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a b s t r a c t

This research paper contributes to the model-free characterisation of elastic and inelastic materials.
The introduced material description is based on neural networks for the constitutive stress-
strain-relationship and is an alternative to a classical constitutive material description. This approach
is an efficient method to represent the material behaviour numerically. The performance of the novel
model-free formulation is exemplary shown for uncured natural rubber. One major advantage of the
presented approach is the capability to use it for the representation of a wide range of materials.
The novel model-free characterisation consists of a neural network that is coupled to the so-called

micro-sphere approach. This formulation was developed for the characterisation of rubber like materials
and takes the micro-structure of the material into account. As a benefit of this coupling, the neural net-
works, representing the stress-stretch-dependency, have to be exploited analysed only in onedimen-
sional direction. In the first instance, the derivation is introduced for an Artificial Neural Network to
yield a pure elastic description. Subsequently, the model-free approach is expanded in order to represent
inelastic material behaviour as well. This extended formulation is obtained via a Recurrent Neural
Network.
Finally, uncured natural rubber material is described by the derived numerical approach. The model-

free characterisation is validated by the finite element simulation of material tests. A complex forming
of a rubber block into a mould is basis for a final validation of the model-free description.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

For the development of a classical material description, several
steps are required. Firstly, extensive tests of the material to be
modelled are conducted. Subsequently, an appropriate rheology,
that captures the behaviour has to be chosen. Based on the rheol-
ogy, stress and material tensors have to be derived out of the con-
stitutive equations. Finally, the material parameters have to be
identified and the material characterisation is verified and vali-
dated. This stepwise procedure consists of two approximations of
the material behaviour. The first approximation is made while
choosing the rheology and the accompanying constitutive equa-
tions. The second approximation is carried out by the parameter
identification for the material model.

The major advantages of a model-free approach are numerical
efficiency, reduction of the number of approximations to one and
generality to use this principal numerical formulation for different
materials without changing it. The model-free approach directly

maps the strain to the stress without construction of complex con-
stitutive descriptions. No internal, local iteration is executed, like it
is performed for classical inelastic material models to determine
internal variables. Therefore, the model-free approach yields the
total stresses in dependency on the strain, which leads to an enor-
mous reduction of computational cost. Inelastic phenomena are
included in the presented model-free characterisation. While using
the model-free formulation, it is not required to develop a rheolog-
ical model. Here, material test results are used to identify the
parameters of the numerical formulation, to reduce the description
only to one approximation. Additionally, this model-free formula-
tion can be used for a wide range of different materials.

Commonly, the model-free material characterisation is based
on Artificial Neural Networks (see [1] or [2]). For the development
of the ANN, the human brain serves as a template as it consists of
neurons which are connected to each other via synaptic links. ANN
are adaptive and, therefore, are able to train and to map different
functional dependencies. The advantage of the ANN is that it reli-
ably approximates very complex and highly nonlinear data. Due
to their performance and their capabilities, it is possible to use
the ANN within a finite element simulation as a model-free
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material characterisation. In [3,4], the ANN is used to map strains
onto stresses. This mapping is introduced for small strain theory.
For the mapping of inelastic material behaviour in [3,5–7], differ-
ent approaches are presented. All these formulations use the
ANN for the model-free material characterisation. In order to yield
a path dependent material description, networks are introduced,
that have a nested architecture or define output parameters of
the ANN in the previous time step as an input parameter of the cur-
rent time step. In this publication, Recurrent Neural Networks are
used for the inelastic case instead of the ANN. The RNN has a sim-
ilar architecture like the ANN but it contains additionally so-called
context neurons. The context neurons are updated in each time
step and the updated information is stored until the next time step.
This procedure leads to a delay in information flow in the network
within the time step and, therefore, to a path dependent behaviour
of the RNN. In [8–10], the RNN is used in order to model inelastic
material behaviour instead of using a constitutive model. The men-
tioned model-free approaches are developed for small strain. An
extension to finite strain theory is presented in [11]. The disadvan-
tage of the mentioned approaches is the fact, that the use of the
RNN beyond the range of training data is not permissible. In order
to capture all relationships between the entries of the strain and
the stress tensor, material tests which consider different states of
loading are required for the training. The consideration of only
few standardised (uniaxial, equibiaxial or shear) material tests is
insufficient for the training, but material tests which capture a
combination of these tests have to be developed. This yields expen-
sive and time dependent material test procedures.

In order to reduce the number and the complexity of the
required material tests, a novel approach is introduced in this
paper. Here, the RNN is coupled to the micro-sphere framework
(see [12]). The micro-sphere description is developed for modelling
of rubber like materials and takes the micro-structure of the mate-
rial into account. The stresses at the material point are given in a
uniaxial continuous distribution of the orientation in space. For
this approach, the chains are distributed according to the surface
of a sphere. This coupling leads to a onedimensional analysis of
the RNN and, therefore, only uniaxial tensile and compression tests
are required for training and validation. This method leads to an
enormous reduction of expensive material testing and an easier
training of the network. In addition, a finite element simulation,
which is based on the novel model-free material characterisation,
is more stable, because the onedimensional RNN behaves more
smoothly in comparison to an RNN that has to map a threedimen-
sional state of strain.

In the next section, the essential parameters of the material test
procedure are presented. Subsequently, the micro-sphere model as
well as the ANNand RNN are introduced. The derivation of the novel
model-free material characterisation is conducted for pure elastic
material in a first step. Here, the ANN is coupled to the micro-
sphere model. Then, the ANN is replaced by the RNN which enables
a representation of inelastic material behaviour by the model-free
formulation. For the challenging training of the RNN, which is cou-
pled to the micro-sphere framework, three different options are
proposed. A satisfying comparison between the simulated andmea-
sured material tests shows that the numerical implementation of
the programme code and the training of the RNN are carried out
properly. At the end, a complex moulding simulation is developed,
which shows the performance of finite element simulations under
consideration of the novel model-free material representation.

2. Properties of uncured elastomers

The numerical characterisation of material requires fundamen-
tal knowledge about its constitutive behaviour and its determining

properties. This knowledge is obtained by extensive material tests.
Especially, for the representation of uncured elastomers with the
proposed model-free approach, a wide range of material tests has
to be used. In this article, the functionality and the performance
of the model-free approach are shown for an uncured natural rub-
ber compound, which is presented in [13]. Based on the material
tests in [13], the behaviour and the properties of the uncured nat-
ural rubber compound are described in detail.

Within the test procedure, uniaxial and pure shear tests are car-
ried out. Only the uniaxial material test results are considered for
the determination of the unknown parameters of the model-free
formulation. The pure shear test is used in order to validate the
developed characterisation. Hence, the focus of the material testing
is on uniaxial material tests. For an appropriate experimental char-
acterisation of the uncured rubber compound, tensile tests with
one load cycle until elongation of break (single stage) and cyclic
tensile tests are conducted. The results are shown in Fig. 1(a).

The stretch rate for all tensile tests is _�k ¼ 0:022 s�1. The cyclic ten-
sile tests consist of 5 load cycles. In each load cycle, the maximum
strain is increased by 20%. The stress-stretch-dependencies of the
loading and unloading period are different. The differences are due
to energy dissipation within the rubber material and, hence, the
chosen description has to be able to reproduce inelastic behaviour.

As expected, the single stage tests represent the envelop of the
cyclic experiment, but a small difference between both stress-
stretch-dependencies is seen. Additionally, in Fig. 1(a) two single
stage tensile tests are plotted in order to show, that the uncured
elastomer material is associated with some variation. The overall
difference in between the different tests is less than 10%. In a fur-
ther step, these uncertainties may be taken into account (compare
[14]). In here, uncertainty is neglected. The authors are very well
aware, that it is not possible to capture the uncured rubber beha-
viour identically by the model-free approach. In order to obtain
an approach that represents the uncured rubber behaviour realis-
tically, test results, which represent the major aspects of the
uncured rubber material are used for the identification of the
parameters of the approach.

Additionally, relaxation tests as well as a special setting, which
enables the separation of the total stretch into plastic and vis-
coelastic parts of deformation, are carried out. The relaxation tests
consist of three different load steps (�k ¼ 1:30; �k ¼ 1:60 and
�k ¼ 1:90) and a relaxation time of 900 s after each load step. The
test, which identifies the plastic response, is comparable to the cyc-
lic tensile test. In contrast to the cyclic test, the specimen is sub-
jected to a KIRCHHOFF stress of 0:02 N=mm2 for 300 s after each
unloading period. Within this time, the viscoelastic stretch disap-
pears and only the irreversible part of deformation remains. It
can be stated that for the uncured rubber, a permanent increase
of the irreversible part of deformation is found. Uncured rubber
material is in contrast to brittle materials not characterised by a
yield surface, where the material behaves elasticly until the yield
stress is reached. The ratio between viscoelastic and irreversible
parts of deformation is 65–35% for the investigated uncured com-
pound. In Fig. 1(b), the results of the relaxation and the plastic
response tests are shown.

In addition to the tensile tests, two different kinds of uniaxial
compression tests are conducted with a single stage test until a
compression stretch of �k ¼ 0:25 and, additionally, a cyclic com-
pression test. The cyclic experiment consists of seven load cycles.
In each load cycle, the maximum stretch is changed by
D�k ¼ 0:10. Analogously to the tensile tests, the single stage com-
pression test represents the envelop of the cyclic one (compare
Fig. 2(a)). The pure shear results are used for validation. The pure
shear experiment is a tensile test with a very wide specimen. The
ratio between the initial clamping length and the transverse length
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