  M.  Kraynik,  et al .  "A Cellular Solid Model f or
Modulus Reduction  due  to  Resorption  of  Trabecular Bone."  Journal of Biomechanical Engineering  122,  no.  5  (2000): 511–15.

Vajjhala et al, 2000 
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3D Voronoi Model 

Figure  removed  due  to co pyright re strictions.  See  Figure  7:  Vajjhala,  S.,  A.  M.  Kraynik,  et al .  "A Cellular Solid Model f or
Modulus Reduction  due  to  Resorption  of  Trabecular Bone."  Journal of Biomechanical Engineering  122,  no.  5  (2000): 511–15.
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 Metal Foams: Microstructure  
Ta, replicating PU foam 
with CVD 

Ti, fugitive phase 

Ti, expansion of Ar gas 

Ti, selective laser 
sintering 

Image sources given in 
Cellular Materials in Nature 
and Medicine 

Ti, replication of PU 
foam by slurry infiltration 
and sintering 

Ti, foaming agent 

Ti, freeze-casting 
(freeze-drying) 

Ni-Ti, high temperature 
synthesis (powders 
mixed, pressed and 
ignited by, for example, 
tungsten coil heated by 
electrical current) 

Images removed due to copyright restrictions. See Figure 8.1:
Gibson, L. J., M. Ashby, and B. A. Harley. Cellular Materials in
Nature and Medicine. Cambridge University Press, 2010.
http://books.google.com/books?id=AKxiS4AKpyEC&pg=PA228

http://books.google.com/books?id=AKxiS4AKpyEC&pg=PA228




         
        

Metal Foams: Processing 

Foaming agent evolves 
gas at temperature at 
which polymer is liquid 

Gibson, L. J., M. Ashby, et al. Cellular Materials in Nature and Medicine. Cambridge University
Press, © 2010. Figures courtesy of Lorna Gibson and Cambridge University Press.





     

Ti Foam: Stress-strain 

Source: Wen, C. E., M. Mabuchi, et al. "Processing of Biocompatible Porous Ti and Mg." 
Scripta Materialia 45 (2001): 1147-53. Courtesy of Elsevier. Used with permission.

http://www.sciencedirect.com/science/article/pii/S1359646201011320
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Hedges and Kumar, 2009 
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From: The Timetree of Life. Hedges, S. B., and S. Kumar (eds.) © 2009 Oxford University Press. All rights reserved. This
content is excluded from our Creative Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

http://ocw.mit.edu/help/faq-fair-use/
http://www.timetree.org/book.php


Venus Flower Basket 
(Euplectella aspergillum) 
 
•  Hierarchical structure 
•  Remarkably stiff, tough 
•  Joanna Aizenberg (Harvard) 
•  Aizenberg et al (2004) Biological 

glass fibers: correlation between 
optical and structural properties.  
PNAS 



From: The Timetree of Life. Hedges, S. B., and S. Kumar (eds.) © 2009 Oxford University Press. All rights reserved. This
content is excluded from our Creative Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

http://www.timetree.org/book.php
http://ocw.mit.edu/help/faq-fair-use/




Oreopithecus	  bambolii:	  	  Ilium	  
Rook	  et	  al.	  (1999)	  	  

Image is in the public domain. Source: Wikimedia Commons. 

hgp://en.wikipedia.org/wiki/Iliac_crest	  

http://commons.wikimedia.org/wiki/File:Pelvis_diagram.png
http://en.wikipedia.org/wiki/lliac_crest


Trabecular	  architecture:	  
Ilium	  

Figure removed due to copyright restrictions. See Figure 1: Rook L., et al. "Oreopithecus was a

Bipedal Ape after All." Proceedings of the Natural Academy of Sciences 96 (1999): 8795-99.

dx.doi.org/10.1073/pnas.96.15.8795
dx.doi.org/10.1073/pnas.96.15.8795


Digitally	  reconstructed	  ilium	  

Figure removed due to copyright restrictions. See Figure 2: Rook L., et al. "Oreopithecus was a

Bipedal Ape after All." Proceedings of the Natural Academy of Sciences 96 (1999): 8795-99.

dx.doi.org/10.1073/pnas.96.15.8795
dx.doi.org/10.1073/pnas.96.15.8795


Comparison	  of	  trabecular	  architecture	  

Figure removed due to copyright restrictions. See Figure 3: Rook L., et al. "Oreopithecus was a

Bipedal Ape after All." Proceedings of the Natural Academy of Sciences 96 (1999): 8795-99.

dx.doi.org/10.1073/pnas.96.15.8795
dx.doi.org/10.1073/pnas.96.15.8795
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