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Cell orientation in tissues

Holzapfel (2015)



Cell orientation on stretched substrates

Morioka (2011)

Livne (2014)

Wang (2000)
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Distribution in confluent conditions

Shirinsky (1989) Iwaki (2009)

Takemasa (1998)

control



Cell types
 

• Endothelial cells 
• Epithelial cells
• Fibroblasts
• Smooth muscle cells
• Myocytes
• Osteoblasts
• Melanocytes 
• Mesenchymal stem cells
• Multipotent stromal cells

Not macrophages

Movie of an endothelial cell
from Greiner et al. (2015)

Osteosarcoma cells
Tondon et al. (2012)
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Ranges of observation

e0

w [Hz]

0.1
10

E [kPa]

1% 30%

Robust with respect to:

- Cell type

- Substratum 
  (stiffness > 10 kPa) 

- Strain amplitude 
  ( > 1-2% ) 

- Stretching frequency 
  (> 0.1 Hz)

cell
death



The continuum mechanics model

eyy = – exx

ezz = 0
eyy = ezz = - exx/ 2 eyy = 0

e.g.
r = - 0.35 
Liu (2008)

 bi-axiality ratio 

 Deformation gradient

Bi-axial test (Livne)

57°57°

45°



Elastic model

eyy = – exx

ezz = 0
eyy = ezz = - exx/ 2 eyy = 0

 bi-axiality ratio 

 Deformation gradient

Bi-axial test (Livne)
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The continuum mechanics model

Isotropic
part^

G. Lucci & L.P., Biomech. Model. Mechanobiol. (2021) 

Cauchy-Green strain tensor

Symmetry

Energy even in I8



Equilibrium orientations

= 0

Equilibria when



Equilibrium orientations

= 0

Equilibria when

 p
2=



Equilibrium orientations

= 0

Equilibria when

 p
2=



Equilibrium orientations

=

Linear regime

Generalized Fung's energy

Quadratic elastic energy

a



Equilibrium orientations

I think that the first part must be rewritten using the Vianello 
point of view. Indeed, this is more general and elegant that 
the present one.  It is clear that I am not claiming that the 
result presented by the authors is empty. Indeed, in their 
application they find the additional extrema that are not 
ensured by the application of the extreme value theorem.



Equilibrium orientations



Bifurcation diagram

If    k66 = k46 = k88 = 0 a = 1 

a

supercritical

~~

Depends on the ratio 
(not on stretch amplitude!)



Bifurcation diagram

a

~~

~~
(Livne)

a < 1 k46 + k88/2 > k66

k88 = 0.206 k44



Bifurcation diagram

a

~~

~~
(Livne)

a < 1 k14 = 0.065 k44



Bifurcation diagram

a

~~

If     k46 = k88 = 0 a > 1 



Can the slope change?
Is universal?

Fibroblasts
(Livne)

r = 0.34 r = 0

Endothelial cells 
(Wang)

Endothelial cells 
seem to have a non 

negligible k66



Can the slope change?
Is universal?

Fibroblasts
(Livne)

r = 0.34 r = 0

Endothelial cells 
(Wang)



Temporal evolution



Dependence from strain amplitude

Re-orientation time decreases 
increasing the strain amplitude

rat embryonic 
fibroblasts

 human dermal
fibroblasts

Jungbauer et al (2008)
Roshadeh et al. (2020)

23.6
94.6

Human lung epithelial cells

q

OKNot really

=(1+r)2 e2
xx



Dependency from stretch frequency

human dermal fibroblasts

 rat embryonic fibroblasts

q

Re-orientation time decreases 
 increasing the frequency (asymptotically)

 confluent

Jungbauer et al (2008)

Not good enough
We need an intrinsic time 



Intrinsic times and viscoelastic effects

Possible causes of viscoelasticity

• Cytosol
• Actin cytoskeleton
• Adhesion bond turnover

integrins

movies/esperimenti/wpi/fig14.mov


Linear viscoelastic model

Relaxation 
kernel

Strain tensors
Past

elasticity tensor

G. Lucci, C. Giverso & L.P., Math. Biosci. 337, 108630 (2021) 



Linear viscoelastic model

High frequency regime



Linear viscoelastic model

Low frequency regime



Dependence from stretch frequency

equilibrium
values

Varying stretch ratio r

Higher frequencies Lower frequencies



Dependence from stretch frequency

Varying frequencies



Summary: Elastic model

~~

eyy = ezz = - exx/ 2 eyy = 0

Bi-axial test (Livne)

57°57°

45°

eyy = – exx

ezz = 0

K

K



Effect of substratum elasticity

Stress fiber remodel to minimize the “internal” energy



Effect of substratum elasticity



supercritical

subcritical

Effect of substratum elasticity



Effect of substratum elasticity

supercritical

subcritical



Effect of substratum elasticity



Effect of cell elongation

round cell elongated cell



A kinetic approach



A kinetic approach

p-periodic probability density 

N. Loy & L.P., Arxiv .org/pdf/2108.00894.pdf 

Ito process:



A kinetic approach

N. Loy & L.P., Arxiv.org/pdf/2108.00894.pdf 

p-periodic probability density 

Ito process:

(Morioka)



A kinetic approach

(Mao, r = 0) (Faust, r = 0.15)

8.4% 11.8%

Equilibrium distribution



Cell reorientation as a control problem



Cell reorientation as a control problem



Cell reorientation as a control problem

e = 8.4% e = 14%



?

What's next

cytoskeleton
substratum elasticitybond remodelling

• Viscoelastic effects in kinetic and discrete models 
  

ks
m

2

• Building (on demand) heterogeneous and anisotropic tissues 
 by non-homogeneous deformations
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