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Abstract

Highly deformable adhesive materials are increasingly employed in engineering appli-
cations where flexibility, energy dissipation and damage tolerance are required. The
mechanical characterisation of these materials, however, presents significant challenges
due to their pronounced non-linear behaviour, large deformations, and, in many cases,
time-dependent effects. This paper provides a critical review of experimental, constitutive
and numerical approaches used for the characterisation of highly deformable adhesive
materials, considered here as bulk materials independently of a specific joint configura-
tion. The review covers mechanical testing methods under large strains, hyperelastic and
visco-hyperelastic constitutive models, and the application of fracture mechanics concepts
and numerical techniques as exploratory tools for material analysis and comparison. Par-
ticular attention is given to the capabilities and limitations of the different approaches,
their domains of applicability and the assumptions involved in their use. By highlighting
current practices, open challenges and recent developments, this work aims to support the
selection of appropriate characterisation methodologies and modelling strategies for highly
deformable adhesive materials.

Keywords: highly deformable adhesive materials; mechanical characterisation;
hyperelasticity; visco-hyperelasticity; fracture mechanics; numerical modelling

1. Introduction
Adhesive bonds are increasingly being used in various industrial applications, replac-

ing traditional joining methods and offering new possibilities. Highly deformable adhesive
materials are increasingly employed in engineering applications where flexibility, energy
dissipation and damage tolerance are required; for example, in demanding aerospace,
automotive and construction applications [1–3]. In particular, the automotive industry
is paying considerable attention to the use of flexible adhesive materials in applications
involving engineering. Many properties give these bonds an advantage over other methods,
such as flexibility, the ability to isolate from vibration, a greater ability to transfer forces
between joints as a continuous bond, a reduction in the weight of assemblies and the ability
to join materials of different natures, as well as high sealing capabilities [4].
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Adhesives can be used in a wide range of applications, and we can find very different
characteristics in all the types available on the market. For example, some formulations
exhibit a stiff mechanical behaviour with limited deformability, allowing efficient load
transfer but often showing brittle responses. On the other hand, highly deformable adhesive
materials present ductile behaviour, with enhanced capacity for energy dissipation and
improved resistance to shock and vibration.

Adhesives can be classified according to their mechanical behaviour [5]. A summary
of typical adhesive families and their general performance characteristics is provided
in Table 1. Rigid adhesives include anaerobics, cyanoacrylates and epoxies. Tenacious
adhesives include toughened anaerobics, toughened cyanoacrylates, acrylics, UV-curable
adhesives and toughened epoxies. Flexible adhesives include silicones, polyurethanes and
modified silanes.

Table 1. Types of adhesives according to their performance.

Adhesive Behaviour

Epoxy Thermostable, tensile and shear strength. Low peel strength

Hybrid epoxies They acquire properties from the polymers that are incorporated
into them.

Phenolics Improved high-temperature resistance of epoxies
Polyurethanes Shear and peel strength, based on tensile strength
Cyanocrylates Low peel and impact resistance

Modified acrylics High shear strength

Despite the wide range of potential applications for highly deformable adhesive
materials, their use is still rather limited compared to other bonding systems. In recent
years, several lines of research have been opened to study the mechanical behaviour of
adhesive materials in more detail, with the aim of improving their understanding and
broadening their range of applicability. However, the study of adhesive behaviour is
complex and depends on several factors such as environmental conditions, temperature,
loading history, amount of previous deformation and the type of stress to which the
adhesive is subjected [6]. In addition, the final properties of each adhesive can vary
depending on several parameters related to its processing and application, making it even
more complex.

In this review, the term “adhesive materials” is used to refer specifically to highly
deformable polymeric materials commonly employed in adhesive formulations, consid-
ered here as bulk materials characterised independently of a specific joint configuration.
The scope of the present work is therefore limited to the experimental, constitutive and
numerical characterisation of such materials under large deformations, with the aim of
identifying suitable testing methodologies, modelling strategies and analysis tools. The
behaviour of complete adhesive joints, which is strongly influenced by factors such as
adherend properties, joint geometry, confinement effects, curing conditions and interfacial
phenomena, is outside the scope of this review and is not addressed in detail. Consequently,
the fracture mechanics approaches and numerical techniques discussed herein are pre-
sented as exploratory and comparative tools for material characterisation, rather than as
direct predictors of the mechanical performance or failure of real bonded joints.

This is the motivation behind the line of research in which this work is framed, which
aims to provide a consolidated and critical understanding of the mechanical behaviour of
highly deformable adhesive materials, with particular emphasis on hyperelastic formula-
tions and on the methodologies used for their characterisation and modelling.

These days, the Finite Element Method (FEM) is a standard numerical tool in solid and
structural mechanics in general [7]. Most analyses carried out in engineering practice are
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still based on the solution of static linear problems, where the applied load does not vary as
a function of time and a linear relationship between force and deformation (Hooke’s law) is
assumed, requiring the determination of a limited number of material properties. However,
the modelling of non-linear, time-dependent and strain-rate-dependent behaviour, which
represented a major challenge until a few years ago, has become increasingly feasible
thanks to advances in computing power and numerical algorithms. As a result, FEM is
now widely used as a support tool for the analysis and interpretation of the mechanical
behaviour of materials exhibiting pronounced non-linearity.

This is particularly relevant for highly deformable adhesive materials, which tend
to exhibit hyperelastic and, in many cases, visco-hyperelastic behaviour. Due to their
mechanical complexity, numerical simulation has become an indispensable complement to
experimental characterisation in the study of these materials.

Considering the growing interest in highly deformable adhesive materials and the
increasing role of numerical simulation in their mechanical analysis, this review aims to
provide a consolidated overview of current approaches used for the characterisation of
adhesive materials with hyperelastic behaviour.

The objective of this work is to identify and critically analyse experimental, constitutive
and numerical techniques currently employed for the characterisation of materials with
non-linear behaviour, with particular emphasis on the mechanical and fracture-related
properties of highly deformable adhesive materials considered as bulk materials.

To achieve this objective, a review of existing methods and previously published
studies by different authors is presented, with the aim of providing a global view of the
current state of the art in the characterisation of highly deformable adhesive materials from
different perspectives.

After an initial literature survey, only a limited number of previous works were found
to be specifically dedicated to the study of hyperelastic adhesive materials exhibiting
viscous effects.

On the other hand, due to the strong similarities between the mechanical behaviour
of highly deformable adhesive materials and elastomers, relevant studies on rubber-like
materials, natural latex, tyre treads and related systems were also considered in this review.

2. Behaviour of Hyperelastic Adhesives
Adhesives with hyperelastic behaviour, mainly derived from polyurethanes, are poly-

meric materials that exhibit elastic and sometimes viscous behaviour [8]. These materials
exhibit rubber-like properties, resulting in high reversible deformations without fracture (in
some cases up to 500% deformation), high damping properties, durability and hysteresis
under cyclic loading. These properties are desirable in various applications, especially
their large non-linear elastic deformation, which is what leads to their classification as
hyperelastic materials [9,10].

The behaviour of this material is complex to study; the deformations do not have a
linear behaviour with respect to the load that generates them, making it difficult to define a
function or expression that is capable of directly relating the stress to the deformation, as is
usual in linear materials [11]. In their stress–strain curve, different sections of Figure 1 are
usually distinguished [12]:

• Small deformations will behave like a classical elastic material, in a linear way.
• Given strain, the curve abandons the hypothesis of small deformations and becomes

non-linear. The slope of the curve flattens out and will be able to deform to a large
extent with little increase in stress.

• Eventually, the slope increases again, and the stress increases rapidly.
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Figure 1. Schematic representation of linear elastic and hyperelastic stress strain behaviour. The
linear response is characterised by a constant slope (E0), whereas the hyperelastic response exhibits a
non-linear increase of stress with strain. Arrows indicate the loading and unloading paths.

Adhesives with this hyperelastic behaviour do not behave as such over the entire
deformation spectrum; only after a certain degree of deformation, which is different for each
adhesive, do they begin to change from a linear to a non-linear state. The determination of
this transition point will be of great interest when characterising their behaviour. On the one
hand, hyperelastic models describe a behaviour close to that of incompressible materials.

On the other hand, some of these adhesives can exhibit viscoelastic effects, a com-
bination of pure elastic behaviour together with the influence of viscosity [13]. These
materials can undergo significant softening during the initial loading cycles, after which the
behaviour stabilises and becomes repeatable. This phenomenon is known as the Mullins
effect and will be discussed later in the context of visco-hyperelastic characterisation
(see Figure 2).

Figure 2. Schematic representation of a cyclic stress–strain response illustrating the Mullins effect in
rubber-like materials. Successive loading–unloading cycles exhibit stress softening and a dependence
on the maximum previously applied strain. Arrows indicate the loading and unloading paths:
(a) initial loading, (b) first unloading, (c) reloading up to the previous maximum strain, (d) subsequent
unloading, and (e) loading to a new maximum strain. Points A and B denote intermediate and
maximum strain states reached during the cycles.
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3. Mechanical Characterisation of Highly Deformable Adhesive Materials
3.1. Mechanical Characterisation

The development of what is now a solid knowledge base on the mechanics of hy-
perelastic materials began in the early 1940s, when Mooney, through uniaxial tensile
experiments on soft rubber materials, observed that neither the force–strain relationship
nor the stress–strain response conformed to Hooke’s law [14]. It was therefore concluded
that linear elasticity was inadequate to describe the mechanical response of elastomeric
materials, which led to the formulation of the non-linear theory of elasticity.

Both hyperelasticity and linear elasticity are reversible processes, in the sense that
no permanent deformation is assumed in their constitutive description, and the work
performed during loading is fully recovered upon unloading. The derivation of the
stress–strain relationship for hyperelastic materials is based on a potential function known
as the Helmholtz free energy per unit volume, Ψ [15], also referred to as the strain energy
density or elastic potential. This scalar-valued function relates the strain energy to the
reference volume and, in turn, to the state of deformation. A defining characteristic of
hyperelastic materials is that the strain energy density depends only on the current strain
state and not on the deformation history [16].

Over the years, numerous constitutive models have been proposed to describe the
mechanical behaviour of hyperelastic materials. Depending on the underlying formulation
strategy, these models are commonly classified as either phenomenological or micromechan-
ical. Phenomenological models are derived from experimental observations of rubber-like
materials subjected to different homogeneous deformation modes and rely on fitting math-
ematical expressions to experimental data [17]. These formulations are often expressed in
polynomial form and may be based on strain invariants, principal stretches, or combinations
of both.

Micromechanical models, on the other hand, exploit concepts from statistical me-
chanics to represent the material behaviour at the microscopic level while reproducing
the macroscopic response. It is worth noting that phenomenological models account for a
large proportion of the hyperelastic formulations reported in the literature, particularly in
engineering-oriented material characterisation studies [18].

The formulation of models capable of adequately representing the mechanical re-
sponse of hyperelastic materials over a wide range of deformation modes remains a central
objective in this field. In this context, model performance is often assessed based on its
ability to reproduce experimental data obtained under uniaxial tension, biaxial tension and
pure shear loading conditions [19]. The experimental data reported by Treloar [20] have
long served as a benchmark for evaluating the predictive capabilities of new constitutive
formulations across these loading modes.

Key challenges in hyperelastic material modelling include balancing predictive capabil-
ity with model complexity, particularly with respect to the number of material parameters
required. Many models can provide accurate representations under a single loading mode,
such as uniaxial tension, but perform poorly when extrapolated to other deformation states.
Conversely, more complex models may require a large number of parameters that are
difficult to identify experimentally and involve significant testing effort. From a practical
characterisation perspective, the selection of a constitutive model is therefore guided by
several factors, including the strain range of interest, the quality and availability of experi-
mental data, the ease of parameter identification and the intended use of the model within
a broader characterisation framework.
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3.2. Experimental Trials

In general, two factors are commonly considered when defining the practical scope
of a hyperelastic constitutive model. The first is the ability of the model to adequately
reproduce experimental data obtained under different deformation modes, such as uniaxial
tension, equibiaxial tension and pure shear. The second factor is the number of material
parameters required by the model, since an increasing number of parameters generally
implies a greater experimental effort for parameter identification and calibration.

Several experimental tests are therefore required to define the input data used for
hyperelastic model calibration. In practice, the most reliable identification of hyperelastic
parameters is often achieved by combining experimental data from different deformation
modes [21] rather than relying on a single test configuration.

The most commonly employed experimental tests for hyperelastic material characteri-
sation are summarised below.

3.2.1. Uniaxial Stress

Uniaxial tensile testing is one of the most widely used experimental methods for
characterising materials with hyperelastic behaviour. To ensure a predominantly uniaxial
strain state, the specimen geometry should exhibit a length that is large compared to its
width and thickness, allowing deformation to occur with minimal lateral constraint and
thinning [22,23]. For large deformations, the principal stretches can be expressed as

λ2 =
L
L0

; λ1 = λ3 =
1√
λ

(1)

and the corresponding principal stresses as

σ2 = σ =
P

A0
; σ3 = σ1 = 0 (2)

Experimental studies indicate that the specimen length should be at least ten times
greater than its width and thickness in order to minimise end effects [23]. As the objective
of this test is material characterisation rather than specimen failure, the use of dog-bone-
shaped specimens is not strictly required, although such geometries are commonly adopted
to reduce stress concentrations near the grips. According to ISO 37:2005 [24], the most
frequently used specimen geometry is shown in Figure 3.

Figure 3. Uniaxial tension test specimen.

In accordance with standard recommendations, strain should be measured in the
central, narrow region of the specimen, where a nearly homogeneous tensile state develops.
This typically requires the use of non-contact measurement techniques, such as digital
image correlation (DIC) or laser extensometry [25,26].

3.2.2. Pure Shear

Although the pure shear test may resemble a simple tensile test at first glance, its
primary objective is to establish a planar stress state within the specimen. Achieving
this condition requires careful selection of specimen geometry, as discussed in [23,27–30].

https://doi.org/10.3390/adhesives2010006
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Typically, the specimen width is chosen to be much larger than the dimension along the
loading direction, while maintaining a relatively small thickness.

This configuration constrains lateral deformation, so that most of the specimen
thinning occurs in the thickness direction, thereby promoting a pure shear state in the
central region.

The principal stretches for this deformation mode are given by

λ1 = λ =
L
L0

; λ2 = 1 ; λ3 =
1
λ

(3)

and the corresponding principal stresses as

σ1 = σ; σ2 = 0 ; σ3 = 0 (4)

The pure shear configuration shown in Figure 4 is one of the most commonly adopted
geometries for planar stress testing.

Figure 4. Planar shear test specimen and test configuration. The upper clamp is fixed and a vertical
displacement is imposed on the lower clamp. The corresponding reaction force F is recorded. Arrows
indicate the loading direction and reaction forces.

For incompressible materials, a state of pure shear develops in the specimen at an
angle of approximately 45◦ with respect to the loading direction. As in the uniaxial
case, non-contact strain measurement techniques are recommended to accurately capture
deformation in the central region of the specimen.

3.2.3. Biaxial Tension

For incompressible or nearly incompressible materials, equibiaxial tension provides
a deformation state that is equivalent, from a kinematic standpoint, to compression. Di-
rect compression testing is often experimentally challenging due to friction effects be-
tween the specimen and the loading platens, which restrict lateral expansion. Although
equibiaxial testing is more complex to implement, it allows more uniform deformation
states to be achieved and can therefore improve the accuracy of material parameter
identification [23,31,32].
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Equibiaxial deformation is typically achieved by radially stretching a circular specimen,
as illustrated in Figure 5. In this configuration, the specimen is subjected simultaneously to
two identical principal stresses.

 

Figure 5. Cruciform specimen geometry and equibiaxial tension test rig. The specimen is clamped
along its four arms and subjected to imposed displacement in two orthogonal directions, generating
an equibiaxial tensile stress state in the central region. The arrows indicate the loading directions and
the corresponding applied forces F.

The principal stretches and stresses for equibiaxial tension are given by

λ1 = λ2 = λ =
L
L0

; λ3 =
1√
λ

(5)

σ1 = σ2 = σ ; σ3 = 0 (6)

As in the previous tests, non-contact measurement techniques are required to ensure
accurate strain measurement in the central region of the specimen.

3.3. Hyperelastic Models

As numerical simulations are increasingly becoming an integral part of the mechanical
analysis and interpretation of material behaviour, engineers are constantly faced with
the challenge of choosing an appropriate hyperelastic constitutive model, as this choice
strongly influences the quality and reliability of numerical results. Rather than seeking a
universally “best” model, it is therefore useful to analyse how the different hyperelastic
formulations reviewed in this study perform in representing experimental data, as well as
to identify their respective differences, overlaps and domains of applicability.

There is no single, well-defined methodology for classifying hyperelastic models. Dif-
ferent criteria have been proposed in the literature, depending on the intended application
and the type of experimental data considered. For instance, Marckmann and Verron [19]
ranked 20 hyperelastic models based on their ability to reproduce classical experimental
data sets reported by Treloar [20] and Kawabata [33], highlighting the strong dependence
of model performance on deformation mode and strain range.
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In the following, attention is focused on hyperelastic models in which a phenomeno-
logical mathematical framework is constructed to characterise the mechanical behaviour
of rubber-like materials, without explicitly accounting for their microscopic or molecular
structure. These approaches do not establish a direct physical link with the underlying de-
formation mechanisms, but instead rely on fitting experimental stress–strain data obtained
under one or more deformation modes. The identified material parameters are then used
to extrapolate the material response to more complex deformation states, an approach that
remains widely adopted in practical material characterisation.

The elastic strain energy per unit volume (W) is dependent on the strain [34]:

W = W(B) (7)

where B is the left Cauchy–Green deformation tensor, defined as B = F·FT and F is the
deformation gradient tensor, given by F = ∂xi/∂Xi. Here, xi and Xi denote the components
of the displacement vector in the deformed and undeformed configurations, respectively.

Using the principal stretches λi, defined as the unit extensions λi = εi + 1, the defor-
mation state can be fully described and the strain energy density function may be expressed
either in terms of the principal stretches:

W = W(λ1, λ2, λ3) (8)

or as a function of the deformation invariants:

W = W(I1, I2, I3) (9)

where the principal stretch is defined as

λ =
L
L0

=
L0+u

L
= 1 +

u
L0

(10)

and the deformation invariants are given by

I1 = (λ1)
2 + (λ2)

2 + (λ3)
2 (11)

I2 = (λ1·λ2)
2 + (λ2·λ3)

2 + (λ3·λ1)
2 (12)

I3 = (λ1·λ2·λ3)
2 (13)

In practice, many highly deformable polymeric materials exhibit an approximately
incompressible behaviour under large strains, which can be expressed by assuming a
constant volume condition, i.e., I3 = 1 [35].

Table 2 provides a comparative overview of the most commonly used hyperelastic
constitutive models reported in the literature, highlighting their main characteristics, advan-
tages and limitations when applied to the characterisation of highly deformable adhesive
materials. While the following subsections focus on a selection of widely adopted phe-
nomenological models, the table also includes additional formulations that are frequently
cited in comparative studies and implemented in commercial numerical codes, in order to
provide a broader and more complete perspective of available modelling approaches.
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Table 2. Comparative overview of hyperelastic constitutive models used for highly deformable
adhesive materials.

Model No. of
Parameters

Typical Strain
Range Key Features Main Advantages Main Limitations Typical Use in Material

Characterisation

Neo-
Hookean 1–2 Small to moderate Linear dependence on

first invariant
Simple, robust, low
data requirement

Poor accuracy at
large strains

Preliminary characterisation,
small-strain regime

Mooney–
Rivlin 2–5 Moderate Dependence on first and

second invariants
Improved flexibility
over Neo-Hookean

Limited accuracy at very
large strains

Moderate-strain
behaviour fitting

Ogden 3–6+ Large
Power-law
representation of
principal stretches

High accuracy for
large deformations

Parameter identification
sensitivity

Large-strain behaviour
analysis

Arruda–
Boyce 2 Large Micro-mechanically

motivated
Physical basis, good
large-strain response

Limited flexibility for
complex behaviour

Rubber-like material
modelling

Gent 2 Large (with
limiting stretch)

Incorporates limiting
chain extensibility

Captures strain
stiffening

Requires accurate limit
stretch identification Highly extensible materials

3.3.1. Polynomial Models

A general class of hyperelastic formulations based on strain invariants was originally
developed by Rivlin, who proposed expressing the strain energy density function in
polynomial form [36]:

W =
N

∑
i+j=1

Cij ·(I1 − 3)i·(I2 − 3)j +
N

∑
k=1

1
dk

(I3 − 1)2k (14)

For materials that can be reasonably considered incompressible, the volumetric contri-
bution vanishes (I3 = 1), and the strain energy function reduces to

W = ∑N
i+j=1 Cij ·(I1 − 3)i·(I2 − 3)j (15)

where N is the polynomial order, Cij are material parameters, and I1 and I2 are the first and
second invariants of the deviatoric deformation.

3.3.2. Mooney–Rivlin Model

The Mooney–Rivlin model represents a particular case of the polynomial formulation.
The classical two-parameter form proposed by Mooney and Rivlin is given by [14,37]

W = C10(I1 − 3) + C01(I2 − 3) (16)

It should be noted that extended versions of the Mooney–Rivlin model including
additional parameters have been proposed to improve fitting accuracy, at the expense of
increased model complexity and parameter identification effort.

3.3.3. Neo-Hookean Model

By retaining only the first term of the Mooney–Rivlin formulation, the Neo-Hookean
model is obtained [9]:

W = C10(I1 − 3) (17)

This is one of the simplest hyperelastic models and can provide an adequate approxi-
mation for relatively small to moderate deformations, although its predictive capability
rapidly deteriorates at larger strain levels.

3.3.4. Yeoh Model

Yeoh [38,39] proposed a hyperelastic model based solely on the first strain invariant,
expressed as

W = C10(I1 − 3) + C20(I1 − 3)2 + C30(I1 − 3)3 (18)

https://doi.org/10.3390/adhesives2010006
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A distinctive feature of this formulation is that the shear modulus varies with strain
while depending only on the first invariant. The Yeoh model was originally developed to
capture stress–strain behaviour under different deformation modes, particularly in cases
where shear deformations play a dominant role, such as in tyre applications.

3.3.5. Ogden Model

The Ogden model, originally formulated in 1972 [40], is a versatile hyperelastic for-
mulation capable of describing the mechanical behaviour of a wide range of rubber-like
materials. The strain energy density function is expressed in terms of the principal stretches
and can be written in several equivalent forms. One commonly adopted expression, re-
ported by Bergström [41], is

W = ∑N
n=1

2µn
a2

n
·
(
λan

1 + λan
2 + λan

3 − 3
)

(19)

where N is the order of the model and µn and αn are material parameters.
As summarised in Table 2, no single hyperelastic model can be considered univer-

sally suitable for the characterisation of highly deformable adhesive materials. Simpler
formulations, such as Neo-Hookean or low-order Mooney–Rivlin models, may provide
acceptable representations at small to moderate strains but fail to capture the pronounced
non-linearity typically observed at large deformations. More flexible models, such as
Ogden-type formulations, offer improved accuracy over extended strain ranges but require
careful parameter identification and high-quality experimental data. Models incorporating
physical constraints, such as Arruda–Boyce or Gent formulations, are particularly relevant
for materials exhibiting strain-stiffening effects, although their applicability may be lim-
ited by assumptions of molecular network behaviour. Consequently, the selection of an
appropriate hyperelastic model should be guided by the intended strain range, available
experimental data and the specific objectives of the material characterisation.

3.4. Visco-Hyperelastic Characterisation of Highly Deformable Adhesive Materials

Highly deformable adhesive materials often exhibit a mechanical response that can-
not be adequately described by purely hyperelastic formulations. In addition to pro-
nounced non-linear elasticity and large deformations, these materials commonly show
time-dependent and history-dependent effects, such as rate sensitivity, hysteresis, stress
relaxation and stress softening [13,41,42]. Recent experimental and numerical studies on
hyperelastic adhesive systems have further highlighted the relevance of visco-hyperelastic
effects under large deformations and elevated temperatures, emphasising the need for
combined modelling and experimental validation approaches [43]. The combined presence
of elastic and viscous mechanisms motivates the use of visco-hyperelastic frameworks for
their mechanical characterisation.

From a material characterisation perspective, visco-hyperelastic approaches aim to
capture the influence of loading history and time-dependent effects on the stress–strain
response, rather than to provide direct predictions of the long-term performance of bonded
joints. These models are therefore primarily used to interpret experimental data, compare
material formulations and identify parameters relevant to the mechanical behaviour of
highly deformable adhesive materials under different loading conditions.

Among the various history-dependent phenomena observed in rubber-like and
highly deformable polymeric materials, the Mullins effect, also referred to as stress
softening [44–51], plays a particularly important role (see Figure 5). This effect is char-
acterised by a reduction in stiffness during subsequent loading cycles following an initial
deformation, leading to a marked dependence of the mechanical response on the maximum
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previously applied strain. The Mullins effect is typically observed under cyclic loading
and is strongly influenced by factors such as strain amplitude, loading rate and material
formulation, as demonstrated in recent experimental investigations on highly deformable
polymer systems [48].

From an experimental point of view, the Mullins [44] effect is commonly identified
through cyclic tensile or shear tests, where successive loading–unloading cycles reveal pro-
gressive changes in the stress–strain response. For highly deformable adhesive materials,
this phenomenon is especially relevant during material characterisation, as it affects the
repeatability of mechanical tests and the identification of constitutive parameters. Conse-
quently, appropriate preconditioning procedures and loading protocols are often required
to obtain consistent and representative material data.

Several constitutive approaches have been proposed in the literature to account for
the Mullins effect within a visco-hyperelastic framework. Among these, pseudo-elastic
formulations have been widely adopted to represent stress softening in filled rubbers,
notably the model introduced by Ogden and Roxburgh [49], which provides a phenomeno-
logical description based on internal damage-like variables. More recent developments
have extended this framework to incorporate additional features such as permanent set
and induced anisotropy, improving its capability to capture complex cyclic responses [51].
These approaches typically introduce internal variables or damage-like parameters that
evolve with deformation history, allowing the stress softening behaviour to be reproduced
in a phenomenological manner. While such models can significantly improve the agree-
ment between experimental data and numerical simulations, their parameters are often
strongly dependent on the chosen loading paths and test conditions, which limits their
direct transferability.

In addition to stress softening, other time-dependent effects such as strain-rate sensitiv-
ity, hysteresis and stress relaxation are frequently observed in highly deformable adhesive
materials [13]. Recent work by Neto et al. has emphasised how creep responses can sig-
nificantly influence the fracture and mechanical performance of adhesive systems under
sustained loading conditions [52]. These phenomena further highlight the importance of
considering visco-hyperelastic behaviour during material characterisation, particularly
when experimental data are obtained under different loading rates or sustained deforma-
tion levels. However, it should be noted that the incorporation of viscous effects inevitably
increases model complexity and the effort required for parameter identification.

Overall, visco-hyperelastic characterisation provides a valuable framework for describ-
ing the complex mechanical behaviour of highly deformable adhesive materials, especially
when cyclic or time-dependent loading conditions are involved. Nevertheless, the applica-
bility of the resulting models should be interpreted with caution and within the context
of material characterisation, as their use for the prediction of the mechanical response of
complete adhesive joints requires additional considerations beyond the scope of this review.

4. Fracture Characterisation Approaches for Highly Deformable
Adhesive Materials

The fracture behaviour of highly deformable adhesive materials presents specific
challenges that distinguish it from classical fracture problems in rigid or brittle solids.
Large deformations, pronounced non-linear elasticity, time-dependent effects and complex
damage mechanisms [53] make the direct application of traditional fracture mechanics
concepts non-trivial. In this context, fracture-related experimental methods and modelling
approaches are primarily employed as tools for material characterisation and comparison,
rather than as direct predictors of crack initiation or failure in real adhesive joints. The
present section reviews the main experimental and numerical approaches reported in the
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literature to investigate fracture phenomena in highly deformable adhesive materials, with
particular emphasis on their capabilities, limitations and underlying assumptions.

Fracture mechanics distinguishes between three failure modes that are fundamental
to crack propagation in solids [54,55], known as Mode I, Mode II and Mode III [56]. These
modes provide a useful framework for classifying loading conditions in fracture tests, even
though their applicability to highly deformable materials may be influenced by large-scale
non-linear deformation and dissipation mechanisms.

Of the three independent failure modes, Mode I is often considered the most critical in
experimental characterisation, as the associated fracture energy is generally lower than that
corresponding to Mode II and Mode III. For this reason, the Mode I and Mode II loading
configurations are most commonly adopted in fracture studies of polymeric adhesive
materials, while Mode III is less frequently investigated.

The test most commonly used to study Mode I fracture behaviour is the Double
Cantilever Beam (DCB) configuration, shown in Figure 6a [57], which allows for the
investigation of crack initiation and propagation under controlled opening conditions.

Figure 6. Schematic representation of fracture test configurations: (a) Mode I Double Cantilever Beam
(DCB), (b) Mode II End-Notched Flexure (ENF), and (c) Mode II Single Lap Joint (SLJ). Arrows denote
the direction of the applied load F, and the supports represent the boundary conditions associated
with each testing setup.

Different test configurations have been proposed in the literature to investigate
Mode II fracture behaviour, such as the Single Lap Joint (SLJ) configuration, shown in
Figure 6c [58–60], and the End-Notched Flexure (ENF) specimen, shown in Figure 6b [61].
The latter is one of the most commonly used tests to obtain Mode II fracture energy in
relatively brittle materials. However, for highly deformable and ductile adhesive materials,
stable crack propagation may not occur in ENF specimens, which limits their applicability.

For this reason, some authors, such as Hasegawa et al. [60], have adopted SLJ-type con-
figurations and evaluated the Mode II fracture response through energy-based parameters,
such as the J-integral, which is discussed below.

In the 1920s, Griffith [62] proposed a crack growth energy criterion based on frac-
ture mechanics theory and the rate of energy release G (20). Since then, numerous ap-
proaches have been developed to determine fracture energy in different classes of ma-
terials. For brittle materials, the compliance-based beam method (CBBM), proposed by
Campilho et al. [63], has been widely adopted. This approach addresses several limitations
of classical methods, such as the Corrected Beam Theory (CBT), Compliance Calibration
Method (CCM) and Direct Beam Theory (DBT), which rely on accurate crack length mea-
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surement and crack tip identification, often supported by digital image processing and
numerical calibration procedures [57,64,65].

G =
P2

2b
dC
da

(20)

In highly deformable adhesive materials, significant plasticity and non-linear de-
formation often develop ahead of the crack tip, which limits the applicability of linear
elastic fracture mechanics concepts. For such materials, elastoplastic fracture mechanics
approaches are commonly employed [55]. In this context, characteristic fracture-related
parameters can be defined either in terms of the accumulated energy in the crack tip re-
gion, through the J-integral, or through kinematic measures such as the crack tip opening
displacement (CTOD) [66].

The J-integral was introduced by Rice [67] to characterise fracture in non-linear elastic
materials. From a physical standpoint, the J-integral represents an energy balance associated
with crack growth and can be interpreted as an effective parameter describing the intensity
of the crack tip field under given loading conditions. In a general form, the J-integral is
defined on any contour Γ surrounding the crack front, as illustrated in Figure 7, and can be
expressed as

J =
∫

τ

[
Wd − T

∂U
∂S

ds
]
= 0 (21)

where x is the axis of propagation, τ is the path of integration around the crack tip, ds is the
differential arc length of τ, T is the traction vector, U is the displacement field and W is the
elastic strain energy density [68].

 

Figure 7. Schematic representation of the integration contour Γ used in the definition of the J-integral
around a crack tip. The arrows indicate the positive direction of contour integration, ds denote the
differential arc length along Γ, n the outward unit normal vector, and X–Y the local coordinate system
centred at point O.

The crack tip opening displacement (CTOD) is a parameter that reflects elastic–plastic
deformation in the vicinity of the crack tip and is defined as the relative opening displace-
ment between the crack faces at the crack tip, as illustrated in Figure 8. CTOD provides an
alternative fracture-related measure, particularly relevant for materials exhibiting signifi-
cant plastic deformation prior to crack growth.
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Figure 8. Schematic representation of crack tip opening displacement (CTOD) within a cohesive
zone framework. The arrows indicate the crack propagation direction (Vc) and the relative opening
displacement at the crack tip. The different shaded regions represent distinct mechanical zones: the
inner dark region corresponds to the glassy zone near the crack tip, the intermediate shaded region to
the viscous dissipation zone, and the outer light region to the rubbery zone. The separation process is
illustrated at the crack tip within the cohesive region.

Wells [66] proposed that crack propagation occurs when the CTOD reaches a criti-
cal value, denoted as CTODc, which is determined experimentally. Under linear elastic
conditions, CTOD can be related to the stress intensity factor as follows.

CTOD =
4
π

·
K2

I
Eσy

(22)

4.1. Fracture in Hyperelastic Materials

As mentioned at various points in this work, the adhesive materials considered exhibit
a hyperelastic mechanical response, similar to that observed in rubber-like materials. Given
the limited number of studies specifically addressing fracture characterisation in highly
deformable adhesive materials, a significant part of the available literature is derived
from research on elastomers and rubber. In this context, a review of fracture charac-
terisation approaches originally developed for rubber-like materials provides valuable
insight into the mechanisms and methodologies that can be adapted for highly deformable
adhesive materials.

A first observation emerging from the literature is that fracture characterisation in
hyperelastic materials is not always based on classical fracture modes (Mode I and Mode II).
In many cases, fracture-related energy parameters are obtained directly from tensile, peel
or tear tests, without explicitly enforcing a predefined fracture mode [53,69].

The fracture behaviour of highly deformable non-linear elastic materials is commonly
analysed using global, energy-based approaches, considering a body containing a stationary
crack of area A. The energy balance can be expressed as

dUin
dA

− dU
dA

=
dUdiss

dA
(23)

where Uin is the input energy (work of external forces), U is the recoverable strain energy,
and Udiss is the dissipated energy.

4.1.1. Tear Energy (Rivlin)

The first attempt to derive a tear criterion for rubber was made by Rivlin and Thomas
in 1953 [70–72], extending Griffith’s energy-based fracture criterion to highly deformable
materials. They introduced the tearing energy T, defined as the irreversible work per unit
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area of crack propagation, and expressed it as a function of the uniform strain energy
density W0 and the crack length a:

T =
dUin
dA

−
dUpot

dA
= k(λ)·W0·a (24)

where k(λ) is a function of the elongation ratio λ.
The two specimen geometries most commonly used for fracture testing of rubber-like

materials are the stress-edge-notched tensile (SENT) specimen, shown in Figure 9a, and
the pure shear (PS) specimen, shown in Figure 9b [73,74]. From a practical standpoint,
SENT specimens are often preferred for material characterisation, as they can be easily
manufactured from sheets and require simpler clamping conditions, whereas PS specimens
typically require thicker edges and specialised fixtures to prevent slippage during testing.

Figure 9. Schematic representation of stress-edge-notched tensile (SENT) (a) and pure shear (PS) (b)
specimens. The arrows indicate the direction of the applied tensile load F and the corresponding
boundary conditions. In the SENT configuration (a), the partial middle line represents the initial
notch from which crack propagation is initiated under tensile loading. In the PS configuration (b),
the central notch defines the crack path, while the supports and loading arrows illustrate the im-
posed displacement-controlled tensile deformation leading to a nominal pure shear state in the
ligament region.

From Equation (24), Rivlin and Thomas derived simplified semi-empirical expressions
for SENT and PS specimens, assuming materials with essentially reversible elasticity.
However, most elastomers and highly deformable adhesive materials exhibit inelastic
behaviour, dissipating energy through mechanisms such as viscous deformation and, in
some cases, stress-induced crystallisation (e.g., natural rubber). As a result, the direct
applicability of these simplified tear energy expressions is limited, and their use should be
restricted to controlled characterisation scenarios [3].

4.1.2. J Integral in Non-Linear Materials

In addition to its use in elastoplastic fracture mechanics, several formulations of the
J-integral have been proposed for materials exhibiting non-linear or hyperelastic behaviour.
Early developments can be traced back to the work of Rivlin and Thomas, who expressed
fracture-related energy parameters in terms of the uniform strain energy density of an
equivalent uncracked specimen subjected to the same deformation level.

A few years later, Rice [75] formalised the J-integral framework to characterise stress
and strain fields near the crack tip in non-linear elastic materials. In the context of hyperelas-
tic materials, the J-integral is commonly interpreted as an effective, energy-based parameter
suitable for comparative fracture characterisation, rather than as a strict material property.
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Using SENT-type specimens, Rivlin and Thomas derived

J = 2k(λ)W0λa (25)

where W0 is the remote energy density function at the crack, a is the crack length
and k(λ) = πλ− 1

2 .
For pure shear specimens, Rivlin (1953) [70] and Rice (1968) [75] proposed

J = W0λh (26)

which was later modified by Andrews [76] as

J = 2k(W0) W0a (27)

Hocine [77,78] introduced a further modification to account for geometrical effects
specific to rubber-like materials by incorporating a function F(a/w):

J = 2k(W0)W0a F
( a

w

)
(28)

Finally, Hocine [79] proposed a formulation of the J-integral for elastoplastic materials
by decomposing it into elastic and plastic contributions:

J = Jel + Jpl = ηel
Uel

B(w − a)
+ ηpl

Upl

B(w − a)
(29)

A critical value JC associated with crack growth can be defined as [80]

Jc = − 1
B

∆Uc

∆a
(30)

where B is the thickness of the specimen, Uc the area under the load curve to failure and a
is the crack length.

Despite the pronounced non-linear and inelastic behaviour of most rubber-like ma-
terials, path independence of the J-integral has been verified in several experimental and
numerical studies, supporting its use as a fracture characterisation parameter under con-
trolled testing conditions [77,81,82].

4.1.3. Energy Limit Model (Volokh)

Volokh [83,84] develops a model for the fracture of hyperelastic materials based on
the strain energy density, which he calls the free energy function. The free energy is the
limit reached in the deformation of the material before it breaks. From this hypothesis, his
formulation is developed as follows:

Ψ(W) = ϕ − ϕexp(−W/ϕ) (31)

In this way, the hyperelastic models, already described for mechanical characterisation,
can also be used to determine the fracture of the material.

The visco-hyperelastic effect is later added to this expression with the expression:

ψ =
ϕ

m

{
Γ

(
1
m

, 0
)
−

(
1
m

,
Wm

ϕm

) }
(32)
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where m is a material constant that controls the sharpness and Γ the upper incomplete
gamma function. From this expression we obtain a limiting value of the failure energy with
the form Γ

ϕ
m

(
1
m , 0

)
.

4.1.4. Crack Growth in Non-Linear Viscous Materials and the C* Integral

An important step towards the description of crack growth in non-linear viscous
materials was the introduction of the C* integral by Landes and Begley (1976) [85]. The C*
integral represents a boundary integral that, under appropriate conditions, is independent
of the integration path, in analogy with the J-integral for non-linear elastic materials.

This framework considers a solid containing a stationary crack subjected to constant
loading, where time-dependent deformation mechanisms such as primary, secondary and
tertiary creep may develop. Bassani and Hawk (1990) [86] described the evolution of creep
zones near the crack tip, highlighting the accumulation of deformation and energy that
may eventually lead to crack growth.

The C* integral is used to characterise the growth of the creep zone ahead of the crack
tip. Its application is primarily intended for the analysis of time-dependent crack tip fields
and for comparative studies of material behaviour, rather than for direct prediction of crack
propagation in complex structural configurations.

Crack propagation is often modelled using idealised interfacial representations, where
separation occurs along a fictitious interface surface Γint. In this context, the C* integral can
be evaluated along inner and outer contours, as illustrated in Figure 10 [87,88]:

C* =
∫

Γ
W·dx2 − Ti

∂ui
∂x1

·ds (33)

where Γ denotes a contour surrounding the crack tip and the remaining terms have their
usual meaning in fracture mechanics.

Figure 10. Schematic representation of an interfacial crack model in a creeping solid. The interface
surface Γint is shown along the crack plane. The inner contour Γin (blue) surrounds the crack tip
region, while the outer contour Γout (red) encloses the global domain. Arrows along the contours
indicate the positive integration direction. The vectors n+

i and n−
i denote the outward unit normals

to the upper and lower crack faces, respectively. The coordinate system (X1, X2) defines the reference
axes used in the formulation.

https://doi.org/10.3390/adhesives2010006

https://doi.org/10.3390/adhesives2010006


Adhesives 2026, 2, 6 19 of 26

Despite the extensive use of fracture mechanics concepts and numerical techniques
in the study of highly deformable adhesive materials, their applicability remains strongly
dependent on test configuration, specimen geometry and loading conditions. Parameters
obtained from fracture tests should therefore be interpreted as effective descriptors for
material characterisation and comparative purposes, rather than as intrinsic properties.
The direct transfer of such parameters to the prediction of crack initiation or failure in
real bonded joints requires additional modelling considerations related to confinement
effects, joint geometry and interfacial phenomena, which are beyond the scope of the
present review.

5. Finite Element Approaches for the Characterisation of Highly
Deformable Adhesive Materials
5.1. Parameter Estimation and Material Adjustments

For mechanical characterisation, finite element programmes provide a valuable sup-
port tool to interpret experimental data and reproduce the mechanical response of hyper-
elastic materials. These programmes often include dedicated algorithms to assist in the
identification of constitutive behaviour [89]. Once a suitable hyperelastic material model
has been selected, such algorithms allow the corresponding material parameters to be
estimated by fitting numerical predictions to experimental data obtained from one or more
of the standard tests described in Section 3.3 [90,91].

Typically, these programmes allow the quality of the fit obtained for different material
models to be compared by superimposing numerical predictions and experimental curves
on the same graph. For example, the graph shown in Figure 11 illustrates the stress–strain
response obtained from a planar test, together with numerical results corresponding to
different hyperelastic formulations (Mooney–Rivlin, Neo-Hookean, first, second and third-
order Ogden, second-order polynomial of experimental data at 50 ◦C).

Figure 11. Example of comparison of hyperelastic constitutive models fitted to the experimental
nominal stress–strain response of SikaFlex®-252 adhesive at 50 ◦C [43]. The inset cuboid represents
the specimen under uniaxial tension; vertical arrows denote the loading direction.
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This comparison between numerical predictions and experimental data supports the
selection of a constitutive model that provides an adequate representation of the observed
material response over the relevant strain range. In the example shown in Figure 11, the
second-order Ogden model provides a balanced fit to the planar test data along the loading
direction considered.

5.2. Numerical Approaches for Fracture Analysis

Finite element methods have also been widely employed to analyse fracture-related
phenomena in highly deformable adhesive materials, primarily as a means to support
material characterisation and to investigate fracture processes under controlled conditions.

Crack growth is commonly associated with the degradation of load-carrying capacity
in materials, and numerical approaches have been extensively explored to analyse crack
propagation scenarios and energy dissipation mechanisms. In the context of the present
review, such approaches are considered as tools for analysing fracture behaviour at the
material level, rather than for predicting the integrity or durability of real bonded joints.

Elastic–plastic fracture mechanics (EPFM) provides a framework to analyse crack
growth in materials exhibiting non-linear elastic behaviour or plastic deformation during
fracture. In this context, fracture assessment is often based on the calculation of the energy
release rate (ERR) [92], which depends on the stress–strain behaviour of the material and can
be estimated through non-linear finite element analysis (FEA) under incremental loading
conditions. Hellen and Blackburn [93] reviewed numerical techniques for evaluating
the ERR within non-linear FEA, classifying them into contour integral methods and the
virtual crack closure technique (VCCT). However, these techniques may exhibit numerical
difficulties when large plastic zones develop or when unloading from creep-dominated
states occurs [94].

5.2.1. Cohesive Zone Model

The cohesive zone model (CZM) represents an alternative numerical approach to
VCCT for simulating fracture processes. It has been extensively employed to reproduce
experimentally observed fracture responses in a wide range of material systems. The
CZM concept was originally proposed by Barenblatt [95] for brittle materials and later
extended by Dugdale [96] to perfectly plastic materials. Needleman [97] introduced traction–
separation relationships in polynomial and exponential form, enabling the numerical
simulation of progressive separation processes.

Following these developments, CZM-based finite element simulations have been
applied to investigate fracture phenomena in various contexts, including plastic zone
development near crack tips, interfacial cracking in bimaterials, delamination in composites
and crack growth in polymers [98]. More recently, cohesive formulations have been
extended to account for time-dependent effects, such as creep, in the fracture analysis of
adhesive joints, allowing a more realistic representation of crack growth under sustained
or long-term loading conditions [99].

Due to its relative simplicity and flexibility, the CZM approach has been widely
adopted as a phenomenological tool to analyse fracture processes and compare different
material formulations, rather than as a predictive model of failure in complex structural
configurations [98–102]. More recently, Xu and Yuan [103] combined CZM with threshold
criteria to investigate mixed-mode I/II crack behaviour within a two-dimensional extended
finite element framework.

Considering that both CTOD-based and CZM-based approaches have been suc-
cessfully used to analyse stable crack growth, several studies have explored possible
links between these methodologies under Mode I loading conditions. For example,
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Li and Siegmund [104] reproduced the evolution of the crack tip opening angle (CTOA)
using CZM and reported good agreement with experimental observations.

5.2.2. Modelling Using XFEM

Conventional fracture modelling techniques generally restrict crack propagation to
predefined element boundaries, which may limit their applicability when the crack path
is not known a priori. This limitation is particularly relevant in the analysis of complex
fracture scenarios.

The extended finite element method (XFEM) overcomes this limitation by allowing
crack initiation and propagation to be modelled independently of the underlying mesh
topology [105,106]. In XFEM, additional enrichment functions are introduced at selected
nodes, enabling discontinuities to be represented without explicit remeshing.

This capability makes XFEM a useful numerical tool for exploring crack propagation
scenarios and assessing the influence of modelling assumptions on fracture responses,
without requiring detailed prior knowledge of the crack path [107].

In addition to XFEM, alternative numerical strategies based on phase-field formu-
lations have been proposed to model crack initiation and propagation in hyperelastic
and highly deformable materials without prescribing the crack path in advance. These
approaches treat fracture as a diffused damage process and have been successfully imple-
mented within commercial finite element platforms such as ABAQUS®, demonstrating
their capability to simulate complex fracture patterns in soft materials [108].

5.2.3. Local and Global Complex-Variable Finite Element Method

Local and global complex-variable finite element methods have been developed to cal-
culate the energy release rate (ERR) in materials undergoing non-linear elastic deformation
under both small and large strain conditions. These approaches evaluate the derivative of
the strain energy with respect to crack length by introducing a virtual crack extension in
the complex-variable domain.

The global complex-variable finite element method (G-ZFEM) [109] represents a gen-
eral sensitivity approach capable of providing accurate ERR estimates independent of
material behaviour and loading conditions. However, the duplication of degrees of free-
dom required by G-ZFEM leads to a significant increase in computational cost.

To improve computational efficiency, local formulations analogous to the J-integral
have been proposed. The local complex-variable finite element method (L-ZFEM) restricts
complex-variable calculations to a limited number of elements surrounding the crack tip,
thereby reducing computational overhead.

Both G-ZFEM and L-ZFEM approaches [110] have been implemented in commer-
cial finite element software and applied to hyperelastic fracture problems using material
models such as Ramberg–Osgood, Neo-Hookean and Mooney–Rivlin formulations. The
resulting energy release rate, commonly referred to as tearing energy in hyperelastic frac-
ture analyses, has been shown to be in good agreement with analytical solutions and
J-integral-based estimates.

While these methods provide powerful tools for fracture analysis and sensitivity
studies at the material level, their application to component-level design requires additional
considerations related to geometry, boundary conditions and material heterogeneity.

6. Conclusions and Future Lines of Action
This paper has presented a critical review of experimental, constitutive and numer-

ical approaches used for the characterisation of highly deformable adhesive materials,
considered as bulk materials independently of specific joint configurations. Particular

https://doi.org/10.3390/adhesives2010006

https://doi.org/10.3390/adhesives2010006


Adhesives 2026, 2, 6 22 of 26

attention has been paid to the challenges associated with large deformations, pronounced
non-linear behaviour, time-dependent effects and fracture phenomena, which distinguish
these materials from conventional rigid or brittle adhesives.

The review highlights that, despite the growing interest in flexible and highly de-
formable adhesive materials, the available literature specifically addressing their mechani-
cal and fracture characterisation remains limited. As a result, many of the methodologies
currently applied to these materials are derived from studies originally developed for
rubber-like materials and elastomers. While this analogy provides valuable insight, it also
introduces limitations that must be carefully considered when interpreting experimental
results and modelling outcomes.

Regarding mechanical characterisation, a wide range of hyperelastic and visco-
hyperelastic constitutive models have been reported in the literature. The analysis con-
ducted in this review shows that no single model can be regarded as universally applicable.
Instead, the suitability of a given formulation strongly depends on factors such as the
strain range of interest, the quality and type of experimental data available, and the
specific objectives of the material characterisation. Comparative approaches, combining
experimental testing with numerical fitting, are therefore essential to identify appropriate
modelling strategies.

In the context of fracture characterisation, it has been shown that classical fracture
mechanics concepts are not always directly applicable to highly deformable adhesive mate-
rials. Energy-based approaches, including tear energy concepts, J-integral formulations and
related parameters, are commonly employed as effective descriptors to analyse fracture
processes under controlled conditions. However, these parameters should be interpreted as
material-specific and configuration-dependent quantities, rather than intrinsic properties,
and their transfer to the prediction of fracture behaviour in real bonded joints requires
additional modelling considerations beyond the scope of this review.

Finite element methods play a central role in supporting the characterisation of highly
deformable adhesive materials, particularly for parameter identification, sensitivity anal-
yses and the interpretation of experimental observations. Approaches such as cohesive
zone modelling, XFEM and complex-variable finite element methods provide powerful
numerical tools to explore fracture scenarios and material responses. Nevertheless, their ap-
plication should be regarded as exploratory and comparative in nature, and their predictive
capabilities are inherently linked to modelling assumptions and test configurations.

Overall, this review provides a consolidated framework for understanding current
practices, limitations and open challenges in the characterisation of highly deformable
adhesive materials. Future research efforts should focus on the development of robust
experimental protocols, the systematic comparison of constitutive and fracture models,
and the clarification of the conditions under which methodologies derived from elastomer
mechanics can be reliably applied to adhesive materials. Such advances will be essential to
improve the consistency, comparability and interpretability of characterisation results for
this class of materials.
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