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Additional thermalforcesonnanoscale

Buckling forces in the piconewtonsrange
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ÁIntroduction

ÁBuckling of rods

ÁBuckling in the presence of 

thermal fluctuations

ÁMonte Carlo simulation 

results

ÁDeterministic 

compressionalforce

ÁBuckling under the action of 

molecular motors

ÁStochastic compressionalforce

ÁMean Field theory

ÁñSemiò-stochastic Model

ÁSimulations
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West Gate Bridge, build in 

Melbourne, collapsed 

during construction in 1970

Bucklingïinstability of a rod under longitudinal compressionalforce

Easy to observe on the macro 

scale

Depends on:

bending rigidityof the rod 

(determined by material and 

shape)

Boundary conditions 5
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In equilibrium shape obtained by minimizing the energy 

Constant contourlengthL

Increasing force F

Constant forceF

Increasing contour length L
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Inextensible and elastic rod with

bending rigidity ə

contour length L

external forceF
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pL Lsemiflexible
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Microtubule Lpå mm

Actin filament Lpå µm

We expand the cosine in the Hamiltonian to the fourth order 
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Analytical solution for force ïextension relation
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Critical force increasesby 

thermal fluctuations2
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--- T = 0 

o Lp / L = 100

æLp / L = 10

ÐLp / L = 2

ǏLp / L = 1
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Stretching by 

fluctuations

Shortening by 

fluctuations

|| ||L Là ð>|| ||L L Là ð< =
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--- T = 0 

o Lp / L = 100

æLp / L = 10

ÐLp / L = 2

ǏLp / L = 1

Rounding of the cusp by 

thermal fluctuations

Fixed force F, growing filament

T
e

m
p
e

ra
tu

re
 

in
cr

e
a

se



10

Three spatial dimensions

Intersection difficult 

to confirm

--- T = 0 

o Lp / L = 100

æLp / L = 10

ÐLp / L = 2

ǏLp / L = 1
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The initial angle is an important 

parameter!
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Buckling of semiflexiblefilaments under

the action of molecular motors
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Three processes:

Buckling of the cargo filament

Motors movement

Binding and unbinding of motors

PROCESSES ARE COUPLED !
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clamped end
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Friction 

neglected

2

,0 24
cF

L

kp
=free end

force ïposition relation 

from part I
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Velocity-force relation

Load 
force

Stall force Fs
/lF F n=

Buckling force - extension relation16



/lF F n=

Motors unbind with rate
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Detachment force Fd

Binding rate in 

absence of the load 

force

Motors bind with rate 

( )0n totn np p= -

Total number 

of motors

Unbinding rate in absence of 

the load force
Avalanche

First motor unbinds

Effective force on each bound motor 

increases
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N n¹à ð

___ L = 5 µm, 0́ = 0

___ L = 25µm , ́ 0 = 0

--- L = 5 µm, 0́ = 5 s-1 

--- L = 25µm, ́ 0 = 5 s-1

No rebinding

Rupture

Positive  rebinding 
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with fixed point
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Thefixed point loosesits stability for increasing˒ or decreasingɝin

asubcriticalHopf bifurcationatɝ=˒ī1.
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Probability Pn(t,F) that n motors are bound
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pn(t) does not depend on F !!!
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Motor binding and unbinding slow if 

compared to built-up of the load force

Motor operate close to stall

Force increases fast

Motor operate close to buckling threshold

Motor binding and unbinding fast if 

compared to built-up of the load force

Force increases slowForce can be treated as constant

Mean first passage time for unbinding of all bound motors
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We expect an oscillation process with frequency 1/Ű



--- p5(t)

--- p4(t)

--- p3(t)

--- p2(t)

--- p1(t)

--- p0(t)

No rebinding, p0 = 0
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( )0 0 2,2 n st  º

( )0 0 240 n st  º

Short mean first passage times

Good approximated by the mean field 

theory

For very long filaments FŸ 0

positive rebinding, p0 = 5 s-1

Long mean first passage times

25L mm= ,0 0.09 cF pNº



--- p5(t)

--- p4(t)

--- p3(t)

--- p2(t)

--- p1(t)

--- p0(t)

simulations

Solid line: ñsemiò-stochastic
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Very similarmeanfirst passagetimes

Very goodagreementbetweenthreeapproaches:

meanfield theory, ñsemiñ-stochasticmodel 

andfully stochasticmodel

Very long filaments force can be neglected

K. K. Baczy��ski, M. J. I. Müller , R. Lipowsky , J. Kierfeld , in preparation


