Chapter VI
Rectifying and amplifying stresses

I) Linear medium: dipole conservation
1. Mean-stress theorem
2. Dipole conservation in linear media
3. Relating the macroscopic stress to macroscopic work
4. Relating the macroscopic force dipole to macroscopic work

Il) Nonlinear (bucklable) medium: amplification
1. Radial force balance
2. Double-check: the linear case
3. Force amplification

lll) Discussion

Reference:
Ronceray & ML, Soft Matter 11, 1597 (2015)
Ronceray, Broedersz & ML, Proc. Natl. Acad. Sci. U.S.A. 113, 2827 (2016)



Actomyosin is an active,
contractile material
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Lappalainen lab website ; Yumura J. Cell. Biol. 2001 ; Clark et al. Biophys. J. 2013 ; Barnhart et al. PLoS Biol. 2011



F-actin ordering accounts
for striated muscle contractility

Contraction mechanism:
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contractility paradigm
Myosin generates forces,
which the actin scaffold over long distances.



Myosin motors have no intrinsic
propensity for contraction
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Why is disordered actomyosin contractile
rather than extensile?



Linear networks cannot favor
contraction over extension

h motor force dipole: D = Z fi-ri
i

Otar field = —PDlocal + 2

active motor density Yy Tr(a) dv
stress -

integrated “pressure”
Vanishes for homogeneous
linear materials.
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We consider a network
with filaments susceptible to buckling
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We consider a network
with filaments susceptible to buckling
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Forces below the buckling threshold
yield linear force transmission
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Forces below the buckling threshold
yield linear force transmission
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Forces below the buckling threshold
yield linear force transmission

X Sstress Oactive
|
0.1 | —

QAVATAVAVAVAYD

INONONONINEN
INONININININININN
NANNNNNNAN/
\WAVAVAVAY  7AVAVAVAV/
/NONINININININ/N/N/A
INONINININININ/NN

>

>

>

>

>

>
extension

INONINININININ/N/N
SONANNNNNLT
N NNININININININGS]
L NNINONIN/N/NINQ
XNININININ/N/SN
NNANNININININ,

NANNNNNNY
VAV%‘V%VAV

-0.1 |- -

contraction
<]
4
<]
«
«
d
<
<
<]

-0.2 |- -

N\ | |

—-0.02 0.00 0.02




Forces below the buckling threshold
yield linear force transmission

X Sstress Oactive
|
0.1 | —

QAVATAVAVAVAYD

INONONONINEN
INONININININININN
NANNSNANNNN/
\WAVAVAVAVAVAVAVAVAVA
/NONININININ/N/N/N/N
INONININININININN

>

>

>

>

>

>
extension

INONINININININ/N/N
N AVAVAVAVAVAVAV, 78
\WaVAVAVA'  AVAVAVAY
L NININININ/N/NINO
XNININININ/N/SN
NNANNININININ,

NMANNNNNN
VAV%‘V%VAV

-0.1 |- -

contraction
<]
4
<]
<]
{
4
<
<
<

-0.2 |- -

N\ | |

—-0.02 0.00 0.02
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Buckling rectifies forces of any sign

towards contraction
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Buckling rectifies forces of any sign

towards contraction
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Buckling rectifies forces of any sign

towards contraction
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Buckling rectifies forces of any sign

towards contraction
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Buckling rectifies forces of any sign

towards contraction
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Buckling rectifies forces of any sign
towards contraction
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Buckling rectifies forces of any sign

towards contraction
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Buckling rectifies forces of any sign
towards contraction
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Buckling rectifies forces of any sign
towards contraction

X Stress Oactive
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Buckling rectifies forces of any sign
towards contraction

X Sstress Oactive

d [

0.1 -

extension

YAVAVAVAVAVAV,
INONONINENIN/N/ N/
VAVAVAY,  VAVAVAV,
VAVAVAVA'  AVAVAVAV
JAVAVAVAV, VAVAVAVA
JAVAVAVA  /AVAVAVA
\VAVAVAY 4./ AVAVAVAV,
\VAVAVAVAVAVAVAV
WAYIVAVA.

ININININININ oo
/NN NNANNNNN ;o
SKIANSNNLT
\WaVAVAVAY  TAVAVAVYaY
A'A'A‘Am .vA'A.vA‘_'_A
NNININ/N/N/ SN
N NNNNNNNYN/
AN NNNNNY
VAV%V%VAY

-01}f & -

contraction
AN

-0.2 |- —

\
s | |

—-0.02 0.00 0.02




Stress amplification is governed
by an emergent buckling length scale
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Large-scale buckling
generates large stress amplification
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motor for(:(_a F

2D actomyosin

olin = 0.014pN/um
Opred = OZpN/,um
Oexp = 1pN/pm

Carvalho et al, PNAS 2013.
Lemiere et al, unpublished, 2015,

Experiments support all predicted
amplification regimes

{1\ Density-controlled
amplification

Force-controlled
amplification

oc~pFR"

3D blood clot

Olin = 9 Pa
Opred = 10 Pa
Oexp = 150 Pa

Jen and Mclintire, Cell Motil., 1982.

Lam et al., Nat. Mater., 2011.

Linear regime

o=pFR,

motor density p

Ronceray, Broedersz, ML Proc. Natl. Acad.

3D actomyosin

Jlin — 12 Pa
Opred = 12Pa
Texp = 14 Pa

Koenderink et al, PNAS 2009.

Sci. U.S.A. 2016
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