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We have developeda generalizedmodel of the deformationof polymer

chainswhich accountsfor bond extensibility. The model predictionsare in

excellentagreementwith simulationdataof chaindeformations. It is usedfor

analysisof experimentaldata for deformationof single-strandDNA. This

model has beenadaptedto describethe mechanicalresponseof polymer

networks with deformablebonds. It was used for analysisof simulation

resultsof diamondnetworkdeformationandexperimentaldatafor biological

networksof collagen,fibrin, and neurofilaments.

Network Deformation Results

The nonlinearstress-strainbehaviorof polymernetworks,manifestedin the

monotonicallyincreasinginstantaneousmodulus,is a productof thenonlinear

deformationof individual networkstrands. This nonlinearnetwork response

to externaldeformationsis describedin the frameworkof a network model

relating macroscopicstress-strain responseto force-elongationbehaviorof

individual networkstrandswith finite bendingrigidity andextendablebonds.

The developedapproachis usedto correlatenetwork shearmodulus,bond

deformationmodulusand extensibility ratio with thestrandsôKuhn length,

bondelasticconstant,andtheir dimensionsin undeformedandfully extended

statesin bothsimulatedandexperimentalnetworks.

The Helmholtz free energy of a chain with end-to-end distanceR, bond

deformationratio‗ andnumberof bondsN is approximatedby the sumof

theconformationalandbondstretchingterms:

Ὂ Ὑȟ‗ Ὂ Ὑȟ‗ ὔὟ ‗

Ὢὰ

ὯὝ

Ὑ

‗Ὑ

σὰ

ὦ
ς ὑ ρ

Ὑ

‗Ὑ
ὑ ρ

ὪὙ ὔ‗
ὨὟ ‗

Ὠ‗
ὔὑ ὰ‗‗ ρ

FENE Bonds

DNA Deformation

Flexible Networks, ὔ ςππ Stiff Networks, ὔ ςπ

a

Biological Networks Universal Plot

Ὂ Ὅȟ‗ Ὂ Ὑȟ‗

„ ‗ȟ‗
‗

ὠ

Ὂ Ὅ‗ȟ‗

‗

Ὃ
‗ ‗

‗
ρ
ςὦ

σὰ
ὑ ρ

Ὅ‗

σ‗
ὑ ρ

„ ‗ȟ‗
‗ ς‗

‗ ‗
‗”ὅ

ὨὟ ‗

Ὠ‗

The force neededto stretchthe chainto end-to-enddistanceR is definedas

thederivativeof thefreeenergywith respectto R:

The equilibrium bond deformationratio �Ol is obtainedby minimizing the

freeenergywith respect�Ol

The bond deformationcan be approximatedby a harmonicpotential with

springconstantὑ andequilibriumbondlengthl0:

Ὗ ‗ πȢυὑὰ‗ ρ

whereὙ ὔὰ, K is thechainbendingconstant,andKuhn length
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Thesetwo equationsare solvedtogetherto obtain force deformationcurve

accountingfor bonddeformations.

Diagram of chain deformation regimes in terms of reduced force Ὢ
ὪὰȾὯὝandchainbendingconstantK:
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The free energyof a networkin the frameworkof the affine networkmodel

is givenby thesumof individualchaincontributions:

where the first deformation invariant Ὅ ‗ ‗ ‗. For a network

undergoing uniaxial deformation with deformation ratio ‗ ὒȾὒ at

constantvolumeV, Ὅ ‗ ς‗ andthetruestressin thenetworkis

whereὋis the structuralnetworkmodulus,andis the extensibility ratio.

Minimizing the network free energy with respectto ‗, one obtains an

expressionfor the equilibrium bond deformation ratio in terms of the

networkstress:

ParameterCE describestopologyof thenetworkwith monomerdensity�U.

Simulation Details
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�‡ Coarse-grainedbead-springmodel

�‡ Phantom chains

�‡ NVT ensemble with Langevin 

thermostat

�‡ Bending potential:

Single Chain Deformation

�‡ Bead-spring chains with different

bending constants, K, and

deformablebonds.

�‡ Force-deformationcurves.

Diamond Network Deformation

�‡ A diamondnetworkof bead-spring

chains with different bending

constantsK.

�‡ Step-wise uniaxial deformationat

constantvolume.

�‡ True stress as a function of

deformation
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Crossover force Ὢ to bond

stretchingregimes:
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�‡ Bondpotentials:


