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Important dates: 

Quiz #1 3/10 evening 
Quiz #2 4/14 evening 
Term paper 5/8 
Group presentations 5/5, 5/7, ?? 
Quiz #3 Final exam week, TBA 

evening	
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http://web.mit.edu/academicintegrity/
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Biomechanics at all length scales 


Traditional domain of 

biomechanics 


Quantum 
mechanics 

Molecular 
dynamics 

Networks and 
Brownian 
dynamics 

Continuum 
mechanics 

Large-scale, 
discrete or 
lumped systems 

Molecular motors 

Mechanotransduction 

Migration 

Cytoskeletal rheology 

Bone 

Cartilage 

Cardiovascular 
system 

Flight 

Swimming 

Gain analysis 

atoms proteins organelles cells organs organisms 

10-10 10-9 10-6 10-2 100

 meters 

Courtesy of Eugene Archer on Flickr. License CC BY-NC.
Courtesy of Wenqing Xu and RCSB Protein 
Data Bank. Used with permission. Courtesy of The Journal of Cell Biology. 

License: CC BY-NC-SA. 
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https://www.flickr.com/photos/eugenearcher/13292544034
http://www.rcsb.org/pdb/explore.do?pdbId=2src
http://www.rcsb.org/pdb/explore.do?pdbId=2src
https://flic.kr/p/y9XuEo
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Biomechanics	
  in	
  the	
  news	
  

Ques2on	
  of	
  the	
  day	
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Nature, 2014 


Courtesy of Macmillan Publishers Limited. Used with permission.
Source: Obokata, Haruko, Teruhiko Wakayama, et al. "Stimulus-triggered Fate Conversion
of Somatic Cells into Pluripotency." Nature 505, no. 7485 (2014): 641-7.
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http://dx.doi.org/10.1038/nature12968
http://dx.doi.org/10.1038/nature12968
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2013 N bel Prize in C e�iO r 


Courtesy of Bengt Nyman. License: CC BY.
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Some Learning Objectives 
1.	 To understand the fundamental concepts of mechanics 

and be able to apply them to simple problems in the 
deformation of continuous media 

2.	 To understand the underlying basis for the mechanical 
properties of molecules, cells and tissues 

3.	 To be able to model biological materials using methods 
appropriate over diverse length scales 

4.	 To be familiar with the wide spectrum of measurement 
techniques that are currently used to determine 
mechanical properties 

5.	 To appreciate the close interconnections between 

mechanics and biology/chemistry of living systems 
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How much force does a 
heart muscle cell generate? 

Peak twitch force/cell: 
Fmax = 1.06 ± 0.20 µN 

Force per cross-sectional area:
 
σ = 2.91 ± 0.65 mN/mm2 

© American Physiological Society. 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: Yasuda, So-Ichiro, et al. "A Novel Method to Study Contraction
Characteristics of a Single Cardiac Myocyte using Carbon Fibers."
American Journal of Physiology-Heart and Circulatory Physiology 281,
no. 3 (2001): H1442-6.

Yasuda, S.-I. et al. Am J Physiol Heart Circ
Physiol 2001 
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http://ocw.mit.edu/help/faq-fair-use/
http://ajpheart.physiology.org/content/281/3/H1442.short
http://ajpheart.physiology.org/content/281/3/H1442.short


 
 

 

 

 

 

How much does a cell weigh? 

Fweight = ρ × V × g 
(neglecting the buoyancy force!) 

Assume for cell: 
• ρ ~ (1.1x) density of water, 1100 kg/m3 

• V ~ 20 × 20 × 20 µm = (20 × 10-6 m)3 

• g = 9.81 m/s2 

=> F ~ 100 × 10-12 N = 100 pN 

17



  

 

 Forces at the molecular level
 

Type of Force Example Rupture 
Force* Length Energy 

 re king of a 
c v len b n C-C '1600 pN 0.1-0.5 n� ' 1.6 � 10 -1� � 

' �0-350 ��

 re king of a
n n� v len 

b n . 
'5-160 pN ' 1 n� ' 1.6 � 10-1� � 

'40 k� 

Bre king of a 
�e k b n . '4-20 pN ' 0.3n� ' 4-8 � 10-21 � 

' 1 �� 

Devel pe b 
m le� l r 

m tor 
KineOin � '5 pN 8 n� 

(O ep Oize) 
' 40 � 10-21 N� 

'10 �� 

1 nm = 10-9 m * Rupture forces generally depend
1pN = 1 × 10-12 N on the rate of force application!
[Energy] = F L = [N m] or [J] Faster force application requires
kB = 1.38 × 10-23 J/K higher rupture forces!
kBT  = 4.14 × 10-21 J = 4.14 pN * 1 nm 

Bio2n/streptavidin	
  	
  

Hydrogen	
  bond	
  

	
  walking	
  on	
  
microtubule	
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Relevant molecules in biology 
What’s inside a cell? 

A lot of water, ions (e.g. Ca2+, Mg2+), and lots of small 
carbon-containing molecules from these four major 
classes of biological molecules. 
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Entropic forces 

Entropy: 

S = kB ln (W) 

kB = Boltzmann constant 

W = multiplicity, i.e. number of microstates 

vs. 
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Review (and a look ahead) 

• Random walks and diffusion (see, e.g., Dill & Bromberg) 
•	 Boltzmann statistics 

1 ⎛ −Gi ⎞	 ⎛ −Gi ⎞ Pi = exp Q = ∑exp
 
Q ⎝⎜ kBT ⎠⎟ i ⎝⎜ kBT ⎠⎟
 

(note use of free energy, G, as opposed to internal energy, U, corresponding 
to an ensemble of states, taking entropy into account; G = H - TS) 

•	 Thermal energy, kBT = 4 pN.nm = 0.6 kcal/mole (for T = 
300K) 

• Persistence length (thermal energy bending stiffness)
Kb More on this later!lp =	 Kb = EI
kBT 
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Figures removed due to copyright restrictions. See figure in the research article summary, and figures
2A and 5C in the research article Buckley, Craig D. "The Minimal Cadherin-catenin Complex Binds
to Actin Filaments Under Force." 6FLHQFH 346, no. 6209 (2014): 1254211.
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http://dx.doi.org/10.1126/science.1254211
http://dx.doi.org/10.1126/science.1254211
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