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Abstract In this study, the time-dependent mechanics of multilayered thick hyperelastic beams are investigated
for the first time using five different types of shear deformation models for modelling the beam (i.e. the
Euler—Bernoulli, Timoshenko, third-order, trigonometric and exponential shear deformable models), together
with the von Karman geometrical nonlinearity and Mooney—Rivlin hyperelastic strain energy density. The
laminated hyperelastic beam is assumed to be resting on a nonlinear foundation and undergoing a time-
dependent external force. The coupled highly nonlinear hyperelastic equations of motion are obtained by
considering the longitudinal, transverse and rotation motions and are solved using a dynamic equilibrium
technique. Both the linear and nonlinear time-dependent mechanics of the structure are analysed for clamped—
clamped and pinned—pinned boundaries, and the impact of considering the shear effect using different shear
deformation theories is discussed in detail. The influence of layering, each layer’s thickness, hyperelastic
material positioning and many other parameters on the nonlinear frequency response is analysed, and it is shown
that the resonance position, maximum amplitude, coupled motion and natural frequencies vary significantly
for various hyperelastic and layer properties. The results of this study should be useful when studying layered
soft structures, such as multilayer plastic packaging and laminated tubes, as well as modelling layered soft
tissues.

Keywords Layered beams - Soft beams - Hyperelastic beams - Nonlinear vibration - Nonlinear dynamics -
Laminated beams - Multilayered beams - Sandwich beams

1 Introduction

Layering structures is an effective method for optimising their mechanical, physical and electrical properties
for a specific purpose. For instance, in the automotive industry, reducing the weight of the structure and
increasing the stiffness lead to significant environmental benefits (lowering the fuel consumption and increasing
automobile’s performance [1,2]) which is made feasible by fabricating multilayered parts.
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In many engineering applications, structures are fabricated with three layers (e.g. in laminated packaging);
the outer layers are called the skins (upper skin and lower skin) and the middle layer is the core. If the purpose
of the design is to increase the strength against bending loads, the core is usually made of a softer material with
a higher thickness and the outer skins are thinner and stiffer. If the structure is used in an uncertain environment,
the outer skins are made of softer materials to propagate the force throughout the structure and avoid cracks
in a brittle core. In some other engineering structures, researchers gradually change the material properties to
fabricate functionally graded structures which have been studied in Refs. [3-6].

Over the past few years, researchers have analysed different layered elastic (versus hyperelastic in this
paper) structures to understand their mechanical behaviour under diverse conditions. A brief review of previous
studies in this field is given in this section; however, interested readers seeking a more detailed literature review
are referred to Refs. [7-10].

For bending analysis of layered elastic beams [11,12], researchers have used different beam theories and
analysed layered beam structures. By neglecting the shear effects, Chai and Yap [13] examined the bending
behaviour of layered composite structures using classic beam theory (CBT). By comparing the results with
those of a finite element modelling (FEM), it was shown that the coupling terms between the layers play a
significant role in predicting the mechanical behaviour accurately. Chen et al [14] added the shear influence
to the model using the first-order shear deformable beam theory; it was shown that the bending deformation
of the Timoshenko beam model is higher than the CBT and the difference is higher for any lower thickness-
to-length ratio. Oziitok and Madenci [15] used a higher-order shear deformation theory together with FEM
for timed-independent analysis of layered composite beams and verified the results by comparing them with
those available in the literature.

For linear vibration analysis of layered elastic beams [16—18], Emam and Nayfeh [19] investigated the free
vibration of layered composites using the Euler—Bernoulli beam theory. The axial motion was considered in the
formulation and was substituted in the transverse equation of motion. Natural frequencies were obtained for
different axial loads and boundary conditions; it was reported that for the studied six-layer beam model, the layer
positioning has a significant effect in varying the fundamental frequency for different axial loads. A first-order
shear deformable beam theory was used by Banerjee and Sobey [20] to examine the free oscillation of laminated
structures under axial loading. A closed-form analytical solution was presented showing accuracy in predicting
the natural frequencies and mode shapes of layered beams. Damanpack and Khalili [21] used higher-order
beam theory to model the longitudinal-transverse coupled motion of layered structures. Hamilton’s principle
was used to reach the equations of motion showing that the natural frequencies obtained from this model agree
with the experimental results presented in Ref. [22].

For nonlinear vibration analysis of elastic beams, Zhang et al. [23] studied the nonlinear forced oscillation
of laminated beams in a humid thermal condition. Only the transverse motion was considered in the formulation,
and a nonlinear energy sink was added to the model. The equations of motion were solved using a fourth-order
Rung—Kutta (RK4) method and a two-term harmonic balance (HB) scheme. It was shown that the nonlinear
studied model has a hardening behaviour and adding a nonlinear energy sink can reduce the maximum amplitude
of the transverse vibration significantly. Shen et al. [24] examined the nonlinear free oscillation behaviour of
layered graphene-strengthened beams; Halpin—Tsai model was employed to predict the physical properties of
the combination of the matrix and fibres. A higher-order shear deformable theory, together with the von-Kdrman
geometrical nonlinearity, was used to model the beam. By employing a two-step perturbation technique, it was
shown that the layering and positioning of fibres has a significant effect in varying the nonlinear frequency
ratio and the natural frequencies. Three-layered and bi-layered shear deformable elastic beams have been
studied by Ghayesh et al. [25]; it was shown that the resonance region change based on the layer sorting and
both hardening and softening behaviour can be observed while considering geometrical imperfections. Other
types of layered structures have also been examined by researchers, and interested authors are referred to Refs.
[26,27] for more information about layered-plate and layered-shell structures focused investigations.

The previously mentioned studies focus on elastic structures that undergo small strains while facing dif-
ferent types of loadings; even the nonlinear ones are based on geometric nonlinearities and small strains. Soft
structures cannot be modelled as a linear elastic material and require more accurate hyperelastic assumptions
and formulations; in other words, a material nonlinearity should be taken into account, as done in this paper.

Multilayered hyperelastic structures have been used widely in many products. For instance, multilayer
plastic packaging is used for packaging different products, such as food packaging which has been a trending
topic over the last few years in waste management, recycling and optimised packaging [28-31]. Furthermore,
human body organs act as hyperelastic components and many parts are made of different layers, such as the
artery, which is made of three hyperelastic layers (intima, media and adventitia) [32].
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Previously, axially moving hyperelastic structures and porous-hyperelastic structures have been investigated
by Khaniki et al. [33,34]; however, until now, there have been no studies on the time-dependent mechanics
of layered hyperelastic structures. In this study, a comprehensive analysis of the mechanics of multilayered
thick hyperelastic structures is presented for the first time as having different boundary conditions via different
shear theories. Large strain modelling, together with large-amplitude displacements, is modelled using the
Mooney—Rivlin strain energy model (for material nonlinearity) and the von Kadrman geometrical nonlinearity.
Different types of shear deformable beam theories (Euler—Bernoulli, Timoshenko, third-order, trigonometric
and exponential shear deformable models) are used to model the layered structures and the influence of layering,
material positioning and the thickness of the core and skins is discussed in detail.

2 Layered hyperelastic shear deformable beam formulation

For a thick-layered shear deformable beam (Fig. 1), considering the plane motion, the axial and transverse
deformations are written as [35]

u(x,z,0) =x @wy(x, 1) —x @)@ (x, 1) +ulx,t) —zwy (x,1), (D
w(x,z,t) =w(x,1t), 2)

where u and w are the axial and transverse displacements in the x and z directions (Fig. 1), respectively,
subscript x indicates derivations with respect to x, ¢ is the rotation and x (z) is the higher-order shear function,
which the definition depends on the shear deformable theory used. In this study, five different definitions for
x (2) are used, which are defined as [36-39]

Case 1 (Euler—Bernoulli beam theory) : x () =0, 3)
Case2 (Timoshenko beam theory) : x (2) =z, 4)
4 2

Case 3 (Third—order beam theory) : x (@) =z (1 — 5}%) , 5)

Case4 (Exponential beam theory) : X (2) = ze 2/, (6)
h

Case 5 (Trigonometric beam theory) : X (z) = —sin (%) , 7
bid

where Case 1 indicates that the shear deformation effect is neglected, following the Euler—Bernoulli beam
assumption (classic beam theory) when the rotary inertia is also neglected; the advantage of using this model
is that the model is simplified by neglecting the rotational degree of freedom by only considering axial and
transverse motions. Case 2 defines a linearly varying shear deformation through the thickness of the beam,
which represents the Timoshenko beam theory. In this model, the transverse normal plates do not necessarily
remain perpendicular (to the mid-surface) after deformation leading to an extra degree of freedom for the
rotary inertia. Case 3 shows the shear deformation using a higher-order model following the third-order shear
deformable beam theory [36,37]. In this model, the transverse shear stress in the Cases 4 and 5 defines the shear
deformation of the beam using an exponential [38] and trigonometric [39] functions, which follow the beam
theories of exponential shear deformable and trigonometric, respectively. For all the five cases, the strains are
written as

Exx ()C, Y, t) = Uy ()C, t) — TWxx (xv t) + X (Z) Wy x (x’ t) —X (Z) ¢)C ()C, t) + %wxz (.X, t) s (8)
Yar (X, 9,1) =26, (X, y, 1) = xz (D) wy (x, 1) — Xz ()@ (x, 1), ©)
g,z #0, (10)

where ¢y, is the axial strain, yy, is the shear strain and ¢, is the transverse strain that is not equal to zero
and should satisfy the incompressibility condition of hyperelastic structures. The deformation gradient (F')
is given in Refs. [33,40] which can be used for defining the left Cauchy—Green strain tensor (C) for planar
motion as

I+ 5xx)2 + szz 0 exz 2+ exx +€z2)
C=FTF= 0 1 0 , (11)
Exz 2+ &xx +62)0 (14 gzz)z + 8x22
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Fig. 1 Schematics of three-layered hyperelastic beam with (a) fixed and (b) simply supported boundary conditions and (c) layer
characteristics

where the higher-order strain terms are due to the soft behaviour of hyperelastic materials, which undergo large
strains and cannot be ignored. The strain term &_, can be obtained as a function of ¢, and &, by considering
det(C) = 0 (the incompressibility condition). For linear elastic models, by neglecting the higher-order strain
terms, the Cauchy—Green strain tensor will be [27]
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1426, 0 2&y;
C=FTF= 0 1 0 , (12)

2ex. 01+ 2e,

which is equal to the elastic material strain tensor model. By using the Mooney—Rivlin hyperelastic strain
energy density model [41,42], the variation of the total potential energy of the system is written as

L

SU = // [Up (x,2)8uy (x,t) + Uz (x,2) dwy (x, 1)
0 A
+ U3z (x,2) Swyx (x, 1) + Us (x,2) 8¢ (x, 1) + Us (x, 2) 8¢y (x, 1)] dAdx, (13)
where

Ui (x,2) = 8Crity (x, 1) + 8C7 [x (2) — 2] wax (x, 1) + 4CTwi? (x, 1) — 8Crx (2) Px (X, 1)

—12Cruy® (x, 1) — 24C7 [x (2) — 2]ty (x, 1) wyy (x, 1) + 24C7 ¥ (D) uy (x, 1) px (x, 1)

— 12CTuy (x, 1) wy” (x,1) — 12C7[x (2) — 2w (x, 1) + 12C7 ¢ (2) wi” (x, 1) fy (x, 1)

+24C7 1 (2) [x (2) = Zlwyx (1) px (x, 1) — 12C7 [x (2) — 2] wy? (x, 1) wax (x, 1)

—3Crwy* (x,1) — 12C7 ()¢ * (x, 1) — Cr x> (D) wi” (x, 1)

+2Cr x> (@) we (8,0 (x, 1) — Crx” () % (x, 1), (14)
Us (x,2) = 8Cruty (x, 1) wy (x,1) + 8Cr [x (2) — 2] wy (x, 1) Wy (x, 1) +4Crw,> (x, 1)

—8Cr X (D) wy (x, 1) $y (x, 1) — 12C7uy® (x, 1) wy (x,1)

—24C7 [x (2) — 2]ty (1) Wy (¥, 1) Wy (x, 1) + 24CT x (2) tx (¥, 1) Wy (x, 1) Py (x, 1)

—12C7uy (x, 1) we (x, 1) — 12C7[x (2) — z2Pwy (x, 1) we 2 (x, 1)

+24Crx (2) [x (2) — 2wy (¥, ) wex (6, 1) Py (¥, 1) + 12C7 x (D) wi (x, 1) px (x, 1)

—12C7 [x (2) — 2wy (6, 1) Wy (v, 1) — 3CTwy" (x, 1) — 12C7 x () wy (x, 1) P ” (x, 1)

—Crx2 @ wy’ (0, 1) +2Cr x> @D wi? (x, D) @ (x, 1) — Crx.” (2) wy (x,1) ¢ (x,1)

+2Cr ¢ (@ wy (v, 1) —2C7 x> () @ (x, 1) — 2CT X2 (2) e (x, 1) Wy (x, 1)

+2Cr 52 (@) e (x, ) (x, 1) — 2C7 X2 (2) [X (2) — 2] wy (X, 1) Wi (x, 1)

— Crx® (@) wyi® (0, 1) + 207 X2 (2) X (2) wy (x, 1) e (x, 1)

+2Cr 52 (@) [x (@) — 2l wsx (x, 1) @ (x, 1) + Crx2 (2) we? (x, 1) @ (x, 1)

—207Xx2 (@D X (@D P (x, 1) e (x, 1), (15)
Us (x,2) = 8Cr [x (2) — Zluy (x, 1) + 8C7x (2) — 2P wax (x, 1) +4C7 [x (2) — 2l wy? (x, 1)

—8Crx (2) [x (2) — 2] px (x, 1) — 12C7 [x (2) — Z)ux® (x, 1)

—24C7[x (2) — 2VPux (x, 1) wyx (¥, 1) +24C7 ¢ (2) [x () — 2luy (x, 1) Py (x, 1)

—12C7 [x (2) — zZluy (x, D wy? (x, 1) — 12C7 [ (2) — 2P wsa” (x, 1)

+24Crx (2) [x (@) — 2P wxx (x, )y (6, 1) + 12C7 ¢ (2) [ (2) — 2l wy? (x, 1) py (x, 1)

—12C7[x (2) — 2w (¥, ) wyr (x, 1) = 3Cr [x (2) — Zlwi* (x, 1)

—12Crx(2)* [x @) — 21 ¢:* (x, 1) — Cr x> (2) [ (2) — 2l wi? (x, 1)

+2C7 %2 () [x (@) — 2wy (6, 0 @ (x, 1) — Cr x> (2) [x (2) — 21 % (x,1) (16)
Us (x,2) = —2C7 x> (@) wy (2, 1) +2C7 12 (2) ¢ (x, 1)

+2C7 3.2 (@)t (x, D) wy (¥, 1) = 2C7 322 (D)t (x, 1) @ (x,1)

+2Cr %2 () [x (@) — 21wy (x, ) wex (6, 1) + Cr X2 (2) wi (x, 1)

—2C7x () x> @ wy (x, 1) px (x, 1) — Crxz” (@D wi” (x, ) @ (x,1)

207 x> () [x (2) — 2l wax (x, 1) ¢ (x,1)

+2C7x (2) %2 () ¢ (x, 1) px (2, 1), (17)
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Us (x,2) = —=8Crx (D) ux (x,1) = 8Cr x (2) [x (2) — 2] wxx (x, 1)

—4CTx (D) wy? (x, 1) +8CTx* (2) ¢y (x, 1) + 12C7 x (2) uy® (x,1)
+24CTx (2) [x (2) = 2ty (¥, 1) Wy (¥, 1) — 24C7 1% (@) uy (x, 1) px (x, 1)
+12C7x (D uy (x, ) wi? (x, 1) + 12C7x (@) [x () — 2w (x, 1)
—24CT X% (2) [x (@) — 2l wyx (x, 1) fx (x, 1) — 12C7 4% (2) wy? (x,1) @ (x, 1)
+12C7x (2) [x (2) — 21wy (¥, 1) Wy (¥, 1) + 3Crx (D) wi (x, 1)
+12C7 7 (@) ¢ (6. 1) 4+ Crx (2) X2 (@) wa (x, 1)

207X () X2 @ we (x, )P (x, 1) + Crx (2) x> (2) % (x, 1),

(18)

for which, by assuming the hyperelastic beam has three layers (Fig. 1) with layers attached perfectly (with no
delamination), the stiffness parameters (A;;, Bj;, D;; and Ej;;) are defined as

Aqg =/CTdA=/CT1dA1 +/CT2dA2+/CT3dA37
A Al Az A3

Bii :/CTX(Z)dA :/CTIX(Z)dA1+/CT2X (Z)dA2+/CT3X(Z)dA37
Al Aa A3

BZZI/CT[X(Z)_Z]dA:/CTl[X (Z)—z]dA1+/Crz[x (Z)_Z]dA2+/CT3

A Ay A A3
[x (z) —z]dAs3,

Dy =/CTX2 (Z)dA=/CT1X2(Z)dA1 -l-/Crz)(2 (Z)dA2+/CT3X2 (z)dAs,

A Ay A Az
D = / Crix (2) — 2PdA = / Crilx () — zIPdA; + / Cralx (2) — z1PdA;
A Ay A
+ / Crilx (z) — z1%dAs,
Az
m3Z/}ﬁX@HXQV%NA=/¢%M@HX&%%MA1
A Ay
-ﬁ/CnX&MX&)—d¢M41/CmX&HX&)—d¢%,
Ay A3
Das = / Crx? ()dA = / Crix:? ()dA; + / Crax:? ()dAs + / Crax:? (2)dAs,
A Ay A A3
En =/CTX3(Z)dA=/CT1X3(Z)dA1 +/CT2x3(z)dAz+/cT3x3(z)dA3,
A Ay Ay A3
Exn =/crx2<z> [x (Z)—Z]dA=/CT1X2(Z) [x (z) — z1dA,
A Al
+fcnx2(z) [x (2) —z]dA2+/cT3x2(z> [x (z) — z]dAs,
Ao A3

Es; = f Crx (2)[x (z) — z]°dA = / Crix @) [x () — z]°dA;
A Al

19)

(20)

2n
(22)

(23)

(24)

(25)

(26)

27
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+ / Crax () [x (2) — 2PdAs + f Crax (2) [x (2) — z1PdAs, (28)
Ay Az
Ey = /CT[X (z) — z1°dA = / Crilx (z) — z1%dA,
A A
+ / Cralx (2) — 2P°dAs + / Cralx (2) — 2PdAs, (29)
Ag Az

Ess = / Cro’ (2)dA = / Crix? () dA; + / Crax* (2)dAs + / Crix (dAs,  (30)

A A] A2 A3
Ego = / Crx (@) [x (2) — 21dA = f Crixe () [x () — z1dA;
A Ay
+ / Crax® () [x (2) — 21dAs + f Crax () [x () — z1dAs, a1
Ar Az
Eq = / Crx (2) x> (2)dA = / Crix (@x:* (2)dA; + / Crax (D) x> (2) dAs
A Al Ao
+ / Cr3x (2) x:° (z) dAs, (32)
A3

which, for the case considering the Timoshenko beam model (x(z) = z), uses a shear correction factor of
k = 5/6 [43]. Accordingly, by using Egs. (19-32), the potential energy of a three-layered hyperelastic beam

C))

pinned-pinned

clamped-clamped

(b)

pinned-pinned clamped-clamped

clamped-clamped

(¢

pinned-pinned B ;

Fig. 2 Mode shapes of the first (a) transverse, (b) longitudinal and (c) rotation vibration modes with clamped—clamped and
pinned—pinned boundary conditions
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can be rewritten, which is not presented here for the sake of brevity. It should be mentioned that for having
more layers in the laminated hyperelastic beam model, Eqgs. (19-32) should be rewritten on the right side,
based on the number of layers. The kinetic energy of the structure is written as

L
SKE = //p(z) [ (x, 1) + (X (2) = 2) war (X, 1) = x (2) @1 (x, )] duy (x, 1) dAdx
0 A

L
+//p(2) (X @ —2)[u (x, 1) + (x (2) —2) wyy (x, 1) — x (2) Py (x, )] 6wy, (x,1) dAdx
0 A

L

—/fp (@)x (@) [ur (x, 1) + (X (2) = 2) wxr (¥, 1) — x (2) Pr (x, )] 8¢ (x, 1) dAdx
0 A
L

—i—//p(z)wt (x, 1) Swy (x, 1) dAdx, (33)
A

0

which, by defining the moment of inertia in terms of area (/;) for a three-layered hyperelastic thick beam, is
written as

Iy = /P(Z)dA =/;01dA1 +/Psz2+/,03dA3, (34)
A Ay Aj A3
I = /p(z)x (z)dA =/mx (z)dA; +/pzx (z)dAz+/p3x(z)dA3, (35)
A A] Az A3
Iz=[p(z)[x(z)—z]dA=/p1 [X(z)—z]dA1+/p2[x(z)—z]dAz+/p3[x (z) — z]dAs3,
A Al Ar Az
(36)
L= f p(2) x* ()dA = / p1x* (2)dA; + / p2x* (2)dAs + / p3x* (2)dAs, 37)
A Al Ar A3
Iy = /p(z)[x (2) — z]%dA = fm[x (z) — z]7dA;
A Aq
+/,02[X (2) —Z]sz2+/p3[X (z) — z]°d A3, (38)
Ap A3
Is = /px (@) [x (z) —z]dA = /mx(z) [x (z) —z]dA;
A Al
+ / P2 (2) [x (z) — z]dAz + / p3x (2) [x (z) — z]dAs, 39
A A3

and by substituting Eqs. (34-39) into Eq. (33), one can reach the kinetic energy of layered thick hyperelastic
beams, as
L

61<E=/—[10un (6, 0) + Baer (4, 1) — i (6, 1)1 60 (x, 1)
0
+ [ouyg (x, 1) + Lgwyxyr (x, 1) — Iy (x, 1) Sw (x, 1)
—lowy (x, 1) 6w (x, 1) + [Ty (x, 1) + Iswyyy (x, 1) — I3 (x,1)] 8¢ (x, 1) dx. (40)



Nonlinear continuum mechanics of thick hyperelastic 789

Moreover, the beam is assumed to be lying on a nonlinear elastic foundation (Fig. 1) and externally actuated
by a periodic load, which gives the external work on the beam as

L
L
3UF = / (Flinear (X, 1) + Fuontinear (X, 1) + Fshear (x, 1)) Swdx + { Fcos (w1) swdx
0

L
= / [—KLw (x,1) — KNLw3 (x,t) + Kswyx (x,t) + F cos (a)t)] Sw, 41
0

where K, Ky and Ky are the linear, nonlinear and shear coefficients of the foundation, respectively, and
F is the external force acting periodically with a frequency of w. Using Hamilton’s principle, the coupled
longitudinal, transverse and rotation equations of motion are obtained as

Toug (x, 1) + Dwyy (x, 1) — L1y (x, 1) — 8Aq Uy (X, 1) — 8BnWyxy (X, 1) + 8B11¢xy (X, 1)

0 d 0
+ 12A 11— [u? (¢, )] + 24Boy — [y (x, 1) wyx (x, )] — 24B11 — [ux (x, 1) e (x,1)]
0x ax 0x

— (4A;; — D )i[w 2(x,0)] + 12D i[w 2(x,1)] —2D i[w (x, )¢ (x,1)]
11 44 9x X s 223)( xx s 44ax X s s
B]

d d
= 24Ds53— [t (5, 1) e (1, D] + Daa—— 97 (v, 0] +12D11— [9:7 (x, 1)]

0 0
+ 124105 [ux (1) wi? (x, )] + 128y [we? (6, 1) wyy (x,1)]

3 9
— 128115~ [we? (x, 1) e (x, 0] + 31— [we (x,0)] =0, (42)

—Dottyer (X, 1) + Towyr (X, 1) — LaWyxrr (X, 1) + I5Pxsr (x, 1) — 8Bnutyxx (X, 1) — 2Dgqwyy (x, 1)

— 8D Wyxxx (x,1) + Kpw (x, 1) — Kswyx (X, 1) +2D4apy (x, 1) + 8D33¢Pxxx (X, 1)
92 92
+12B2-— [t:? (x,0)] + 24D =5 [y (x, 1) wix (x, 1)]
9 92
— (8A11 —2Dg44) P [y (x, 1) wy (x, )] — 24D33ﬁ [uy (x, 1) ¢y (x,1)]

9 92
= 2Daa— [ux (x,0) ¢ (x, D] = (4B = Eee) 5 [wi? (x, 1]
8By — 2Eg5) - [wy (x. 1) way (x. )] + 12E ﬁ[ 2(x, )]
22 66 ax Wy (X, 1) Wyy (X, 44 952 Wyx (X,
92 9
- 2E66ﬁ [wy (x,8) @ (x, )]+ (8B11 — 2E77) — [wy (x, 1) ¢ (x,1)]
X ax
9 92
- 2E668_ [wyx (x’ t) ¢ (x» t)] - 24E33_2 [wyx (xv t) d)x (-xs t)]
x 0x

2 2

E 0 142 2E 9 12E 0 2
+ 66@[¢ (x,n] + 71529 (6 D) ¢ (D] + zz@[% (x,1)]

3 32
+1241 - [t (x, 1) wye (x, D] + 12B37— [ux (. D) wi? (x, )]

+24322% [ (x, 1) wy (X, 1) wax (x, )] — 24311% [t (x, 1) wy (x, 1) ¢ (x, 1)]

d 0
= (440 = 2D44) [we? (1, 0]+ Knpw? (x,1) + 12D0 - [w (x, 1) wex” (x,1)]
2 2

0 2 0 2
+12D0—— [we® (2, 1) wex (x,1)] — 12D332— [we” (x, 1) dx (x,1)]

d 0
= 3Daa— [we® (1, 0§ (v, 0] = 24D33-— [ (x, 1) Wx (4, 1) e (x,1)]

o
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9 2
+ Daam— [ (1.1 6% (v, r>]+121)u—[wx (6, 1) % (x, )]
9 9? 9
+ 12Alla [Mx (. D wy (x, f)] + 3B22ﬁ [wx4 (x, f)] + 123225 [wx3 (o, 1) wyx (x, l)]

128, [w,3 34,2 3 =F 43
— Ha[wx (x, 1) ¢y (x, )] + lla[wx (x,t)]— cos (1) , (43)

— g (x,1) = Iswyy (X, 1) + By (x, 1) + 8Byt (¥, 1) — 2Dggwy (x, 1) + 8D33Wyrx (X, 1)
d 0
= 8D11gux (x, 1) +2Daadp (x, 1) = 12B11 - [ux? (x,0)] = 24D33—— [1tx (x, 1) Wi (x, )]

d
+2Dagt (6, 1) Wy 0, 1) + 24D11 = [ (6, 1) e (4, D] = 2Dagitx (6, 1) ¢ (¥, 1)
+ (4B11 = E77) - [we” (x,0)] — 12E33-— [wer” (x, 1) + 2Eggwy (x, 1) iy (x, 1)
0 d
+2E77 [y (¥, 0) ¢ (x, O] + 24E2—— [wee (¥, 1) e (¥, )] = 2E775 (x,1) e (x, 1)
0 d
= 2Egower (4,1 ¢ (v, 1) = 12En2—[¢:7 (v, 0] = By~ [97 (v, D] + 2E76 (x, 1) 6 (x, )
- 123118i [ux (x, 1) wy? (x, n]- 121)333i [wx2 (x, D wyx (x, )] + Dagw,? (x,1)
X X
F12D11 2 [ (6,06 (6, 0] = Dagn® (6,06 (1) = 3811 [ (v,1)] = 0. (44)
X X

It can therefore be seen that the equations of motion are highly nonlinear and coupled, which emphasises the
importance of having the axial motion while analysing the mechanical behaviour of the structure. The linear
coupling sources between the axial and transverse motions are the stiffness terms B; and By and inertia terms
I and I, for which, for a single-layer hyperelastic beam, due to the homogeneity in the thickness direction,
these terms will be equal to zero and the linear coupling terms vanish. In the next section, the equations of
motion are nondimensionalised, discretised and solved.

3 Solution procedure

For the first step of solving the equations of motion, the new nondimensional parameters are defined as

w u An B By D1y
)/*=— Br=—a"=—¢"=¢p, A1 = —,Bi1" = ——, Bn* = ——, Dy = —,
h’ h Aj1o Aq0h Aq0h Ao
Dy Dy Dy Eq E>
D" = 5 D' =—5.D33" = ———5 En' = ——= ., En* = —,
Aq10h Aqi0h Aq10h Ajqioh Aq10h
E33 Eyq Ess Ess E77
Ex* = — = Exn*=——=5,Es5" = ——,Ee¢ = —— En;" = :
Aq10h Aqioh Ao Aq10h Ajqpoh
* IO * Il * 12 * 13 * 14 * Is
IO = = 2 ) % = I = 5> 15 = )
100 Iooh Iooh Tooh? Tooh?
IOOL3 Ar10h
= Auoh IooL3’
h2L? 1
F* = F— K" = KL ,KNL =KyL ,Ks* = Kg—, (45)
A]]h A1l A Aq

and by using these terms, the equations of motion are nondimensionalised as

Tonoy; (v, 1) + [2772/3)/” Vs t) = Iindyr (v, 1) — 8A110yy (v, 1) — 8BoanByyy (v, 1) + 8B11¢yy (v, 1)
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0 d 0

+ 12A11n$ [, 2 (v. )] + 24Bzzn25 [y (v, 1) Byy (v, )] — 24311175 [y (v, 1) ¢y (v, 1)]

0 d 0
—n(4A11 — Daag) 3 (8,2 (v.0)] + 12Dzzn35 (8,2 (v.0)] - 20445 [By (v.0) ¢ (v, 1]
_ 21 li 2 i 2

24D33n 7 (Byy v.0) @y (v, 0)] + D““n 5 [¢° (v.0)] + 12D11n 5 [¢y” (v. D]
2 0 2 3 0 2

+12A11n 5 [ay (v, 1) By~ (v, t)] + 12Bxn 5 [,By (v, 1) Byy (v, t)]

0 0
- 12311%5 (B, (v. 1) b, (. D] + 3A11n3$ (B, (v.0)] =0, (46)

—DnPayy (vo ) 4 IonPu (v, 1) — L Byyir (v, 1) + Isn>byee (v, 1) — 8Baanatyyy (v, 1)
1
- 2D44,Byy (y,n) — 8D22772,Byyyy Y. ) + KB (y,t) — KS.B}/V (v, 1) + 2D44E¢y (¥, 1)

9? 9?
+8D33nyyy (v 1) + 128" 525 [ary (v, 0] 24D’ 575 [ty (v, 0) Byy (. 1)]

9 92
— 1 (8411 — 2Day) " [y (v, 1) By (. )] — 2‘”)33”2372 [y (v, 1) ¢y (v, 1)]

2

d d
—2D445[ay v.0¢ .0 -7 (4B — Ees) —3 [ﬁy (v, 1]

82
— 1 (8B — 2Ee6) - [ﬂy 1) Byy (v 0] + 12E44H4W [Byy* (v.1)]

32
_2E6677 [,3)/ V.o . D] +n @B — 2E77) ™ [ﬁy .y (v, )]

2
—2E66n [ﬂym D¢ (y.0] - 24E33n [ﬂyy(y Dy (v, 1)]

92 9 92
+E66—[</> (v, z)]+2E77—[¢(y Ny (v, )] + 12Exnn? —[¢y (v.0]

5, 0 ;5 0°
0 0
+24B22773W [y (V. 0) By (V. 1) Byy (. )] — 24Bm;25 [y (v.0) By (. 1) by (v, 1)]
2 d 3 3 4 0 2
—n (4A11—ZD44)@[/8V (v.0]+ KniB> (v, 1) + 12D2n 5[@ (. 1) Byy” (v, 1]
92 92
120200 525 [By (21) Byy (v 0] = 12D33° 5 [By (v, 1) 6y (v )]
- 3D44n5 [By> (v.0) ¢ (v, 1)] — 24D33n M [By (7. 1) Byy (v, 1) &y (. 1)]
d d
+ D44a_ (B, v.0) ¢ (v.1)] + 12D117728— [ﬂy (v, 1) ¢y% (v, 1]
0
+12A117 W[ay (.0 B,° (v, t)]+332277 [ﬂy (r. 0]

+ 123227745 [B,> (v. 1) Byy (. )] — 1231m35 [B,> v.0) By (v.1)]

0
3t 18, (r.0)] = Feos @), @7)
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1
—Iinay (y,t) — 15712,3)/” (v, t) + Iy (v, 1) + 8By, (v, 1) — 2D44;/3y (¥, 1) +8D33nByyy (v, 1)
1 . 5
—8D11yy (v, r)+21)44?¢ (r,t) — 12311175[% (v.0)] —24D331 5[% (v, 1) Byy (v, 1]
0 1
+2Dysa, (y,1) By (v, 1) + 24011;75 [y (. 0) ¢y (v, 1)] — 2D44;ay¢ (x,1)
d d
+ 4By — E77) 5 (8,2 (v.)] - 12E33n3£ (B, (v. D] +2EeenBy (v, 1) Byy (v, 1)
0 0
d . o 1d ., 1
—2E66Byy (v, 1)@ (v, 1) — 12E11n£ [¢y” (v.0)] — E77;5 [¢° (v, )]+ 2E77;¢ .0y (v, 1)
0 0
- 123117725 [, (v, 0) B, (. )] = 12D33n35 (8,2 (v, 1) Byy (v, )] + Daany> (v, 1)

0 0
+ 121)1”725 [B,2(v.0) ¢y (r.0)] — DaaBy* (. ) § (v, 1) — 33117738—x [B,* (v.)] = 0. (48)

For the sake of brevity and ease notation, the superscript * is neglected in the formulation. Using the Galerkin
scheme, each motion component can be written in a series expansion of orthogonal spatial functions as

al N [U) )
$t=> 1P (), (49)
B n=1 | Wa (¥)qn (t)

where U, ®,, W, are the set of trial functions that should satisfy the boundary conditions of longitudinal,
rotation and transverse motions at the middle of the thickness. (Studies on layered structures based on various
thickness assumptions can be found in Refs. [44—50].) For pinned—pinned and fixed—fixed boundary conditions,
these trial functions are written as

Uy (y) =sin (upy) . (50)

Fixed—Fixed — W, (y)=—cos (upy)+cosh (upy)—¥ (kp) [-sin (npy)+sinh (py)]. 51)
Pinned — Pinned — W), (y) = sin (u,y),

1 oW, (y)
@, (y) = (—) (”— : (52)
Hp ox
where
—cos (tp) + cosh (n
v (up) = — (1) + cosh (u1y) (53)
—sin (1p) + sinh (1)
and the equations of motion are rewritten as
My Mix My3 | | i §00 | |7
M1 My M3 o+ 080 Dn
M3; M3 M3z | | Gn 008 | | gn
KL\ KLy KLy3 | [ rs 0 KNI,
+ | KLy KLy, KL»>3 Pnt =10 . + KNZf,yStem ) (54)
KL31 KL32 KL33 Gn Frfxterna KN3f,yStem
where M;; are the mass tensors of the discretised equations and the components are defined as
1
M iyl [ U U () d. (55)

0
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1

Mid,i): D f Ui )W, () dy, (56)
0
1
M3 (i) - —nly / U () ®; () dy, (57)
0
1
Moy : —77212/ Wi (U (y) dy, (58)
0
1 1
M (1, i) : nlo / Wi ()W; () dy —n’ly f W ()W (y)dy, (59)
0 0
1
My (i) = nls / W, ()@} () dy, (60)
0
1
May : -1, / ®; ()U; () dy. 61)
0
1
M (1, i)« —n*Is / o (VW (y)dy, (62)
0
1
M3z (1,0) :nl3 / D, (y)®; (y)dy, (63)
0

and KL;; are the linear stiffness tensors, defined as

1

KLy (i) : —8A, / Ul )U! () dy, (64)
0
1
KLz (i) : —8yBx f Ul )W) () dy. (65)
0
1
KL13(l,i):8311fU1 () () dy. (66)
0
1
KL (1) 8082 [ WiG)U}" (). (67)
0

1 1
. d / 2 “)
KLyn,i):— | W ()/)@[ZDMW;‘(V)](W—SU Dy | Wi(y)Wi™ (y)dy
0 0

1 1
1K, / Wi )W () dy — Ks / Wi ()W () dy, 68)
0 0
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1 1
1
K L3 (l,i):25D44/Wz (y)®; (V)dy+8nD33/Wz ()@ (y)dy,
0 0

1
KLai (i) : 8B, / & (1)U () dy,
0

1 1

. 1
KL3 (1,i0): —2;D44/<I>z VW (y)dy +8nD33/<I>z VIW" (y)dy,
0
1 1

. 1
KL (.i): =8Du [ 0 )0f () dy +2Dus [ 0110, (0.
0 0
KN1, KN2 and KN3 are the nonlinear stiffness terms in the coupled equation where

KN = KN11r2 (t) + KN1or (1) p (t) + KN13r (1) ¢ (1)
+KN4p* (t) + KNysp (1) g (t) + KN 16g” ()
+KNy7r (1) p? (1) + KN1gp> (t) + KN19p* (1) (1)
+KN110p* (1),
KN2;>""" = KN r? (t) + KNoor (t) p (t) + KNasr () g (1)
+KNoup® (t) + KNasp (1) g (t) + KNagg™ (1)
+KNor2 (1) p (1) + KNagr (1) p* (1)
+KNxor (1) p (1) q (t) + KN2jop* (1)
+KNaj1 p? (1) g (1) + KN212p (1) g% (1)
+KNay3r (1) p> (1) + KNa1ap* (t) + KN2ysp> (1) g (t) + KNaggp? (1)
KN3,;""" = KN31r? (t) + KN3or () p (t) + KN3ar (1) g (1) + KN34 p* (1)
+KN3sp (1) q () + KN36g? (t) + KN37r (1) p* (1) + KN3gp® (1)
+KN39p* (1) q (t) + KN310p™ (1),

(69)

(70)

(71)

(72)

(73)

(74)

(75)

and the coefficients of the nonlinear stiffnesses (KN;;) are defined in “Appendix A” for the sake of brevity. By
employing a dynamic equilibrium technique, the time-dependent terms of the degrees of freedom are written

in a series expansion of exponential functions as

N
'm = Z Amneingtv
n=—N
N
Pm = Z anein.Qt’
n=—N
N
Gm = Z Cmnein.(zt’
n=—N

and the general dynamic complex equilibrium equations are written as

n
{—n292M3nX3n +in§2C3,x3n +K3nx3n} Pn
4n 3nx1
0 KN (Apns Bmns Conns £2)
=10 + 1 KN23""" (Amns Buuns Crun» 2)

Frremah @) ) o0 LEN3Y ™™ (A, By Couns ) ) 5,

(76)

(77)

(78)

(79
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By solving the discretised coupled 3N equations of motion presented in Eq. (79) using a continuation technique
[51-53], the nonlinear forced time-dependent mechanical response of the layered hyperelastic structure is
obtained.

4 Results and discussion for linear and nonlinear analyses

The coupled motion of shear deformable layered hyperelastic structures is formulated, discretised and solved
in the previous sections. In this section, the linear and nonlinear mechanics of the system are analysed and
discussed in two main subsections.

4.1 Linear analysis for different shear models

In this subsection, the natural frequencies of the layered hyperelastic structures are analysed and the influence
of layering, shear deformation theory and the foundation is discussed in detail.

4.1.1 Model verification

In the first step, in order to verify the current model for analysing layered beam models, the natural frequencies
of a three-layered elastic beam structure are obtained for clamped—clamped and pinned—pinned boundaries.
Layering is achieved by having steel as the top layer, aluminium in the middle and silicon carbide at the bottom
(the elastic material properties of the layers can be found in Ref. [54]), with geometry properties at a length
of L = 2.4 m, total thickness of 2~ = 0.03 m (0.01 m for each layer) and width of b = 0.12 m. The first
four transverse natural frequencies and the first axial and rotational natural frequencies are obtained using
the third-order shear deformable beam theory and compared with those obtained by ANSYS Workbench [55]
in Table 1, and the mode shapes are shown in Fig. 2; it can be seen that the current modelling shows great
accuracy in computing the natural frequency terms.

4.1.2 Layer sorting, slenderness ratio and shear model effect

Properly layering the structure can have a significant effect in changing the natural frequencies of a hyperelastic
beam. To make this possible, three different soft materials are assumed with known Mooney—Rivlin hyperelastic
coefficients, as shown in Table 2. For the first step, by assuming a single-layer homogeneous hyperelastic
beam with the length of 0.2 mm and nondimensional foundation of K; = 1 and Ks = 1, the slenderness
ratio (r = L/h) is varied and the fundamental natural frequency is obtained for different shear deformation
theories in Table 3. It can be seen that for the single-layer model, the fundamental natural frequency of all the
five shear models is in good agreement, especially for the vulcanised rubber beam.

By increasing the number of layers to two and three, the fundamental natural frequencies are given in
Tables 4 and 5, respectively. It can be seen that by having more than a single layer, the homogeneity in the
thickness direction is lost, the coupling terms are considerable and, therefore, the difference between different
shear models is slightly more than for the homogeneous single-layer model. Furthermore, it can be seen that
for all the layered models and boundary conditions, by increasing the slenderness ratio (L /&), the shear effect
loses its importance and the results for different shear models become unique.

Table 1 Linear natural frequencies of a three-layered elastic beam with pinned—pinned and fixed—fixed boundary conditions in
hertz

Model BCs Transverse Axial Rotation
Mode 1 Mode 2 Mode 3 Mode 4 Mode 1 Mode 1
Present cC 41.0802 113.129 221.209 365.317 1479.540 2957.979
ANSYS cc 41.322 113.53 221.66 364.64 1482.3 2956.6
Present SS 18.2554 72.9090 163.911 290.543 1479.623 2957.468

ANSYS SS 18.994 72.492 163.67 288.55 1470.2 2955.4
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Table 2 Hyperelastic physical properties of soft materials from the literature [56,57]

Material Mooney Rivlin parameters

Ci (Pa) C (Pa) p (kg/m?)
Silicone 253216 4.709e5 1430
Thermoplastic 2.463e5 3.512e6 1152.5
Vulcanised rubber 0.28e6 0.15e6 950

Table 3 Fundamental natural frequencies of single-layer hyperelastic beams with different slenderness ratios and shear defor-
mation theories

r=0L/h BC CBT Timoshenko Third-Order Exponential Trigonometric
Silicone
100 cc 28.1066315 28.1058381 28.0613949 28.0495963 28.0555882
SS 26.8844497 26.8844452 26.8790424 26.8776181 26.8783409
50 cc 20.0984905 20.0909931 19.9747145 19.9433354 19.9592964
SS 19.0364669 19.0364162 19.0211706 19.0171500 19.0191906
20 ccC 13.5165344 13.4300982 13.0894529 12.9940148 13.0427443
SS 12.1552464 12.1540216 12.0947328 12.0790562 12.0870142
10 cC 11.0263991 10.6412455 9.97717584 9.78842630 9.88489544
SS 8.87847552 8.86563176 8.70696574 8.66466219 8.68615087
3D-printed thermoplastic
100 cC 31.8001428 31.7963715 31.5600876 31.4958815 31.5285720
SS 30.0096747 30.0096449 29.9784623 29.9702373 29.9744119
50 cC 23.5675273 23.5423896 23.0001642 22.8473804 22.9255139
SS 21.3821135 21.3817796 21.2942338 21.2710974 21.2828424
20 cc 18.2377203 18.0294260 16.6267951 16.2247058 16.4307878
SS 14.2187342 14.2109901 13.8816207 13.7934946 13.8382855
10 cc 18.5914253 17.4967291 14.9614247 14.21118716 14.5966669
SS 11.6305988 11.5580599 10.7552375 10.5334826 10.6465584
Vulcanised rubber
100 cc 34.4280536 34.4274664 34.3947866 34.3861353 34.3905276
SS 32.9775740 32.9775711 32.9736341 32.9725962 32.9731229
50 cc 24.5106362 24.5047782 24.4174210 24.3940465 24.4059248
SS 23.3366630 23.3366304 23.3255149 23.3225840 23.3240715
20 cC 16.1341804 16.0555223 15.7864449 15.7121078 15.7499904
SS 14.8386764 14.8378850 14.7944946 14.7830357 14.7888520
10 cC 12.5987291 12.2434931 11.7111708 11.5615479 11.6378881
SS 10.6887937 10.6803688 10.5628155 10.5316104 10.5474551

4.1.3 Foundation effect

To show the influence of a foundation support on the natural frequencies of layered hyperelastic beams, the
structure is assumed to be three-layered with equal thicknesses, (L/h = 20) and the foundation terms are
varied as K; = [0.0,1.0,1.0,3.0,4.0,5.0] and K5 = [0.1,0.2,0.4, 0.6, 0.8, 1.0]. The fundamental natural
frequencies are shown for both pinned—pinned and clamped—clamped boundary conditions in Tables 6, 7 and
8 for layering as [thermoplastic—silicone—vulcanised rubber], [thermoplastic— vulcanised rubber—silicone] and
[silicone—thermoplastic—vulcanised rubber], respectively, using the third-order shear deformable beam model.
It can be seen that the layered hyperelastic beam models are more sensitive to variations of the shear term
(Ks) compared with the linear term (K ), and adding the foundation increases the fundamental frequency
parameter significantly.

4.2 Nonlinear analysis

The nonlinear dynamics of layered hyperelastic thick beam structures is investigated in this section for various
layer, shear and material position models.
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Table 4 Fundamental natural frequencies of rwo-layered hyperelastic beams with different slenderness ratios and shear defor-
mation theories

r=>L/h BC CBT Timoshenko Third-Order Exponential Trigonometric

Sorting: Silicone—3D-printed thermoplastic

100 CC 29.7340907 29.7322132 29.6207112 29.5910476 29.6061242
SS 28.3089814 28.3089689 28.2956561 28.2922077 28.2939558
50 CC 21.5192529 21.5058667 21.2413942 21.1685749 21.2057350
SS20.0807042 20.0805804 20.0432020 20.0335084 20.0384230
20 CC 15.1241626 15.0300170 14.3361165 14.1404376 14.2406520
SS 12.9733813 12.9710949 12.8278107 12.7904730 12.8094120
10 CC 13.3507029 12.9333003 11.5762041 11.1874505 11.3867605
SS 9.82337237 9.80184612 9.42775842 9.32851239 9.37894002
Sorting:  3D-printed thermoplastic—vulcanised rubber
100 CC 329025718 32.9007381 32.7954063 32.7675713 32.7817124
SS 31.3673283 31.3673136 31.3551669 31.3520513 31.3536296
50 CC 23.7164675 23.7035445 23.4548446 23.3868036 23.4215140
SS 22.2348245 22.2346909 22.2007027 22.1919742 22.1963967
20 CC 16.3475598 16.2654456 15.6174109 15.4361428 15.528951
SS 14.2969492 14.2950743 14.1652090 14.1317878 14.1487259
10 CC 13.9084386 13.5779696 12.2872118 11.9217392 12.1090495
SS 10.6682708 10.6525061 10.3088192 10.2191370 10.2646474
Sorting: Vulcanised rubber—silicone
100 CC 30.7828884 30.7822099 30.7442483 30.7341990 30.7393013
SS 29.4676038 29.4676004 29.4630306 29.4618281 29.4624383
50 CC 21.9580668 21.9515018 21.8512018 21.8242796 21.8379663
SS 20.8582540 20.8582149 20.8453158 20.8419207 20.8436436
20 CC 14.5905007 14.5104299 14.2102543 14.1267312 14.1693410
SS 13.2865750 13.2856309 13.2353502 13.2220888 13.2288196
10 CC 11.6111038 11.2593795 10.6693876 10.5025821 10.5877820
SS 9.62848313 9.61850920 9.48290029 9.44689586 9.46517866

Table 5 Fundamental natural frequencies of three-layered hyperelastic beams with different slenderness ratios and shear defor-
mation theories

r=L/h BCCBT TimoshenkoThird-OrderExponential Trigonometric

Sorting: Silicone-3D-printed thermoplastic— vulcanised rubber

100 CC30.9681123 30.9677558 30.9280699 30.917347030.9228017
SS 29.6263359 29.626333929.621526829.620237829.6208931
50 C(C22.1334388 22.1300004 22.025772521.997078022.0116995
8§ 20.9763997 20.9763776 20.962807620.959166620.9610175
20 CC14.8485713 14.8065505 14.5019297 14.413492314.4587790
SS 13.3871531 13.3866154 13.3336929 13.319438813.3266873
10 CC12.0526019211.8570456 11.263377311.084178911.1761513
SS 9.76211837 9.75638969 9.613470659.574479489.59432579
Sorting:  3D-printed thermoplastic—silicone— vulcanised rubber
100 C(C31.0792240 31.0771291 30.982227430.957249930.9699350
SS 29.6369342 29.6369169 29.6262028 29.623464529.6248515
50 C(C22.3854567 22.370723222.146414722.085406222.1165090
SS 21.0057928 21.0056361 20.975699020.968037020.9719186
20 CC15.3767687 15.2849197 14.6992985 14.536812414.6199287
SS 13.4959180 13.4938098 13.379814213.350614413.3654096
10 CC12.9909881 12.6319641 11.454960411.128466611.2954731
SS 10.0454782 10.02821349.726137059.648189929.68770610
Sorting:  3D-printed thermoplastic—vulcanised rubber—silicone
100 CC31.1189765 31.1164982 31.005446530.976079130.9909968
SS 29.6422094 29.6421922 29.629228929.625888629.6275813
50 C(C22.4882142 22.4706799 22.205782022.133457522.1703283
SS 21.0208307 21.0206653 20.984303620.974924020.9796777
20 CC15.6954145 15.5768274 14.870731114.673673314.7744629
SS 13.5560659 13.553247513.413931513.377907213.3961688
10 CC13.6707649 13.1694255 11.7529818 11.358212511.5600729

SS 10.2074657

10.1817722 9.815146439.719439329.76798865
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Table 6 Fundamental natural frequencies of three-layered hyperelastic beams [thermoplastic—silicone—vulcanised rubber] with
different slenderness ratios and shear deformation theories

Ks=0.1 Ks=02 Ks =04 Ks=0.6 Ks=0.8 Ks=1.0

Pinned—pinned

K; =00 4.44576163 5.97334523 8.21583078 9.96541025 11.4504844 12.7637935
K; =10 5.98912959 7.19623324 9.14356823 10.7431088 12.1333669 13.3798142
Kr =20 7.20933731 8.23958051 9.98547942 11.4681894 12.7798116 13.9686945
K; =30 8.25102479 9.16491111 10.7617263 12.1500759 13.3950951 14.5337338
Krp =4.0 9.17519864 10.0050236 11.4856302 12.7956757 13.9833313 15.0776128
Krp =50 10.0144457 10.7798607 12.1665379 13.4102305 14.5478016 15.6025444
Fixed—fixed

Kr =00 6.06990371 7.46126469 9.61553921 11.3408049 12.8222314 14.1412529
K; =10 7.27559657 8.47125334 10.4188043 12.0294404 13.4351646 14.6992985
K; =20 8.30811966 9.37303420 11.1644234 12.6807332 14.0213286 15.2369188
K;p =30 9.22579923 10.1953607 11.8632707 13.3001703 14.5839514 15.7562049
K; =40 10.0601124 10.9561383 12.5231789 13.8920136 15.1256604 16.2589136
Kr =50 10.8303428 11.6674130 13.1500116 14.4596519 15.6486275 16.7465377

Table 7 Fundamental natural frequencies of three-layered hyperelastic beams [thermoplastic—vulcanised rubber—silicone] with
different slenderness ratios and shear deformation theories

Ks=0.1 Ks =02 Ks=04 Ks=0.6 Ks =08 Ks=1.0

Pinned—pinned

Kr =00 4.56023487 6.05767609 8.27569748 10.0136505 11.4915612 12.7998710
K; =10 6.07392035 7.26582713 9.19695668 10.7874954 12.1718053 13.4139315
K;p =20 7.27937245 8.29994197 10.0339844 11.5094268 12.8159938 14.0010860
Kp =30 8.31179923 9.21877531 10.8063715 12.1886727 13.4293164 14.5645889
K;p =40 9.22944950 10.0539837 11.5271191 12.8320134 14.0158257 15.1070870
Krp =50 10.0637695 10.8249409 12.2053789 13.4446043 14.5787582 15.6307676
Fixed—fixed

K; =00 6.46909276 7.78987081 9.87438670 11.5620699 13.0187251 14.3196948
Kr =10 7.61113810 8.76148587 10.6577014 12.2378694 13.6224732 14.8707311
K;p =20 8.60288588 9.63561855 11.3872584 12.8782530 14.2005746 15.4020647
Kp =30 9.49156616 10.4367915 12.0728072 13.4882660 14.7560438 15.9156689
Kp =40 10.3038813 11.1807000 12.7214645 14.0718587 152913474 16.4132083
K;p =50 11.0566755 11.8781081 13.3386134 14.6321926 15.8085341 16.8961020

Table 8 Fundamental natural frequencies of three-layered hyperelastic beams [silicone—thermoplastic—vulcanised rubber] with
different slenderness ratios and shear deformation theories

Ks=0.1 Ks=0.2 Ks =04 Ks=0.6 Ks=0.8 Ks=1.0

Pinned—pinned

K; =00 4.31840975 5.87720585 8.14415800 9.90520367 11.3973154 12.7155232
Kp=1.0 5.89504178 7.11648799 9.07910558 10.6871841 12.0831138 13.3336929
Krp =20 7.13122503 8.16989914 9.92637922 11.4157236 12.7320257 13.9244461
K;p =30 8.18273922 9.10220306 10.7068131 12.1004787 13.3494312 14.4911363
Kr =40 9.11372973 9.94750958 11.4341021 12.7485067 13.9395175 15.0364843
K;p =50 9.95805785 10.7264062 12.1178187 13.3651509 14.5056189 15.5627340
Fixed—fixed

K; =00 5.76095561 7.19395301 9.38000579 11.1192680 12.6096991 13.9357624
K; =10 7.02042195 8.23721111 10.2021634 11.8210913 13.2327187 14.5019297
Kr =20 8.08603946 9.16244126 10.9628357 12.4835201 13.8276959 15.0468088
K;p =30 9.02672360 10.0024501 11.6740478 13.1125264 14.3981075 15.5726343
K;p =40 9.87823054 10.7771835 12.3443516 13.7127101 14.9467664 16.0812756

K;p =50 10.6619479 11.4998415 12.9800861 14.2877041 15.4759861 16.5743147




Nonlinear continuum mechanics of thick hyperelastic 799

4.2.1 Comparison of different shear models

Five different shear deformable beam theories were used in previous sections for modelling and formulation
of the layered hyperelastic beam structure. In this section, the amplitude response of the sandwich structure
for different shear models is examined. Three layers are assumed, and the thickness of the layers is assumed
ash = [h/4,h/2,h/4]) with L/h = 10, K = Kyp = 1, Ky = 0.1, with the material sorting as [silicone—
vulcanised rubber—thermoplastic]. In the first step, the influence of considering the shear effect as negligible
(CBT), linear (Timoshenko) or higher order (third order) is examined, and the axial, transverse and rotation
amplitudes are obtained, as shown in Figs. 3, 4 and 5 for clamped—clamped and Figs. 6, 7 and 8 for pinned—
pinned boundary conditions. It can be seen that for both boundary conditions, the Timoshenko beam model
gives the highest maximum amplitude for the dominant axial, transverse and rotation deformation. Furthermore,
increasing the shear effect from the linear model to higher-order moves the resonance peak to lower frequencies.

The influence of using different types of higher-order shear deformable theories on the amplitude response
is investigated for the similar three-layered hyperelastic beams with the given properties. Figures 9, 10, 11,
12, 13 and 14 show the axial, transverse and rotation amplitudes of clamped—clamped and pinned—pinned
thick beam models, respectively. The results for the different higher-order shear models are fairly in good
agreement, especially for the pinned—pinned boundary condition. Comparing the amplitude response of the
dominant terms of axial, transverse and rotation motions, it can be seen that the highest amplitude is for the
third-order beam model and the lowest belongs to the exponential beam model.
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4.2.2 Influence of layering

Layering a hyperelastic structure for different purposes can change the dynamic behaviour of the structure
significantly. In Sect. 4.1.1., this influence on the linear vibration response is analysed, and in this section, the
nonlinear vibration response of the structure based on the number of layers is examined. To this end, for a
homogeneous single-layer structure, the dominant amplitude responses are shown in Fig. 15, for thermoplastic,
vulcanised rubber and silicone hyperelastic thick beams using the third-order shear deformable beam theory
model. It can be seen that thermoplastic and silicone show a stiffness hardening effect, while the vulcanised
rubber beam model shows a drop in the amplitude response of the axial motion while increasing the frequency

and continues to go up afterwards.

By increasing the layers to two by having &1 = hy = h/2, the dominant longitudinal, transverse and
rotation amplitude responses of the structure are shown for different hyperelastic materials in Fig. 16 for a
combination of different hyperelastic materials which the combination is given as Mat = ([mat1- mat2], [mat1-
mat3], [mat2- mat3]) with mat1 = thermoplastic, mat2 = silicone, mat3 = vulcanised rubber. It can be seen
that the highest transverse amplitude belongs to the material combination of [mat2- mat3], while the other two

models have almost the same behaviour.

Finally, by having three layers (k1 = hy = h3 = h/3) and varying the layers as Mat = ([mat 1-mat2-mat3],
[mat2-mat1-mat3], [mat1-mat3-mat2)), the dominant amplitude responses of the longitudinal, transverse and
rotation motions are shown in Fig. 17. It can be seen that the material distribution [mat2- mat1- mat3] has
the lowest maximum axial amplitude and the highest transverse and rotation amplitudes; this shows that for
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Fig. 7 Influence of considering shear effect on the transverse amplitude response of the sandwich hyperelastic pinned—pinned
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the other two material models, the coupling between the axial and transverse motion is noticeably higher and
should be considered.

4.2.3 Influence of layer thickness

Changing the thickness of the layers can change the nonlinear vibration response of the structure significantly.
To show this influence, the material distribution is Mat = [mat1-mat2-mat3] and the thickness of layers are
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h = ([h/4, h/4, h/2),[h/2h/4, h/4], [h/4, h/2, h/4]). The frequency—amplitude response of the structure
is plotted in Figs. 18, 19 and 20 for axial, transverse and rotation deformations, respectively. It can be seen
that changing the thickness of the layers has a significant effect in varying the nonlinear behaviour of the
system. Besides, the maximum amplitude of all the deformation coordinates moves to higher frequencies for
h = [h/2, h/4, h/4] and the other two models show similar behaviour in dominant amplitude coordinates.

4.2.4 Influence of material positioning

To show the importance of the position of the hyperelastic material in a layered structure, a three-layered beam
is assumed with the thickness of & = [h/4, h/2, h /4] which shows that the middle layer (the core) is thicker
than the outer layers. In this section, by varying the materials in the layers, the nonlinear forced vibration
response of the system is studied. To do this, the position of the material is varied and the dominant amplitude—
frequency responses in axial, transverse and rotation motions of the structure are shown in Figs. 21 and 22 for
pinned—pinned and clamped—clamped conditions, respectively. It can be seen that for both boundary conditions,
the maximum amplitudes sweep to lower frequencies when the material positioning is [mat1-mat2-mat3]; the
clamped—clamped and pinned-pinned beam models show that the dominant rotation coordinate reaches its
highest when the material positioning is [mat1-mat2-mat3].

4.2.5 Influence of layer positioning

Another important goal of this study is to show the influence of layering and positioning the layers in manu-
facturing sandwich hyperelastic structures. To demonstrate this effect, the position of the layers is varied with
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the thickness of i = [h/4, h/2, h/4] and the amplitude—frequency responses of the structures are shown in
Figs. 23, 24 and 25 for clamped—clamped third-order shear deformable hyperelastic thick beams. It can be

seen that the layer positioning has a notable effect in changing the coupling motion of the structure, based on
the requirements of the design.

5 Summary and conclusions

In this study, a detailed layerwise analysis of the time-dependent mechanics of hyperelastic beams structures is
given using five different shear deformation theories. The hyperelasticity was modelled following the Mooney—
Rivlin hyperelastic strain energy density model, and the beam was assumed to lie on a foundation including
linear, nonlinear and shear layers. Equations of motion were derived using Hamilton’s principle together
with different shear deformable beam theories. Solving the equations of motion using a dynamic equilibrium
technique, it was shown that:

e The classic beam theory predicts the fundamental frequency term of hyperelastic-layered beam models
higher than the studied shear deformable beam models.

e By increasing the length-to-thickness ratio, the influence of the type of boundary conditions decreases.

e Similar to elastic beams, the hyperelastic-layered beam model shows higher sensitivity to shear effects
when the length-to-thickness ratio is lower.

e The higher-order shear deformable beam models (namely third-order, exponential and trigonometric) give
very close results for natural frequency terms, while the nonlinear behaviours are slightly different.
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e For linear natural frequencies, it was shown that having a foundation can increase the fundamental natural
frequency of hyperelastic-layered beams significantly and this effect is higher for the shear layer compared
with the linear layer.

e For nonlinear forced time-dependent analysis of layered hyperelastic beams, the Timoshenko beam model
gives the highest maximum amplitude for the dominant longitudinal, transverse and rotation deformations,
compared with the other shear deformable models. Similarly, for higher-order shear models, the highest
amplitudes are for the third-order beam model and the lowest one belongs to the exponential beam model.
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e For the two-layered hyperelastic beam model examined in this study, it is shown that the highest transverse
amplitude belongs to the material combination of silicone and vulcanised rubber. Similarly, for the three-
layered model, the material distribution silicone—thermoplastic—vulcanised rubber has the lowest maximum
axial amplitude and the highest transverse and rotation amplitudes.

e The influence of each layer’s thickness is examined showing that changing the thickness of the layers can
change the nonlinear vibration response of the structure significantly.

e Hyperelastic material sorting has been shown to be a promising designing parameter in changing the
dynamic behaviour of the structure for both linear and nonlinear analysis. For the studied model, both
boundary conditions, the maximum amplitudes sweep to lower frequencies when the material positioning
is [mat1- mat2- mat3].

Overall, since layered hyperelastic structures are replacing single-layer hyperelastic structures in many designs
and applications such as food packaging, bottles, tubes and pipes, it is important to comprehend and predict
the changes in their mechanical behaviour before employing them, especially their coupling motion behaviour.
The results of this study are a step forward in realising the changes in the mechanical response of laminated
hyperelastic beams when different materials and layers are used.
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