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Biaxial stretching experiments on soft sheets
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What are Nematic Elastomers?

Cross-linked networks of polymeric chains containing nematic mesogens

backbone

nematic mesogens
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They combine optical properties and orientational DOFs typical of nematic LCs 
(Frank curvature elasticity, dielectric anisotropy)

with translational DOFs of an elastic solid 
(rubber elasticity)

crosslinkers



Isotropic-to-Nematic Phase Transformation: 
spontaneous (Bain) strain

Cross-linked networks of polymeric chains containing nematic mesogens: 
alignment of mesogens along average direction  n

induces spontaneous distortion of chains

Spontaneous distortion :

Fn = a1/3 n⊗n + a-1/6(I - n⊗n)
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n

n nematic director,     |n|=1

a volume preserving uniaxial extension 
along n of magnitude a 1/3 ≥ 1   (a > 1) 

Fn = a1/3 n⊗n + a-1/6(I - n⊗n)

(H. Finkelmann)



Apply electric field to turn nematic director 
and spontaneous distortion
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Purely mechanical stretching 

Fixed temperature in the nematic phase.
Initial configuration: s=1, n=e3. Stretch along e2 with rigid clamps:

n=e3

1: stress-strain curve has plateau (soft elasticity)

50 µm
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n=e3

s
(H. Finkelmann, 95)2: non-uniform director reorientation (stripe-domain instability)

50 µm



Shear by  δStretch by  λ

Explore energy landscape through 
homogeneous stretch and shear: instabilities

Min  W (F,n)     (isotropic)
n
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stretch λ shear δ

sh
ea
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δ

energy at λ=1

Min  W (F,n)     (isotropic)
n

n=e3
n=e2



Similar instabilities for anisotropic energy

Shear by  δ Stretch by  λ

Min  W (F,n)     (isotropic)
n

Min  Wβ (F,n)     (anisotropic)
n

n=e3
n=e2
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Can use small strain theory as well

Fn= a1/3 n⊗n + a-1/6(I - n⊗n)

W(F,n)=½ µ (F FT) ● (Fn Fn
T )-1

a1/3 = 1 + γ ,  γ <<1

measures spontaneous stretch  along n

E0(n)= 3/2 γ (n⊗n - 1/3 I )

I + E0(n)

µ | E – E0(n) |2

- e
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λ max

1/λ min

e max

- e min



QC envelopes (plane strain, extension-shear)

isotropic
(ideally soft)

anisotropic
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(ideally soft)



Finite elasticity (isotropic, plane strain)
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Soft response to stretch and vanishing of 
shear modulus after threshold stretch
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(M. Copic)



Finite elasticity (anisotropic, plane strain)
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QC envelopes (3d, isotropic)
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The quasi-convexified energy Wqc
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if  det F = 1,  W qc( F ) = + ∞ if  det F ≠1.
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Use Wqc in numerical stretching experiment
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Theory vs. Experiment

Multiscale numerics
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X-ray scattering (Zubarev et al.) Direct observation (Terentjev)



Numerics with small strain theory
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Large strains

e
n FLF 2/1=

FLF n
e 2/1−=
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Ogden-type energies

Ogden

Trace formula
(Neo-Hookean, Mooney-Rivlin)
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Ogden: c1= 1.5 µ , γ1= 1.5;  c2=0.001 µ, γ2=5 ; 

Trace formula: c1= µ =1 , γ1= 2.



Response times of a contractile soft actuator 
(artificial muscles ? )
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A. Fukunaga, K. Urayama, T. Takigawa, A. DeSimone, L. Teresi: 
Dynamics of electro-opto-mechanical effects in swollen nematic elastomers, Macromolecules, vol.41,  p. 9389 (2008).



Patterned nematic texture (soft manipulator)

TIN

- anisotropic swelling 
- a1/3 → 1 as T → TIN
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Y. Sawa, K. Urayama, T. Takigawa, A. DeSimone, L. Teresi: 
Thermally driven giant bending of LCE films with hybrid alignment, Macromolecules, vol.43,  p. 4362 (2010).
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Cell motility and Biological Self-propulsion
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Summer School late September 2011
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