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is the dependency of elastic modulus Esf on the stretching

frequency x to capture the viscoelasticity of SFs. Here, we

describe SF stiffening with loading frequency x with a func-

tion Esf(x) of the form23

Esf ðxÞ ¼ El þ Evlogð1þ 9xÞ; (4)

where El and Ev characterize the static and dynamic stiff-

nesses of SFs at frequency x¼ 1Hz, respectively. Without

loss of generality, we assume here that cells are subjected to

sinusoidal strain variation ea ¼ �ea þ ~eacosð2



Let us now turn to the case where cells are subjected to

substrate deformation. Experimentally, SFs in contractile

cells such as fibroblasts or myofibrils have been shown to

preferably align in the direction of stretch for constant load-

ing.11,27 To replicate the constant substrate stretch condition,

we impose a state of uniaxial strain ��11 to the substrate such

that the angular stretch in a cell is written

ea ¼ �ea ¼ �e11

�
ð1þ mÞcos2ðaÞ � m

�
. This expression is then

substituted in Eqs. (7) and (8) to derive the angular variation

of SF density /sf
a . As shown in Fig. 2, the model predicts a

strong alignment of SFs in direction of stretch (Fig. 2(f)).

However, once the critical strain is reached, SFs lose stabil-

ity and start disassembling with stretch. This behavior can be

understood by observing the curve corresponding to

x¼ 0 Hz in Fig. 1(a) where /sf ;mech
a successively goes

through assembling and disassembling phases (Fig. 2(d)) as

strain increases and has been experimentally observed in

myofibrils (Fig. 2(e)).11,28

In the case of cyclic stretch, the angular strain in a

cell becomes ea ¼ �ea þ ~ea cosð2pt=TÞ with ~ea ¼ ~e11�
ð1þ mÞcos2ðaÞ � m

�
and ~e11 the applied cyclic uniaxial

strain. Conversely to the case of constant stretch, experimental

observations have shown that SFs align in the direction of mini-

mum stretch, i.e., at a 90� angle for a substrate’s Poisson’s ratio

m¼ 0 (no transverse compression)12 or at a 60� angle for

incompressible substrates (m¼ 0.5)13 (Fig. 3). Indeed, introduc-

ing the cyclic stretch term ~ea

http://dx.doi.org/10.1038/290249a0
http://dx.doi.org/10.1126/science.276.5309.75
http://dx.doi.org/10.1016/j.ccr.2005.08.010
http://dx.doi.org/10.1002/bdrc.v81:4
http://dx.doi.org/10.1038/nrc2544
http://dx.doi.org/10.1080/10255842.2011.585973
http://dx.doi.org/10.1080/10255842.2011.585973
http://dx.doi.org/10.1007/s12668-011-0013-6
http://dx.doi.org/10.1016/j.jmbbm.2011.05.022
http://dx.doi.org/10.1002/cm.v60:1
http://dx.doi.org/10.1039/b804103b
http://dx.doi.org/10.1073/pnas.0506041102
http://dx.doi.org/10.1073/pnas.0506041102


http://dx.doi.org/10.1006/excr.1996.3428
http://dx.doi.org/10.1006/jtbi.1999.1035
http://dx.doi.org/10.1007/s12195-009-0093-3
http://dx.doi.org/10.1007/s12195-009-0093-3
http://dx.doi.org/10.1083/jcb.133.6.1403
http://dx.doi.org/10.1073/pnas.0912739107
http://dx.doi.org/10.1016/j.bbrc.2010.09.046
http://dx.doi.org/10.1016/j.bbrc.2010.09.046
http://dx.doi.org/10.1529/biophysj.105.071506
http://dx.doi.org/10.1098/rsif.2007.1182
http://dx.doi.org/10.1098/rsif.2007.1182
http://dx.doi.org/10.1073/pnas.0500254102
http://dx.doi.org/10.1073/pnas.0500254102
http://dx.doi.org/10.1016/j.jmps.2007.08.006
http://dx.doi.org/10.1016/j.jmps.2007.08.006
http://dx.doi.org/10.1016/S0006-3495(00)76481-2
http://dx.doi.org/10.1073/pnas.93.23.12937
http://dx.doi.org/10.1073/pnas.93.23.12937
http://dx.doi.org/10.1083/jcb.103.1.63
http://dx.doi.org/10.1007/s00419-008-0225-6
http://dx.doi.org/10.1002/cm.v65:4

	d1
	d2
	d3
	n1
	d4
	d5
	d6
	d7
	d8
	d9
	f1a
	f1b
	f1
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	f2a
	f2b
	f2d
	f2e
	f2f
	f2
	f3
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28

