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Abstract This paper presents a critical review of the
nonlinear dynamics of hyperelastic structures. Hyper-
elastic structures often undergo large strains when
subjected to external time-dependent forces. Hypere-
lasticity requires specific constitutive laws to describe
the mechanical properties of different materials, which
are characterised by a nonlinear relationship between
stress and strain. Due to recent recognition of the high
potential of hyperelastic structures in soft robots and
other applications, and the capability of hyperelastic-
ity to model soft biological tissues, the number of
studies on hyperelastic structures and materials has
grown significantly. Thus, a comprehensive explana-
tion of hyperelastic constitutive laws is presented, and
different techniques of continuum mechanics, which
are suitable to model these materials, are discussed in
this literature review. Furthermore, the sensitivity of
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each hyperelastic strain energy density function to
coefficient variation is shown for some well-known
hyperelastic models. Alongside this, the application of
hyperelasticity to model the nonlinear dynamics of
polymeric structures (e.g., beams, plates, shells,
membranes and balloons) is discussed in detail with
the assistance of previous studies in this field. The
advantages and disadvantages of hyperelastic models
are discussed in detail. This present review can
stimulate the development of more accurate and
reliable models.
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1 Introduction

Hyperelastic structures often undergo large strains
when subjected to external forces. The stress—strain
relation in such structures is highly complicated,
making the linear stress—strain relationship and linear
elastic models invalid for simulating their mechanical
behaviour. The hyperelastic behaviour can be seen in
different soft structures such as rubbers, foams and
human body organs. Along with understanding the
characteristics of such structures, having accurate
modelling of hyperelastic structures could also
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provide us with further potential applications in
different fields.

1.1 Necessity for this review

By analysing the available database in Scopus on
hyperelasticity, the significance of the dialogue
between scientists and researchers on this topic was
obtained. Figure la demonstrates the number of
published works on hyperelasticity from 1990 to
2020. It can be seen that, during this period, the
number of published papers on this subject has
increased noticeably, reaching more than 1100
research studies published in 2020 alone.

Moreover, analysing the mechanical behaviours
(bending, buckling and vibration) of hyperelastic

structures (e.g. beams, plates, shells and membranes)
shows the same incremental trend indicated in Fig. 1b;
from which it can be seen that many studies on
hyperelasticity are focused on the mechanics of such
structures. The phenomenal growth of studies on this
subject clarifies the importance of having a systematic
literature review to summarise the achievements to
date on this topic.

1.2 Applications of hyperelastic structures

In general, soft structures present hyperelastic beha-
viours while confronting different conditions. One of
the main applications of hyperelastic structures is soft
robotics [1-3]; since soft structures can provide
higher-order degrees of freedom, movement in robotic
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parts could potentially become more smooth than
when using rigid and/or firm structures.

Robotic rehabilitation systems for stroke patients
can be significantly improved by using soft robotic as
they can provide a smooth motion with a safer
operation [4]. For instance, soft robotic gloves are
capable of helping patients with muscular dystrophy,
amyotrophic lateral sclerosis or post-stroke hand
function assistance [5-8]. In the work presented by
Polygerinos et al. [4], a soft robotic glove is presented
to study the hand and fingers’ joint motion. In their
model, the different mechanical behaviours of bend-
ing, twisting and extensions of soft beam-shaped
structures were obtained.

Developing soft structures to explore unknown
environments is another important application of
hyperelastic structures as it can tolerate different types
of loadings and impacts. In a study done by Antol et al.
[9], it is shown that expensive wheel rovers can be
replaced with tumbleweed rovers for Mars explo-
ration. In another study, Trivedi et al. [10] used
hyperelastic tubes for soft robotic modelling of Oct-
Arm.

Besides, soft robots made of hyperelastic materials
have been used for sensing and monitoring environ-
ments. For example, a dragonfly-inspired soft robot
(DraBot) has been fabricated for measuring the
contaminants (such as the presence of oil), pH, and
temperature of water surfaces [11-13].

The application of hyperelastic structures in soft
robotics has reached a turning point with the capability
of 3D printing and the utilisation of soft actuators
[14-16]. Hyperelastic structures also have other types
of applications, of which some of the main ones are
wearable devices [17], stretchable electronics [17],
biomedical engineering [17], and energy harvesters
[18, 19].

Figure 2 presents a simple robot that is capable of
crawling using twisted and coiled actuators [20]. This
simple model has been fabricated using hyperelastic
beams, and the smooth motion of the robot was
obtained by bending. Figure 3 also presents some
useful examples of soft structures as actuators in soft
robotics, which can be used for grabbing, twisting,
motion, lifting and other purposes [15].

Another application of soft structures can be found
in belt operating systems. Belt conveyor systems are
mainly used for power transmission from the driving
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Fig. 2 Schematic view of a crawling robot using soft structures
[20]. (Permission obtained from Elsevier)

pulley to the driver one in different engineering fields
[21-23].

Layered hyperelastic structures have been used for
packaging, especially food industry, as a soft safe
layer is required for inside and a stiffer layer for
outside. The proper design and material usage are of
high importance as the packaging is around 15% of the
total variable costs [24, 25]. Waste management and
environmentally friendly (biodegradable) packaging
[26-28] are also important topics making the discus-
sion of using proper hyperelastic materials for pack-
aging an ongoing novel research topic.

Since human body organs show nonlinear elastic
behaviour, researchers have worked on fabricating
prosthetics with similar hyperelastic behaviour. Using
hyperelastic structures for firstly modelling the human
body organs and secondly accurately designing
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(d)

Fig. 3 Actuators made of soft structures with different and conditions of the Creative Commons Attribution (CC BY)
purposes: a contractor; b bender; ¢ grabber; d twister [15]. license (https://creativecommons.org/licenses/by/4.0/).)
(This article is an open access article distributed under the terms
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prosthetics have been a novel topic for researchers to
invest [29-32].

1.3 Contribution of this paper to the field

The importance of modelling hyperelastic structures
accurately has been discussed in the previous subsec-
tions. It is shown that there has been a considerable
number of researches on hyperelasticity with promis-
ing, growing trends over the past few years. The
demonstration of the high application potential of
these structures in the early years of their development
and their future in  engineering  design
[14, 15, 20, 33, 34] emphasises the necessity of
having a systematic literature review through the need
for categorisation, discussion and explanation of the
achievements to date. Accordingly, this review
intends to clarify the achievements and goals of this
research field by analysing diverse critical hyperelas-
tic studies in the framework of nonlinear dynamics.

1.4 Structure of this review paper

To present a comprehensive investigation on hyper-
elastic structures, this review is structured in the
following order: as shown in the flowchart of Fig. 4, in
Sect. 1, a brief introduction to hyperelastic structures
is given, indicating the importance of understanding
the hyperelastic mechanical behaviour, emphasizing
the application’s potential and the future of hypere-
lastic structures, and lastly, demonstrating the contri-
bution of this review to this field. In Sect. 2, some
well-known constitutive hyperelastic models for
isotropic soft materials are discussed in detail by
presenting the fundamental continuum mechanics
formulation and definitions related to hyperelastic
behaviour. Some of the well-known techniques and
models in continuum mechanics are then provided,
followed by the sensitivity of the model in tracking
hyperelastic behaviour. In Sect. 3, the application of
the given and other hyperelastic continuum models on
obtaining the nonlinear dynamics of hyperelastic
beam structures is discussed. Section 4 concentrates
on analysing hyperelastic plate and shell structures in

‘ 1.1. Necessity for this review ‘ ‘ 1.2. Applications of hyperelastic structures ‘

1. Introduction

1.3. Contribution of this paper to the field ‘ ‘ 1.4. Structure of this review paper ‘

2. Some constitutive hyperelastic
models for isotropic materials

Hyperelastic
Structures

2.2. The neo-
Hookean model

2.1. Fundamental

continuum definitions

2.3. The Mooney- 2.4. The Ogden
Rivlin model model

2.5. The Eight-Chain 2.6. The Polynomial
model model

2.7. The Gent 2.8. The Blatz-Ko
model model

} 3. Nonlinear dynamics of hyperelastic beams ‘

‘ 4. Nonlinear dynamics of hyperelastic plates and shells ‘

} 5. Nonlinear dynamics of hyperelastic membranes and balloons ‘

\ -
‘ 6. Summary and conclusions

Fig. 4 Flowchart of the structure of this review
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the framework of nonlinear dynamics. Different plate
and shell theories together with hyperelastic constitu-
tive models are discussed for accurately modelling the
nonlinear dynamics of soft plate and shell structures.
Section 5 presents a detailed explanation on hypere-
lastic models and nonlinear dynamics of soft mem-
branes and balloons using different continuum
mechanics models. Lastly, in Sect. 6, a comprehen-
sive summary of the analysis performed through this
paper is provided, and the achievements and possible
potential for improving the modelling of such struc-
tures are presented.

2 Some constitutive hyperelastic models
for isotropic materials

2.1 Fundamental continuum definitions

In order to define the mechanical characteristics of
hyperelastic structures, there are key continuum
mechanics definitions that must be presented. In
general, the deformation gradient (F) is defined as
[35]:

aui

FLJ*5U+axj ’ (l)
J = det(F),

with J is the determinant of the deformation gradient, 6
is the Kronecker delta and u; is the displacement field,
which could be rewritten in the principal directions of
the structures as [36]:

A0 O
0 0 3

where /; indicates the principal stretch through the
principal direction i, defined as

L
li = Ev (3 )
with L; and L.° are the deformed and undeformed
lengths of the structure through the i direction,
respectively. Another important definition in describ-
ing hyperelastic structures is the left Cauchy—Green

strain tensor (B) which is [36]

B=F-F' — Bj=FyFj (4)

@ Springer

For conventional definitions, the left Cauchy-
Green strain tensor’s invariants are defined as [37]:

T}"(B) B,’i
== =7
1 B;Bji 5
1225(112— ']ij>, ()
J3
Iy =J%,

where I, I, and I5 are the first, second and third strain
invariants for compressible structures, respectively;
for incompressible analysis, the first and second
invariants will be simplified by having J = 1 and the
third invariant will be equal to 1 (interested readers are
referred to Refs. [38—40] for more information
regarding compressible and incompressible materi-
als). The Green—Lagrange strain—displacement can be
written regarding the deformation gradient as:
1, 7 1

E:EQTF—D—»EH:EUﬁ&~ﬁw. (6)

In the case of having principal stretches, invariants
of the left Cauchy—Green strain tensor are:

N+ B+
(217275)}
R Y (7)
(a2ata)’
L= (A a2s)"

I

14}

As for the hyperelasticity definition, a structure is
hyperelastic if specific strain energy exists which is
differentiable from the deformation gradient. In other
words, to have a fully elastic behaviour, it is assumed
that the strain energy density is directly dependent on
the deformation gradient tensor. In another definition,
it has been shown that a hyperelastic structure is
isotropic if and only if the strain energy term can be
rewritten via the three invariants of the left Cauchy—
Green strain tensor [41].

According to Richter theorem [41, 42], the consti-
tutive equation of an isotropic solid hyperelastic can
be written as:

T = ol + 1B + BB, (8)

if and only if the coefficients are defined following a
specific relationship defined in the literature. It has
been shown that [42], by having an isothermic process,
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changes in -TpdS (in which T, is the absolute
temperature and S is the entropy) to become equal to
the variation of the Helmholtz free energy. In case of
isothermic process, coefficients in Eq. (8) are
expressed by Eq. (9) as

ow ow ow

Bo:6_h+116_12+126_13’
ow ow
51——6—12— 130 9)
ow
ﬁ2_6713'

For a simple definition, by having the principal
direction stretches, the normal stresses (o;) can be
defined as [43]:

ow

:a—)\'i, l:1,2,3 (10)

Oj
after which, due to the definition of hyperelastic strain
energy (W) being a function of its invariants, Eq. (10)
can be rewritten as:

ow
ol 0J;

ow al,

oW oW als
o, o4

04 ol 04

i=1,2.3
(11)

which for incompressible structures, the third term
(derivation with respect to I3) will be neglected.
Different types of formulation and modelling for
hyperelastic strain energy density have been presented
in order to predict the nonlinear behaviour accurately.
In further subsections, these isotropic models are
presented and the formulation procedure for reaching
the stress—strain equation is given. These models are
used by many researchers to study the nonlinear
dynamics of hyperelastic structures which is discussed
in further sections.

2.2 The neo-Hookean model

This strain energy density expression is one of the
straightforward models of a hyperelastic material in
which we only consider the first and third invariant
terms as

Wi =Y Gi(Ii =3)' +Di(J — 1), (12)
i=0

where Wyy is the strain energy density of this model,
C; are the coefficients of the first invariant parameter

and D; is the compressibility factor, both of which
must be obtained experimentally. For n = 1 (one-term
neo-Hookean model), the axial stress (g,,,;) is written
as [43]:

4(1 B Y
o = € 2T s iy

3 1
+2D,(1 = 20472 (J = 1),

(13)

where v is the Poisson’s ratio. By assuming an
incompressible structure, Eq. (13) is simplified as:

Ouni = 2Cl (/AL - )L_z) ) (14>

and for equibiaxial (o},) stress and pure shear (oy)
stress, by using the same definition given in Eq. (12),
the stress resultants become

oy =2C1 (2 —177), (15)

o, =2C (21— 27, (16)

which coincides with those used in ref [44].
2.3 The Mooney—Rivlin model

One of the popular formulations and models used for
predicting the hyperelastic behaviour of structures is
the Mooney—Rivlin model [45], which is an extended
form of the neo-Hookean model, considering the
second invariant term. In the basic form, Mooney
defined the strain energy density as a two-parameter
model defined as:

Wi = Ci (i =3) + Co (b —3) + D1 (J — 1)?,
(17)

where W,, is the strain energy density of the two-
parameter Mooney model and C; and D; are the
coefficients that must be found via the experimental
observations (such as the work done by Falope et al.
[46] where the coefficients were calibrated using
genetic algorithm), which can vary from one soft
structure to another. Rivlin [47, 48] extended this
equation by writing it in a general form as a
polynomial series of the first and second invariant
terms:

n m

Wik =D 3Gyl =3) (B -3) + D17 — 17

i=0 j=0
(18)
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where W,z is the strain energy density of the
Mooney-Rivlin model, of which some of the well-
known models and special cases of this polynomial
series are the Biderman model [49], Klosner model
[50] and Haines—Wilson model [51]. It has been
mentioned already that this model has been widely
used for analysing rubbers with less than 200%
deformation [52].

For the two-parameter Mooney—Rivlin model
under axial load, by having A, = A3 = 4", Brown
et al. [43] obtained the axial stress as:

4(1 _ v ) - v
Cumi = ( ;v) }'l (5+2v)/3 ()V%er _ 1) (Cl + C2/11 2(1+ )/3)

+2D,(1 = 2v)4,2(J — 1),

(19)
from which, by assuming an incompressible structure,
Eq. (19) becomes
Guni = 2C1 (A —272) +2C,(1 =177, (20)

and for equibiaxial and pure shear stresses, by using
the same definition given in Eq. (18), the stress
resultants are:

oy =2C1 (A — A7) +2Co (27 = 27), (21)

o, = (2C1 +2GC) (2 —277), (22)

which coincides with those used in ref [44]. To have a
better understanding of the Mooney—Rivlin model, the
effect of the coefficients C; and C, on the uniaxial

(a)

Two-parameter Mooney-Rivlin Model - C 1 effect

(Pa)

€ 0 2 Cc

stress is presented in Fig. 5 for axial strain up to 100%.
It can be seen that the stress—strain behaviour is
completely nonlinear and the curve model is highly
sensitive to the two-parameter Mooney—Rivlin coef-
ficients. By having [37] C;=0.39 MPa and
C, = 0.015 MPa, in Fig. 5a, the first coefficient term
is varied as [0.5C;—1.5C], while in Fig. 5b the second
coefficient is varied as [0.5C,-5.5C,]. Since the
formulation of a neo-Hookean model is somewhat
similar to the Mooney—Rivlin hyperelastic model (by
neglecting the second invariant term), the influence of
varying the hyperelastic coefficient C; in one-term
neo-Hookean models will be very similar to the one
presented in Fig. 5a.

2.4 The Ogden model

Ogden [53, 54] proposed a series of models of strain
energy density as a direct function of principal
stretches

2 2:“1 o o 20
WOg == Z? (;Lll + /12‘ + /L3l - 3)

i=1 "1

+ Z Di(J —1)% (23)

where W, is the strain energy density of the Ogden
model and yu;, D; and «; are the constant properties that
must be found using experimental testing. This model
is well capable of simulating the typical hardening of
rubber materials, which is not included in both neo-

(b)

Two-parameter Mooney-Rivlin Model - C2 effect
x10°
i 10
=¥
=
g
=
& 5
0l

€ 0 c

Fig. 5 Uniaxial stress sensitivity to the two-parameter Mooney—Rivlin coefficients: a C1; b C,
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Hookean and Mooney-Rivlin models. Brown et al.
[43] have shown the uniaxial stress for this model to
be:

n

Ouni = Z% ()L“iil — 2\1/17“”)71)

o1 %
n

+2(1=2va7) Y iDy(J - 1) (24)

i=1

which can be rewritten for incompressible structures
as

2 4
Ouni = E a—zl ()»a' - A2 1) . (25)
i—1 %

Similarly, the equibiaxial and pure shear stresses
are:

Opi = Zi—’j (=), (26)
=1 %
_ - 2:“1 r0—1 7 —oi—1
O'S—Z?(/L — A7) (27)

In order to elaborate the impact of each coefficient
term on the stress—strain behaviour of Ogden hyper-
elastic models, uniaxial loading of a three-parameter
Ogden model is considered with coefficients and

power terms as [37], where u; =0.62 MPa,
1y = 0.00118 MPa, 3 =0.00981 MPa, o = 1.3,
op =5and a3 = — 2. Figures 6a—f indicate the strong

effect of varying three-parameter Ogden model coef-
ficients and power terms by [0.5 p,—1.5 py], [0.50,—
1.5061], [05,112—505#2], [05 062—15.5052], [05#3—55#3]
and [0.503—15.503], respectively. It can be seen that
each parameter has its own effect on the axial stress
magnitude through which, by properly accounting for
these terms, the hyperelastic behaviour of rubbery
structures can be obtained.

2.5 The eight-chain (Arruda—Boyce) model
Arruda and Boyce [55] proposed the eight-chain

model in which the strain energy is described as a
function of a polynomial series of the first invariant as

Was =Y (I =3)+> D -1, (28)
i=1 i=1

where W, is the strain energy density of the Arruda—
Boyce model, for which, under uniaxial loading, the
stress-stretch equation will become [43]

4(1+V) 1 . o1\ o — v)/3 v
Ouni = 3—;lCi<11 l)i (5+2 )/3(12+2 — 1)

+2(1=2v) ) iDi(J — 1),
i=1

(29)

which for incompressible structures it is simplified as

Ouni — 2 i: lC, (Iiﬁ) ()» — /172), (30)
i=1

with equibiaxial and pure shear stresses as

ab[:Zi:iC,(I{T') (4 = i), (31)
i=1

o, = 22 ic(I77) (2 - 7). (32)

For analysing the coefficient sensitivity of this
model, a five-parameter Arruda—Boyce model is
considered by having [56] C, = u/2, C, = u/20,
C; = 11u/1050, C4 = 19u/7000, Cs = 519u/673750
where p is the rubbery shear modulus assumed to be
0.4 MPa. The influence of each coefficient on the
uniaxial stress variation can be seen in Fig. 7a—f by
varying [0.5u-1.5u], [0.5C;-1.5C], [0.5C,-2C3],
[0.5C5-2.5C3], [0.5C4—5C4], and [0.5C5-5Cs], respec-
tively. Here, all the coefficients have a considerable
effect on the uniaxial stress term.

2.6 The polynomial model

The strain energy in the polynomial rubber model is
defined as [57]

n

Wao = 30 €51 —3)/ (-3 + 3D~ 1),

itj=1 i=1

(33)

where Wp, is the strain energy density of polynomial
model, which can also be written as [43]
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«Fig. 6 Uniaxial stress sensitivity to the three-parameter Ogden
coefficients and power terms: a ;b og; ¢ pp; d o € ps; fog

n n—i

Wpo = ZZCUI—3 (1, -3)’

le —i

+ ZDi(J - 1% (34)

leading to an axial stress—stretch relationship as [43]

4(1+v) I (28 )

Ouni = 3
> 3 i -3)" (6 -3)
i=0j=1-
447242 /32 Z ]C,,(I —3)' (- 3)""

i=0j=

n

+2(1-2v) ) iDi(J —

i=1

1)2i—1 }v721’7

(35)

which, for incompressible structures using Eq. (33), is
rewritten as

o =253 Z,c,, 375 = 3) (1 - )

i=0 j=
+23° Z]c,, L -3 =27,
i=0 j=
(36)
and for equibiaxial and pure shear stresses as
i =23 icy(h —3) " (1 —3) (2 #)
i=0 j=1—i
23 3 iC(H =3)' (L =3) (7 = 27),
i=0 j=1—i
(37)
Z i =3)" (1, - 3)’
=2(i - ).*3) e (38)

n

Similar to the previous subsections, by assuming
the coefficients to be Cio = 1.44 MPa,
Co1 = 0.463 MPa, Ci1 = — 0.029 MPa,

Cyy= — 0.151 MPa, and Cyp = — 0.0042 MPa,
Fig. 8a—f present the influence of varying the coeffi-
cients of the five-parameter polynomial model on the
axial stress for strains up to 100%. Coefficients are
assumed to vary as [0.5C(p—1.5C¢], [0.5Cy1—1.5Cp1],
[0.5C11—1.5C11], [0.5C20—1.5C20] and [0.5C20—3C02],
respectively.

2.7 The Gent model

Gent [57, 58] proposed a simple model of hyperelas-
ticity using the first invariant parameter:

U 3-1
=—=Jyn( 1 ’
WG 2.] Il( + Jm > (39)

where Wg is the strain energy density of the Gent
model and J,, is the limiting stretch parameter [59],
which for biological tissues is around (0.4-2.3)
[60-63] and for plastic structures is in orders of 100
[57, 58]. By increasing the maximum permitted value
J,,, to infinity, the Gent model will be changed to the
neo-Hookean incompressible model. The uniaxial,
biaxial and pure shear stresses for this model will be

1 AN
oum’:,u‘]m(/l_)_z> (1+3J l) ) (40)
1 3-nL\"
O'biZZ/JJm )»—}—5 1+ 7 ) (41>
1 3-1\"!
oy = wn( =5 ) (145 , (42)

of which Eq. (40) coincides with the uniaxial stress
model presented by Ronald [64]. Figure 9a shows
the sensitivity of the axial stress parameter to
variations of u for J,, =5 and Fig. 9b shows the
sensitivity of the axial stress parameter to variations
of J,, for u=0.4 MPa. Although the main model
presented by Gent is only dependent on the first
invariant, modified versions of this model, designed
to incorporate the compressibility and other invari-
ant terms, have been extended by several researchers
[65-68].
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2.8 The Blatz—Ko model

For the proposed model by Blatz and Ko [69], which is
used to characterise foam rubbery structures, the strain
energy density is written as [43]:

1
Wak = £ 1+21 ),
2\g,

where Wp( is the Blatz—Ko model of the strain energy
density and for the incompressible structures, for axial
loading, equibiaxial and pure shear stresses the stress—
stretch relationship is, respectively, obtained as:

(43)

_ oy, (P+247) _3
au,,,-_# (-4 “m“"v )], (44)
Ub':ufﬁ (A—N)er(f—ﬁ)], (45)

o s (242271
Y244 077 v (224 27%) 48)

Figure 10 presents the influence of varying the
Blatz—Ko coefficient on the nonlinear stress—strain
behaviour of uniaxial loaded structures. There are
many other models presented by researchers to model
the hyperelastic behaviour of such structures [41],
such as the Rivlin—Saunders model [41], the Mur-
naghan model [70], the Ciarlet model [71], the
Valanis—Landel model [72], the Hill model [73] and
the Attard model [74].
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Fig. 10 Uniaxial stress sensitivity to the Blatz—Ko model
coefficient

The given models are mainly used for isotropic
hyperelastic materials; however, some structures
(especially biological tissues) show a more compli-
cated behaviour which requires orthotropic and
anisotropic modelling in their hyperelastic constitu-
tive models. These models are developed mainly for a
specific type of hyperelastic materials. A more
detailed explanation on orthotropic and anisotropic
modelling can be found in refs [75-80] and [81-90],
respectively.

An important topic in hyperelasticity analysis is
properly modelling the nonlinear dynamics of differ-
ent soft structures. Since hyperelastic structures have
been used lately in many different industrial needs
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Fig. 11 The nonlinear frequencies of hyperelastic tube models using Yeoh and Mooney—Rivlin strain energy density models for
a pinned—pinned and b clamped—clamped boundary conditions [106]. (Permission obtained from Springer Nature)
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from ELSEVIER) 0.05
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such as soft robotics [91-94], understanding their
nonlinear time-dependant behaviour in different
mechanical conditions is of high importance. Studies
in this field can be classified based on the structure
type and the mechanical analysis. In this review, the
nonlinear dynamics of hyperelastic structures is pre-
sented in three sections for beams, plates/shells and
membranes/balloons.

3 Nonlinear dynamics of hyperelastic beams

One-dimensional structures, including beams, tubes
and columns, as the critical part of many mechanical
structures, undergo different types of dynamic loads.
Since rubber-like beams undergo large strains and
deformations, classical linear material models cannot

define the nonlinear dynamics accurately; therefore,
an accurate hyperelastic model of the structure should
be derived and examined. In this section, the nonlinear
dynamics of hyperelastic beams is reviewed using
literature for different mechanical conditions. Since
this review is focused on the nonlinear dynamics,
interested readers on the statics of hyperelastic beam
structures are referred to [17, 95-100].

For hyperelastic beams laying on a foundation, a
mathematical formulation was presented by Forsat
[101] to examine the nonlinear free vibration beha-
viour of silicone rubbers and natural rubbers. A
higher-order shear deformation beam theory together
with four different nonlinear elasticity models was
utilised for modelling the soft beam. The structure was
assumed to be sitting on a Pasternak—Winkler
medium. Equations of motion were solved and
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Fig. 13 The time traces for the a axial and b transverse
vibrations of axially accelerated neo-Hookean beams [112].
(Permission obtained from ELSEVIER)

obtained using Galerkin’s scheme and Hamilton’s
principle (which have been used by researchers for
studying elastic structures [102—-105]), respectively; it
was claimed that the shear strain effects were
neglected in the Yeoh strain energy. In another study,
Mirjavadi et al. [106] used the Euler—Bernoulli beam
assumptions showing that for hyperelastic tube mod-
els, by increasing the amplitude of vibration, since the
effect of nonlinear terms in the structure modelling
increases and due to different stress invariant consid-
erations, the difference between the Yeoh and two-
parameter Mooney—Rivlin results increased. Fig-
ure 11 shows the nonlinear frequencies of hyperelastic
tube models using Yeoh and Mooney—Rivlin strain
energy density models. In both of these studies, the
material was assumed to be incompressible; however,
the incompressibility condition, which leads to strains
in thickness directions, was neglected.

Since belt operating systems are one of the well-
known applications of hyperelastic structures
[107, 108], researchers focused on the nonlinear
dynamics of axially moving hyperelastic beams to
understand their mechanical behaviour in such condi-
tions. Wang et al. [109] used a finite deformation

@ Springer

leading-order model (presented in [110, 111]) to
investigate the nonlinear oscillations of axially trav-
elling soft beams. Using the Hamilton’s principle and
neo-Hookean strain energy density model, the equa-
tions of motion were obtained. It was claimed that the
natural frequencies of the Euler-Bernoulli beam
model are lower than the ones obtained for this model.
The variation of the natural frequencies with respect to
the axial velocity parameter for this model is shown in
Fig. 12. In another study by Wang et al. [112], they
analysed accelerated longitudinal motion in soft
beams using multiple scale perturbation methods and
Galerkin’s scheme. The time traces for the axial and
transverse vibrations of this model are shown in
Fig. 13. Khaniki et al. [113] investigated the nonlinear
forced oscillation of axially moving hyperelastic belts
by employing the Yeoh’s strain energy. Different
nonlinear elastic models were examined to find the
best fit with the experimental testing of hyperelastic
properties. The influence of the longitudinal speed on
the natural frequencies, mode shapes and nonlinear
frequency response was investigated showing a
significant effect in changing the mechanical beha-
viour (Figs. 14 and 15).

For the case of having both thermal and hyperelas-
ticity effects, a wave propagation method was
employed by Mirparizi and Fotuhi [114] to understand
the nonlinear dynamics of thermo-hyperelastic one-
dimensional structures. Hyperelasticity was modelled
using a Mooney—Rivlin strain energy density model. It
was elucidated that the maximum amplitude of
oscillation in the structure is significantly higher than
for elastic ones. Figure 16 shows the stress wave
propagation with respect to time showing a large
difference between the hyperelastic and linear elastic
models response.

Since hyperelastic structures are mostly made by
moulding and 3D printing, the presence of voids and
porosity is highly possible. To understand the effect of
having porosities in the nonlinear dynamics of hyper-
elastic structures, Khaniki et al. [115] studied the
characteristics of hyperelastic samples experimentally
with different porosities (the infill rate). A general
constitutive model for hyperelastic-porous was pre-
sented via the Mooney—Rivlin hyperelastic strain
energy model, showing that the porosity has a
nonlinear effect in varying the hyperelastic constitu-
tive model (Fig. 17). For the derived model, they
modelled the nonlinear vibrations of porous
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hyperelastic beams under externally time-dependent
forces, showing that increasing the porosity in the
structure has a significant effect in changing the
stiffness softening behaviour of the structure to a
combination of hardening and softening behaviour
(Fig. 18).

Layered hyperelastic structures have many appli-
cations in packaging industry (especially food pack-
aging) [116-119], which makes it important to
comprehend the behaviour of layered hyperelastic
structures made of different materials. For this reason,
Khaniki et al. [120] examined five different shear
deformable beam theories together with the Mooney—
Rivlin strain energy model for analysing the nonlinear
dynamics of sandwich soft beams. It was shown that
considering the shear effect, layering and material
positioning can highly affect the nonlinear resonance

behaviour of the thick sandwich soft beam. Figure 19
shows the effect of material ordering in changing the
nonlinear dynamic behaviour of higher-order shear
deformable three-layered beam structures.

Longitudinal vibrations of neo-Hookean beams
have been examined by Wang and Zhu [121, 122] in
its subcritical buckling regime and under different
axial loads. Using a linear bifurcation analysis, the
critical buckling loads were obtained showing a high
sensitivity of material and geometrical properties.
Using the pseudo-arc-length method, the nonlinear
frequency response of the system was calculated.
Figure 20 shows the axial frequency response of the
neo-Hookean beam model for different material and
geometrical properties.

In recent years, hyperelasticity has been employed
for modelling the static and dynamic responses of
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nano-/micromaterials [123-126], which have crucial
importance in new technologies. For instance, micro-
scale beam structures made by hyperelastic materials
have been studied by Alibakhshi et al. [127] using the
Euler—Bernoulli beam theory, modified couple stress
theory (which have been used previously for studying
small-scale elastic structures [128-132]), and Gent
strain energy density model. It was shown that the
force—amplitude response of the structure is highly
sensitive to the stiffness parameter of Gent model
(Fig. 21). Studies on the nonlinear dynamics of
hyperelastic beams are summarised in Table 1.

4 Nonlinear dynamics of hyperelastic plates
and shells

Both shells and plates are an important element in
structural design, and the extensive usage of rubbery
structures makes it necessary to comprehend the
nonlinear dynamics of the hyperelastic plate and shell
structures. For this reason, this section focuses on the
investigations undertaken to comprehend the nonlin-
ear dynamics of such structures.

For isotropic hyperelastic plate structures, a com-
bination of the nonlinear von Karman plate theory and
the neo-Hookean strain energy density model was
used by Breslavsky et al. [133] for examining the large
amplitude vibrations of thin rectangular hyperelastic
plates. The equations of motion were presented with
quadratic and cubic nonlinear terms by considering
both material and geometrical nonlinearities; it was
shown that for small strains, the material nonlinearity
terms have a weak effect, while this effect increases
significantly by having larger strains. Figure 22 shows
the amplitude response and backbone curves of the
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Fig. 21 The force—amplitude response of micro-hyperelastic
beam for different Gent coefficients[127]. (Permission obtained
from MDPI)

first mode of vibration with two peaks associated with
the 2:1 in-plane resonance. Amabili et al. [134]
investigated the vibration behaviour of hyperelastic
plates. A two-parameter incompressible Mooney—
Rivlin model was used to describe the nonlinearity
of the structure using Novozhilov nonlinear shell
theory to model the deformations. The governing
equations were obtained using Hamilton’s principle; it
was shown that the experimental results are in good
agreement with the proposed dynamic model.

The nonlinear dynamics of cylindrical shell struc-
tures have been examined lately by many researchers.
Zhang et al. [135] modelled the nonlinear vibrations of
thin-walled hyperelastic cylindrical shells using Don-
nell’s nonlinear shallow shell theory. Using the
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Table 1 Studies on the nonlinear dynamics of hyperelastic beams

Study Year  Hyperelastic strain Formulation methods/Experiments Solution Analysis
energy density model methods
Forsat [101] 2019 Neo-Hookean, Ishihara, Higher-order shear deformation Galerkin’s Nonlinear free
Mooney-Rivlin, and theory, scheme, vibrations of
Yeoh models Hamilton’s principle Extended hyperelastic beams
Hamiltonian
method
Mirjavadi 2019 Neo-Hookean, Ishihara, Euler—Bernoulli beam theory, Galerkin’s Nonlinear free
et al. Mooney-Rivlin, and Hamilton’s principle scheme, vibrations of
[106] Yeoh models Extended hyperelastic tubes
Hamiltonian
method
Wang et al. 2018, Neo-Hookean model The leading order model for finite Multi-scale Nonlinear vibrations of
[109, 112] 2019 deformation, perturbation axially moving
Hamilton’s principle techniques hyperelastic beams
Galerkin’s
method
Khaniki 2020  Arruda-Boyce (Eight-  Experimental analysis, Galerkin’s Nonlinear forced
et al. Chain), neo-Hookean, Euler-Bernoulli beam theory scheme, vibrations of axially
[113] Gent, and Yeoh Hamilton’s principle, Dynamic moving hyperelastic
models equilibrium beams
von Karman theory .
technique
Mirparizi 2020  Mooney-Rivlin strain Helmholtz’s free energy function Direct Wave propagation in
and energy model iteration thermo-hyperelastic
Fotuhi method beams
[114]
Khaniki 2021 Mooney-Rivlin model ~ Experimental analysis, Galerkin’s Nonlinear forced
et al. Euler-Bernoulli beam theory scheme, vibration of porous-
115 ; h lastic b
[115] Hamilton’s principle, Dynamic yperelastic beams
L, equilibrium
von Karman theory .
technique
Khaniki 2022 Mooney-Rivlin strain Euler-Bernoulli, Timoshenko, third- Galerkin’s Nonlinear forced
et al. energy model order, trigonometric and exponential ~ scheme, vibration of
[120] beam theories, von Karman theory, Dynamic sandwich Fhick
Hamilton’s principle equilibrium hyperelastic beams
technique
Wang and 2021, Neo-Hookean model Euler—Bernoulli beam theory,1 Harmonic Nonlinear vibrations of
Zhu 2021 Hamilton’s principle balance axially loaded
[121, 122] method, hyperelastic beams
Galerkin’s
scheme
Alibakhshi 2021 Gent model Euler-Bernoulli beam theory, Multiple Nonlinear vibrations of
et al. Hamilton’s principle, Scales small-scale
[127] Method hyperelastic beams

modified couple stress theory,
von Karman theory

Lagrange equation together with the Mooney—Rivlin
strain energy density model, the equations of motion
were obtained. It was shown that radius-to-thickness
ratio has a significant effect in changing the radial

vibration behaviour. Figure 23 shows the Poincare
section and bifurcation diagram of the hyperelastic
cylindrical shell for different excitation forces. Xu
et al. [136, 137] examined the nonlinear dynamics of
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thin and thick hyperelastic cylindrical shells subjected
to a time-dependant thermal load. It was shown that
the single-mode model of such structures gives
inaccurate results and the diameter-to-length ratio
has a significant influence in the internal resonance
phenomena. Figure 24 shows the nonlinear response
of the cylindrical shell with different temperature
loads for the axisymmetric and asymmetric modes.
Breslavsky et al. [44, 138] investigated the free and
forced nonlinear responses of circular cylindrical
hyperelastic shells and square hyperelastic plates in
the framework of large deformations. Hyperelasticity
was modelled using the neo-Hookean model in
conjunction with the Fung model, while the shell
was assumed to be made of arterial bio-tissues. It was
shown that the single-mode response is weak; how-
ever, the resonant response considering both compan-
ion and driven modes, was found with nonlinear
complicated dynamics.

In the case of analysing electrostrictive—hyperelas-
tic structures, Tripathi and Bajaj [139, 140] studied the
internal resonances due to transverse vibration when
designing hyperelastic and electrostrictive—hyperelas-
tic plates. The Mooney-Rivlin and neo-Hookean
hyperelastic strain energy models were investigated,
while the plate was modelled using Kirchhoff plate
theory. These showed that for nearly incompressible
structures, the level of nonlinearity in the strain energy
model of neo-Hookean is insufficient to lead to 1:2
internal resonances. A visco-hyperelastic model was

presented by Zhao et al. [141] for modelling the
chaotic motion of spherical shells. Other studies on the
dynamic behaviour of hyperelastic plates and shells
can be found in refs [142-148], emphasising the
importance of considering hyperelasticity in studying
the dynamic response of such structures. Studies on
the nonlinear dynamics of hyperelastic plates and
shells are summarised in Table 2.

5 Nonlinear dynamics of hyperelastic membranes
and balloons

Comprehending the nonlinear dynamics of hyperelas-
tic membranes and balloons has been a challenging
task for researchers in the past few years. For circular
membranes, Goncalves et al. [149, 150] studied the
nonlinear vibration behaviour of isotropic homoge-
neous circular hyperelastic membranes stretched
radially. Hyperelasticity was modelled using the
neo-Hookean strain energy density model, and the
motion equations were derived via Hamilton’s prin-
ciple. Natural frequencies were obtained analytically
and compared with finite element modelling. It was
revealed that all the hyperelastic models, namely the
Arruda—Boyce model, Ogden model, Yeoh model and
Mooney—Rivlin model, present similar nonlinear fre-
quency—amplitude responses, qualitatively. The influ-
ence of the pre-stretch ratio on the nonlinear

@ Springer



H. B. Khaniki et al.

986

S[[YS Teoupur[Ao onsefaradAy

Aionsepd
-0uLIdY) JO A103Y) [BIISSBID

-outray) JoAo uoneSedord aAem IeduruUON SUONN[OS [EOLIdWNU pue [eonAeuy ‘ordrounid s uojjruey [OpOW UTATY—ASUOOJA! 1202 [8%1] 'Te 10 Suep
s[[oys onse[aradAy Jo SUOTIB[[IOSO JEQUITUON aremijos g SUI[[OpOW SIOUAIJJIP UL  S[APOW UIPS() pue UIJARY—ASUOOIA L102  [9%1] ‘T8 19 sers9ySy
uonenbo aSueiSe|
sonbruyos) Quowd[a dreyd Iop1o-1oy3Iy
[EoLIOWINU JIBWMAN PUB UOTIBIdNL Teuorsuawrpty enedg
sarerd onseoradAy YOIy} JO SOTWRUADP JEQUIUON uosydey—uojmoN ‘stsATeue TeyuoWILIodXH [opowr Yoa 610T [st1] T8 30 nY
aneA
J0JeIUSS ANoWWAS  UBSJA JO WRIOAY], [RISAU] ISIL] [pb1] oYoIn[eN
S[[oys onse[oradAy Jo SUOTIRIQIA [BIPEI JEQUIUON jurod orp ‘uonenbo Kouurg—aoyeuwryg [OpoW UT[ATY—ASUOOIA L00T pue ‘uosejy
SIopur[kdo syjuouodxo QueIquIoW S10T [ev1 ‘Th1]
onsefaradAy o1donoyiio Jo SUONRIQIA JEAUIUON aounde£T pue sdewr oreoutod  18I0sSO)) PasIeIoUas © Jo AI09y],  [opour OIdONOYII0 SJURIIEAUI USADS ‘8102 ‘Te 12 sersa[S[
s[[eys onseraradAy
o1Se[0dSIA [eorIayds JO SOTWRUApP JeQUI[UON K100y} UOTIEQINIIO] KI09Y) UOTJEULIOJAP SIUL] [opow jJuan) 020T [1#1] 'Te 10 oeyz
sorerd onseporedAy Aremiyos g4 uonenbo o3ueide| s[opou 102 [O¥T ‘6¢1]
ur odueuosal [eurdur pue uonesrundo ASojodog, SurSeroae Jo poyloN K109y} JoyyoIry] derd ury],  UIATY—AQUOOJN puE UBOOH-O0IN ‘910C fefeqg pue mypeduy,
poyiaul UoIeI0[[0d
soyerd pue uonenunuod YISud[-dIe-0pnasq  AI0dY) [[AYS JLAUIUOU AO[IYZOAON spopow usp30 [bh]
ury) onsearadAy Jo SUONBIQIA PAdIOJ JEQUI[UON ‘uorsuedxa 19LIN0Oq ‘uonenbo oSueiSe] pue ‘UIATY—ASUOOA ‘UBSYOOH-0dN 10T ‘Te 10 Aysae[sarg
poyloul UoIeI0[[0d £109y) uoneuLIOJIP
s[Ioys onseforadAy pue uonenunuod Y)Sud[-dI1e-0pnasq Ie9ys 1opIo-Ioy3Iy Jeaurjuou [8€1]
[OLIPUI[AD JO SUONBIQIA PAJIOJ JEQUI[UON ‘uorsuedxa 191LIN0Oq ‘uonenbo oSueiSe| s[opowr 3un pue ULOYOOH-0N 910T ‘Te 10 Aysae[sarg
uonenbo o3ueide|
‘s1sa)od Ay 9AO[—JJOyYOIT]
sTieys onseparadAy potaw soue[eq SIUOWLIEH ¢£109Y) UONEWLIOJOP 1202
[EOLIPUI[AD JO SUOTIBIQIA [BULISY) JBQUI[UON ‘poyjow dreds-ordniniy Ie9US IOpIO-pIIy) S Appoy [opow d0Kog—epniry ‘020z [LET ‘9€T] T8 30 nX
uonenbo o3ueide|
‘s1so10d Ay A0 T—JJOyyoITY]
S[[oys ‘K1001])
onse[a1adAy [eoLIpUIAd JO SUONBIQIA JEAUI[UON poyiowr enn3y[—o3uny IOpIo-yMnoj  [[QUS MO[[BYS JEaUI[UOU S [[oUUO(] [opOW UIJATY-AQUOOIN 610C [s€1] e 10 Sueyyz
yoeoidde sso[ysoN
soyerd ‘ampadoid [eonkreuy  K109y) [[9YS JESUI[UOU AO[IYZOAON
ury) onse[aradAy Jo SUOTIBIQIA 921J JEAUIUON ‘SuIpod JUSWS[-A)TUL] ‘sisA[eue [ejuowLadxy [9pOW UI[ATY-ASUOOIA 9102 [¥€1] T8 30 ey
POYIdW UONEIO[[0D uonjenbs oSueide|
pue uonenuURUOd YSUI[-OIL-0pNIsy L1001y lest]
sajed onsearadAy Jo SUONBIQIA PIVIOY TESUI[UON ‘uorsuedxa I91INO] oje[d JeoUI[-UOU UBWLIES] UOA [opoul UBIYOOH-0aN $10T ‘Te 12 Kysae[sarg
sjuowrradxyg [epowr AJisuap
sIsATeuy spoyjow uonn[os /SPOUJoW UOT)R[NULIO] A310ua urens onseraredAy Ieo X Apms

s[1oys/seye[d onsearadAy Jo sorueuAkp IBSUITUOU 9} UO SAIPMIS T el

pringer

As



A review on the nonlinear dynamics of hyperelastic structures

987

14
1.2 —
= i
g1
§ i
5 08
Q
S
) ]
S 0.6 —
]
'Q-—j -
%
g 04
= i
02 —
0 T

35

Frequency of vibration (o - rad/s)

Fig. 25 Amplitude—frequency responses of hyperelastic circu-
lar membranes for different pre-stretch ratios [149]. (Permission
obtained from ELSEVIER)

amplitude—frequency response of the circular hyper-
elastic membrane can be seen in Fig. 25.

The nonlinear breathing motion of hyperelastic
spherical membranes has been examined by Soares
et al. [151] using an incompressible isotropic
Mooney-Rivlin strain energy density model. It was
shown that the linear viscous damping term has a
significant effect in changing the nonlinear resonance
behaviour of the spherical membranes (Fig. 26).

Since it was shown by Mangan and Destrade [152]
that the hyperelastic Gent—Gent model shows a good
accuracy in modelling the nonlinear elasticity of
inflated balloons, Alibakhshi and Heidari [59] used
this model for studying the chaotic motion of dielectric
elastomer balloons; it was shown that the chaotic
motion of the dielectric elastomer balloons could be
suppressed by the presence of the second invariant
term in the Gent—Gent model (Fig. 27). Ilssar and Gat
[153] examined the fluid—structure interaction of
liquid-filled balloons using the incompressible
Mooney—Rivlin strain energy density model. By
verifying the model with results obtained from the
finite element scheme, it was shown that the simplified
presented model was capable of studying the static and

184 nax!
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Fig. 26 The nonlinear resonance response of hyperelastic
spherical membranes for different linear damping parameters
[151]. (Permission obtained from Springer Nature)

dynamic behaviour of such structures. Other studies
on the dynamic behaviour of hyperelastic membranes
and balloons can be found in refs [19, 154-156].
Studies on the nonlinear dynamics of hyperelastic
balloons and membranes are summarised in Table 3.

6 Summary and conclusions

Over the past few decades, accurately modelling the
hyperelastic behaviour of polymeric structures has
been a challenging task in terms of the complexity in
both material and structural nonlinearities. Dozens of
constitutive hyperelastic models have been presented
by researchers for different materials, which some of
the most practical and well-known isotropic models
are presented and formulated, and the characteristics
of each model are discussed. In terms of the case
studies, each of these models has advantages and
disadvantages in terms of accurate and inaccurate
modelling for material nonlinearity and computational
time cost.

Hyperelastic structures, such as rubbers and elas-
tomers, have been analysed in different shapes and
mechanical conditions. Most studies into these types
of structures have been published over the past few
years, since their applications are only now becoming
understood. Recently, novel outcomes from rubbery
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Fig. 27 Variation of the motion from a chaotic motion to b quasiperiodic vibration by increasing the second invariant parameter of the
Gent-Gent model in the dielectric elastomer balloons [59]. (Permission obtained from ELSEVIER)

structures in soft robotics have moved forward such
study significantly, notably in terms of achieving
smooth deformations and higher the degrees of
freedom. The high potential for the application of
soft-based structures helped researchers to realise the
importance of modelling the dynamic behaviour of
hyperelasticity accurately. To demonstrate the
achievements and investigations made into hyperelas-
tic structures, a comprehensive review was presented
for different structures types (beams, plates, shells,

@ Springer

membranes and balloons) in the frameworks of
nonlinear dynamics. It was shown that there has been
progress in simulating the hyperelastic dynamic
response using various continuum mechanic tech-
niques in conjunction with hyperelastic strain energy
density models. Since the theoretical modelling of
such structures could require highly complex and long
theoretical models, many studies in this field are based
on simplified models ignoring the higher terms of
displacement and strain. Furthermore, since soft
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Table 3 Studies on the nonlinear dynamics of hyperelastic membranes/balloons

Study Year Hyperelastic strain energy Formulation methods/  Solution Analysis
density model Experiments methods
Goncalves 2009 Neo-Hookean, Mooney-Rivlin, Lagrange function, Galerkin Nonlinear dynamics of
et al. [149] Yeoh, Arruda—Boyce, and Halmilton’s principle method, hyperelastic circular
Ogden models Reduced order membranes
models,
Floquet theory
Soares and 2012 Neo-Hookean model Lagrange function Shooting Instability and nonlinear
Goncalves method, oscillation of hyperelastic
[150] Galerkin circular membranes
method
Soares et al. 2020 Neo-Hookean and Mooney— Lagrange function Continuation Nonlinear dynamics of
[151] Rivlin models techniques, hyperelastic spherical shells
Floquet theory
Alibakhshi 2020 Gent-Gent model Euler-Lagrange energy Time Chaotic motion of
and Heidari method integration- hyperelastic balloons
[59] based solver
Ilssar and 2020 Mooney—Rivlin model Reduced order model Finite-element Deflation and inflation of
Gat [153] simulations, fluid filled hyperelastic
semi-analytical balloons
model
Dong et al. 2016 Yeoh model Generic lumped Finite element Nonlinear dynamics of
[19] parameter model, software, hyperelastic membrane
Experimental analytical energy harvesters
analysis solutions
Verron et al. 1999 Mooney—Rivlin model Conservation of sixth-order Nonlinear inflation behaviour

[154]

momentum equation

Runge—Kutta

of spherical hyperelastic

method membranes
Li et al. 2018 Gent model Principle of virtual Analytical Nonlinear vibrations of
[155] work solution dielectric hyperelastic
Theory of dielectric membranes
elastomers
Chaudhuri 2014 Mooney—Rivlin model Perturbation dynamics Iterative Ritz Wrinkling in inflated circular
and Lagrange function method hyperelastic membranes
DasGupta
[156]
structures largely deform when subjected to external Acknowledgements The HDR scholarship support through

loads, the importance of using appropriate nonlinear
large-deformation modelling is undeniable.

In summary, by analysing more than 150 research
works related to this field from basic analysis to
specified simulations, it can be seen that although
there have been several studies on each subject of
hyperelastic structure behaviour, the field is under-
researched and requires further investigations to
model and analyse hyperelastic structures.
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