
Aggrecan: Resists Compression (in tissues) 

Collagen: Resists Tension (in tissues) 

aggrecan collagen 
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E~1 GPa 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Gutsmann, Thomas et al. "Force Spectroscopy of Collagen Fibers to Investigate
their Mechanical Properties and Structural Organization." Biophysical Journal 86,
no. 5 (2004): 3186-93.
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© Taylor & Francis Group. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Kastelic, J., A. Galeski, and E. Baer. "The Multicomposite Structure of Tendon."
Connective Tissue Research 6, no. 1 (1978): 11-23.

~Equilibrium 

Stress vs strain curve of 

rat tail tendon: 
(A-B) “Toe” region, 
(C) ~linear region (~HILE)
 
(D) plateau, 
(E) rupture of the tendon. 
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H 

• Need 2 independent measurements (2 moduli),           

to completely characterize an elastic tissue 


•	 Every elastic modulus can then be expressed 
in terms of those 2 moduli 

bulk Young’s Lamé #2 Shear Poisson Longitudinal 
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(Eur Spine J, 2006) 

© Springer-Verlag. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Neidlinger-Wilke, Cornelia, et al. "Regulation of Gene Expression in Intervertebral Disc
Cells by Low and High Hydrostatic Pressure." European Spine Journal 15, no. 3 (2006): 372-8.
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Intervertebral Disc
 
(Peter Roughley, Spine, 2004)
 

collagen II 
aggrecan 

Nucleus E ~1 MPa 

col I,III Annulus E ~4 MPa 

© Lippincott Williams & Wilkins, Inc. All rights reserved. This content is excluded from our
Creative Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Roughley, Peter J. "Biology of Intervertebral Disc Aging and Degeneration: Involvement
of the Extracellular Matrix." Spine 29, no. 23 (2004): 2691-9.
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“Creep-Compression” of intervertebral disc (rat tail)
 

Tendons 
Vertebra and 

Discs 

Disc 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: MacLean, Jeffrey J. "Role of Endplates in Contributing to Compression Behaviors of
Motion Segments and Intervertebral Discs." -RXUQDO�RI�%LRPHFKDQLFV 40, no. 1 (2007): 55-63.

(MacLean+, J Biomechanics, 2007)
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“Creep-Compression” of intervertebral disc (rat tail):  

Apply constant stress (c11) and measure displacement (strain) vs time 

c11 

Apply c11 

Release c11 

*hours*
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hours 
Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: MacLean, Jeffrey J. "Role of Endplates in Contributing to Compression Behaviors of
Motion Segments and Intervertebral Discs." -RXUQDO�RI�%LRPHFKDQLFV 40, no. 1 (2007): 55-63.

(MacLean+, J Biomechanics, 2007) 
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Apply step in strain (811) and measure stress vs time 

Mouse tendon fascicle
 

“Stress Relaxation”
 

© ASME. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Robinson, Paul S. et al. "Influence of Decorin and Biglycan on Mechanical
Properties of Multiple Tendons in Knockout Mice." Journal of Biomechanical
engineering 127, no. 1 (2005): 181-5.

Robinson+, J Biomech Eng, 2005 
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Source: Kastelic, J., A. Galeski, and E. Baer. "The Multicomposite Structure of Tendon."
Connective Tissue Research 6, no. 1 (1978): 11-23.
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Apply step in strain (811) and measure stress vs time 

Mouse tendon fascicle
 

“Stress Relaxation”
 

© ASME. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Robinson, Paul S. et al. "Influence of Decorin and Biglycan on Mechanical
Properties of Multiple Tendons in Knockout Mice." Journal of Biomechanical
engineering 127, no. 1 (2005): 181-5.

Robinson+, J Biomech Eng, 2005 
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Source: Kastelic, J., A. Galeski, and E. Baer. "The Multicomposite Structure of Tendon."
Connective Tissue Research 6, no. 1 (1978): 11-23.
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Tendon 

~Equilibrium 
Stress vs strain curve of 

rat tail tendon: 
(A-B) “Toe” region, 
(C) ~linear region (~HILE) 
(D) plateau, 
(E) rupture of the tendon. 

Tissue 

Fibril 
Molecule 

E~1 GPa 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission. 
Source: Gutsmann, Thomas et al. "Force Spectroscopy of Collagen Fibers to Investigate 
their Mechanical Properties and Structural Organization." Biophysical Journal 86, 
no. 5 (2004): 3186-93.  

© Taylor & Francis Group. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Kastelic, J., A. Galeski, and E. Baer. "The Multicomposite Structure of Tendon."
Connective Tissue Research 6, no. 1 (1978): 11-23.

10

http://ocw.mit.edu/help/faq-fair-use/
http://dx.doi.org/10.1016/S0006-3495(04)74366-0
http://dx.doi.org/10.1016/S0006-3495(04)74366-0
http://www.sciencedirect.com
http://dx.doi.org/10.3109/03008207809152283


B 

Tissue 

Molecule 

Tendon Hierarchy 

(Y.C. Fung) 

Fibril 

*minutes* 

St
ra

in
St

re
ss

 
“Stress Relaxation” 

Mouse tendon fascicle 

Molecular- & Tissue-level 
Mechanisms?? 

© ASME. All rights reserved. This content is excluded from our Creative Commons  
license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Robinson, Paul S. et al. "Influence of Decorin and Biglycan on Mechanical
Properties of Multiple Tendons in Knockout Mice." Journal of Biomechanical
engineering 127, no. 1 (2005): 181-5.

Robinson+, J Biomech Eng, 2005 

© Taylor & Francis Group. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Kastelic, J., A. Galeski, and E. Baer. "The Multicomposite Structure of Tendon."
Connective Tissue Research 6, no. 1 (1978): 11-23.
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PROTEOGLYCAN SUPERFAMILY
 

• ECM molecules with (1) Core protein, and 

(2) Glycosaminoglycan (GAG) chains 

• “Sub-families” include 
- Extracellular • Large Aggregating (Aggrecan)
 

• Small Leucine-Rich PG (SLRPs) 
- Cell Surface (e.g., glycocalyx HSPGs) 
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Encyclop Life Sci, 2009 

 
 

 

Need for 
Compression 

Aggrecan 

Decorin 

© John Wiley & Sons, Inc. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Schwartz, Nancy B. "Proteoglycans." eLS (2009).
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Large 
Aggregating 

PGs 

(36 - 42 or more) 
(Proteoglycan Superfamily) 

SLRPS 

© Cold Spring Harbor Laboratory 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/.
Source: Hynes, Richard O., and Alexandra Naba. "Overview of the Matrisome—An Inventory of
Extracellular Matrix Constituents and Functions." &ROG�6SULQJ�+DUERU�3HUVSHFWLYHV�LQ�%LRORJ\ 4,
no. 1 (2012): a004903. 14
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leucine residues 

Decorin & Collagen Fibrillogenesis
 

only 1 GAG chain
 

Example of 

Small-Leucine-Rich 


Proteoglycans
 

SKIN 
decorin 

KO 

Normal 
(WT) 

decorin 
KO 

© Annual Reviews. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Iozzo, Renato V. "Matrix Proteoglycans: From Molecular Design to Cellular
Function." Annual Review of Biochemistry 67, no. 1 (1998): 609-52.

(Iozzo +, Normal and decorin null mice,  J Biol Chem 1999)
 

Courtesy of The Journal of Biological Chemistry. Used with permission.
Source: Iozzo, Renato V. "The Biology of the Small Leucine-rich Proteoglycans
Functional Network of Interactive Proteins." Journal of Biological Chemistry
274, no. 27 (1999): 18843-6.
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Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Gautieri, Alfonso et al. "Viscoelastic Properties of Model Segments of
Collagen Molecules." Matrix Biology 31, no. 2 (2012): 141-9.

Gauteri, Buehler et al., Matrix Biology, 31:141-9, 2012 
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“Stress Relaxation”
 

Apply step in strain (811) and measure stress vs time 

B 

Mouse tendon fascicle 

~6 min 

decorin k/o
Modulus � 

Biglycan k/o 
Modulus � 

© ASME. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Robinson, Paul S., et al. "Influence of Decorin and Biglycan on Mechanical
Properties of Multiple Tendons in Knockout Mice." Journal of Biomechanical
Engineering 127, no. 1 (2005): 181-5.

Robinson+, J Biomech Eng, 2005 
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“Lumped Element” 

Viscoelastic Models
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Matrix Biology, March 2012, 31:141-9
 

•	 ….a deep understanding of the relationship between molecular 
structure and mechanical properties remains elusive, hindered by the 
complex hierarchical structure of collagen-based tissues… 

• Although extensive studies of viscoelastic properties have been 
pursued at the macroscopic (fiber/tissue) level, fewer investigations 
have been performed at the smaller scales, including collagen 
molecules and fibrils. 

• Here, using atomistic modeling, we perform “in silico” creep tests 
of a collagen-like peptide…..relate time-dependence to molecular 
structure 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Gautieri, Alfonso et al. "Viscoelastic Properties of Model Segments of
Collagen Molecules." Matrix Biology 31, no. 2 (2012): 141-9.
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“In silico” creep test of a segment of a collagen molecule 

[(GPO)21]3 

~20 nm 

' = (r/E) ~ 0.5 ns 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Gautieri, Alfonso et al. "Viscoelastic Properties of Model Segments of
Collagen Molecules." Matrix Biology 31, no. 2 (2012): 141-9.
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“In Silico Experiment” 

Spring-dashpot curve-fit 

constant force “Steered 

Molecular Dynamics) 

(MSD) simulations…
 

© CIC Edizioni Internazionali. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Vesentini, Simone, et al. "Nanomechanics of Collagen Microfibrils." Muscles,
Ligaments and Tendons Journal 3, no. 1 (2013): 23. 

' = (r/E) ~ 0.5 ns 
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Source: Vesentini, Simone, et al. "Nanomechanics of Collagen Microfibrils." Muscles,
Ligaments and Tendons Journal 3, no. 1 (2013): 23.
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“In silico” creep test of a segment of a collagen molecule 

[(GPO)21]3 

~20 nm 

' = (r/E) ~ 0.5 ns 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Gautieri, Alfonso et al. "Viscoelastic Properties of Model Segments of
Collagen Molecules." Matrix Biology 31, no. 2 (2012): 141-9.
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“Stress Relaxation”
 

Apply constant strain (811) and measure stress vs time 

B 

Mouse tendon fascicle 

~6 min 

decorin k/o 
Modulus 

Biglycan k/o 
Modulus � 
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'' = (r/E) 

("poroelasticity") 

• ......the viscous behavior of fibrils and fibers involves additional 
mechanisms, such as molecular sliding between collagen molecules 
within the fibril or effects of relaxation of larger volumes of solvent 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Gautieri, Alfonso et al. "Viscoelastic Properties of Model Segments of
Collagen Molecules." Matrix Biology 31, no. 2 (2012): 141-9.
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