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=2 ‘ Introduction and goals
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» Orientation rate
x=(a—-B)xx
> rate of rotational degree of
freedomlfor the bulk elastomer
&=——€e: FF!
2

dx

B, > dissipative rotation of the
mesogens depending on the

rate 3

[Concas and Grof (2024)]

> semisoft model [Biggins et al. (2008)] with further free energy densities v (F, x, ¢, 3) being
invariants with respect to rotations occurring in the current 98, and reference configuration %,

> rotational viscosity [Concas and GroR (2024)] as tensor for penalizing any rotation of the mesogens
about axes parallel to the plane geometry

» principle of virtual power for space-time discretization

Goals

» reproducing the stripe domains in liquid crystal elastomer (LCE) films under high strain rate stretch
» preserving mechanical balance laws, i.e. momentum and moment of momentum balances
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= ‘ Continuum formulation
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Energy density formulation

v =ca(I:C—3—2log(J))+ % ([10g(])]2 +(J - 1)2) +csno - Cng

Neo-Hooke

2
tes(I: (s @me) — 1) + (cota) |FT'n,t|

+ (c10—a) (no - FTnt)2

[Biggins et al. (2008)]
+ c13 [(oe — B) x me)? (ny - Bry) +c14 [((a — B) X ny) - Fmgl?

[Warner and Terentjev (2007)]

Material parameters

> c13 = 0.025 g

=5 > cia=-0054

w1
>09_7(771>
2 \r >>\:% (1+y _1)

3 1—2v
o 1
» cio==(2—---—1r
" 2< r ) A

> r= 7
» a=0.063 g [de Luca et al. (2013)] -
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=2 Stress-free reference configuration
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Rotational interactive energy density in the reference configuration

’l,/)(’l‘;|B:I =13 [(afﬁ) X TL[,]Q (’I’L[, 'B’I’L[,))B:I =0
nt=no n=no
a=0 a=0

$lpor = culll@=P) xni- Frolp=r =0
ni=ng ni=ng
a=0 a=03

Stress tensor and vectors work conjugated to F, n¢, « and 3 for 1¢13

Oc13
e = 2esl(@—B) X mil? (@) Flpar =0
OF ni=ng ni=ng
a=08 a=8
Oc13
U st = —2c13(ne- Bry)fe- (a—B)l[e- (a—Blns
Gnt ni=ng
a=p3
+ 2c13 [(ae — B) % nt]2 Bn; =0
Opc13 OC13
O e == = —2(n - Bry)fe nul[(@—B) x ni] = 0
O nt:BnD apB nt:ﬁno
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=2 Stress-free reference configuration
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Rotational interactive energy density in the reference configuration

Y gy =z [(e— B) x ny)? (ny 'Bnt)’le =0
ni=ng ni=ng
a=0 a=03

Ylr—r =ecullie—B) x - FroPlr—r =0
ni=ngo nt=mno
a=03 a=

Stress tensor and vectors work conjugated to F', n¢, o and 3 for 1)¢14

Ohc14
U es = 2w (e~ B) x mi]- Frol [l — 8) x nel ®nollp=r =0
ni=ng ng=no
a= a=08
Ape1a
e |F=t = 2c1a(l(e = B) x ne] - Frg][[e- (= B)] Fnollp—z =0
Nt |ny=ng n{=ng
a=0 a=p
Opcia Ocla
s == T |rar = 2aulll@ =) xmul - Frol e x] Prolle—s =0
R R 2
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=2 Invariance with respect to rotations i
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Rotational interactive energy density

PC13 4 1p°14 =13 [(a — B) x n4]? (nt - Bng) + c14 [[(a — B) X mt] - Fng)?

Superimposed rotations i.e. change of observer in

> F.=FQ
B. = FQ (FQ)T = FQQTFT = FFT inherently invariant in %,
nox« = QTng

n¢ « = m inherently invariant in %,

vV vYyy

(o — B), = (o — B) inherently invariant in %,

Rotational interactive energy density in %,

1ﬁ$'3 +’¢':14 =cC13 [(afﬁ)* Xnt*J2(nt*-B*nt*)+cl4 H(afﬁ)* Xnt*J *F*'I’LQ*}2

=ci13 [(a — B) x n¢)? (ne - Bny) + c14 [[(a — B) x ne] - FQQTno)?
I
=ci13 [(a — B) X nf,}Q (nt - Bng) + c1a [[(a — B) X my] - F'no]2
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=2 Invariance with respect to rotations in
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Superimposed rotations i.e. change of observer in 4

> F*=QF

> B, =QF (QF)T = QFFTQT
> n{ = ng inherently invariant in %;
> ny=Qn

> (a-B)"=Q(a-p)

Rotational interactive energy density in %,

P13 ¥ 4 9l =ci3[(a — B)* x nf]? (n] - B*n}) + c1a [[(@ — B)* x nf] - F*nj)?
=c13Q [(a — B) x nt] Q [(a — B) x nt] (Qnt - QBQQny)

+c14[Q[(e — B) x n¢] - QFno)?

=ci3[(a—B) xni] - QTQ[(a — B) x nt] (s - QT QBQT Qnar)
—— e N~
I I I
+c14 [[(@ = B) x ni] - QTQFny]?
~——

I
=c13[(a = B) x ne]? (e - Bny) + c1a [[(@ — B) x ne] - Fng)?
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=2 Modelling of mesogens’ rotation and variational-based weak formulation
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Dissipative rotation of the mesogens modelled by 3 cf. [Oates and Wang (2009), Gro et al. (2023)]

» Clausius-Planck inequality

N a2 O O
>(N—8—F>.F+nx aXx e & 93 B=0

> Dissipation inequality
i
op
» Dint ; V/j,g . :@
» Rotational viscosity tensor for penalizing possible rotations of x about the z— and

B>0

» Dint —

y—directions
k 0 O

Ve=|0 k 0 [withk>>kp
0 0 kg

Principle of virtual power cf. [Concas and GroR (2024)]

8T (@, ¥, D) + 8. T (3, Vs By) + 8117 (¢, B) + 6.5 (%) + 6,11 (¢, %, &, B, 7w ) = 0
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Numerical test: LCE film under tension

25 x 0.0125 x 0.0005 m, -em H1-standard

» high strain rate

¢ =0.008m/s  (1.281/s)

no = ey approaching

y=0 Mbanga et al.

, (2010) (1.331/s)

== > specimen with
L/H = 1cf.
Zhang et al.
(2020) and
references therein

Parameters cf. [de Luca et al. (2013), GroR et al. (2022)]

> Gk =2) > E=0.914 MPa

> hn =0.002s > v=0.493

> {4 = 0.04s (stretch up to 50% of the > p=1760kg/m?
initial length) > (T =60°C) = 1.88

> TOL = 10~° > o(T = 60°C) = 0.063

» convergence criterion: | R|| < TOL >

V g with kr = 200 and k = 108
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=0,c14=0
w=pNH 4 43 4 40
+ 310

[Biggins et al. (2

c13 #0,c14 =0
>y =¢pNH L ye3 4y

+ 910 + €13

Vamer and Terentjey

> = NH L ye3 4y

LCE film under tension - momentum and angular momentum balances’ errors

4+ €10 4 €13 4 €14

x10712 519° | xao!! x10° o 1072 10
) O =) -
T4 . = o fan) 4 0
e, s B 15 Lep - 5
= 00 £ = ° % o . £ = o 2 2
5 OB s 05 © 50 o ] 5 ) ]
5 0 fomstogmnrmn P . 5 5 o ) ° 05 S 50 “:\u‘o " . 0 %
E o g £ 5 £ . 5
2 05 g 2 5 22 o 2
-4 05 g < £ o} Toe 4 €
g c g c g c
g6 Ly Jy A3 € Ly J, 05 = € -4 Lo J, 62
T ol Ly, = g | -—Ly-—-J, = 5 | -—-L,—J, 2

8 v Y € y Y € © y 'y .
é’ o L. o J. 15 § g 2f o L. o J. K g § ol © L A 8 é
]
0 01 02 03 04 E 0 01 02 03 04 E 0 01 02 03 04 E
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— - i
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—_ N e — ' 2 —_ é
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2. ¥ 5 2 e n o 2 2 o g
= v — e = =
5 v £ 51 } 0 e 5 £

£ I £ N g
£ 4 s 0 H £ i K- 2 2
7 s W N Gy A o o
§_ \ o N 2 S 0 [rssoospekosoocog N g E 1 g
g ! £ g ) £ < g
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€ Lz = ] £ g ne 10 5 g J 7 2.2
el R AR = R e 2R z o | T €
° s o Ly Tz g ©-2r o Ly o Ju: 2 S 6t o Ly © Ju: 2
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= LCE film under tension - stripe domains and semisoft elasticity
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= LCE film under tension - stripe domains and semisoft elasticity
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= LCE film under tension - stripe domains and semisoft elasticity

engineering stress [MPa]
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= LCE film under tension - stripe domains and semisoft elasticity
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=2 LCE film under tension - stripe domains and semisoft elasticity
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=2 Conclusions and future works
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Conclusions

» dynamic and variational-consistent numerical framework of Concas and GrofR (2024) for
reproducing soft elasticity under high strain rates

v

implementation of a new invariant strain energy <14 in additions to the semi-soft free
energy density of Biggins et al. (2008) and the rotational free energy density of Warner
and Terentjev (2007) ©13

mechanical and orientational momentum balances are preserved
the new free energy density )14 allow to reach full rotation of the mesogens
striped pattern depends on local values of the entry F., of the deformation gradient F

vV vyVvyy

symmetric distribution of F;.,, over the geometry leads to opposite rotations of the
mesogens with respect to the central vertical axis of the geometry

Future work

> experimental validation of numerical results

» modelling thermo-mechanical effects in the context of dynamic
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=2 Appendix: balance laws of the weak formulation
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L (tni1) — L (tn) = // poB, dV dt + // TdAdt + // RdAdt

Tn X Bo T X0 B Tn X0 B

Orientational momentum d+x = ¢ = const.

Ly, (tni1) — Ly (tn) = // poBy dV dt + // W dAdt — // [-rx+%] dv dt

Tn X Bg Tn X 0w Bo Tn X B

Moment of linear momentum Sep=cXp, dxix=c, 6:B8=c
J(tn+1) // (F X 7) dV dt + // [Lp X poB‘p] dV dt
Tn X B Tn X B
+ // [p x T] dAdt + // o x R] dAdt
Tn X0 B Tn X0y B
+ // %dth+ // SgdVdt + // —dth
Tin X B Tn X B Tn X Bg
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=2 Appendix: balance laws of the weak formulation
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Moment of orientational momentum

Ty (tng1) — Ty (tn) = — // (xxg—i> dth—/ (x x Ty) dV dt

Tn X Bq Tn X Bo
¥ // [x X poBy] + dV dt // [x x W] dAdt
Tn X B Tn Xy Bo
Total moment of momentum
oy
J(tn+1)—J(tn)+Jn (tn+1)—.]n (tn):— // FXE dV dt
Tn X Bg
// (xx—)dth-{— // — dV dt + // %d\/dt-‘r // Xz dV dt
TIn X Bg Tn X Bg Tn X Bg
// (x X Ty) dV dt + // [x x poByx] + dV dt // [x x W] dAdt
Tin X B Tn X Bg Tn X Oy Bo
+ // [ x poBy| dV dt + // [ x T] dAdt + // [¢ x R] dAdt
T X B T X O By Tn X0 B
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