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ARTICLE INFO ABSTRACT

Keywords: » This work deals with the characterization of a hyperelastic material and the subsequent

?gper?agncnty validation in different stressed states. The well-known three-parameter Mooney-Rivlin
analysis

model is chosen for the sake of simplicity. In order to obtain the mechanical properties
of this material, a specimen is tested using tensile forces. Once the tests are performed,
the material constants are determined using a genetic algorithm to fit the experimental
curve. An accurate fitness function is defined and the procedure to obtain the generations
is described. Finally, with the aim to model and validate the results in a more complex
setting, physical tests are performed in combination with numerical studies and FEM sim-
ulations.
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Genetic algorithms
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1. Introduction

Hyperelastic constitutive laws are used to model materials that respond elastically when subjected to very large strains.
They account both for nonlinear material behaviour and large shape changes. The main applications of the theory are to
model the rubbery behaviour of a polymeric material, and to model polymeric foams that can be subjected to large re-
versible shape changes (e.g. a sponge).

Even if this kind of materials is widely used in industry, the difficulties to obtain an accurate mathematical characteriza-
tion limit the possibilities to generate feasible numerical models that predict their behaviour. As a consequence, the virtual
Finite Element (FE) models using hyperelastic materials are in some cases unable to reach accurate results. Even if nowa-
days there exist a good number of models (see, e.g., [1,2,5,7,8,17-19,21]), theirs material constants usually are not simple
to be obtained. The simple test performed in order to find the material data is a uniaxial tensile test [24]. Once the test is
carried out, the obtained results are fitted by a three-parameter Mooney-Rivlin model [16,23] using a fully incompressible
assumption for the material [1,15]. The first challenge in this work is to get an accurate model characterization for a complex
material using only simple tests on a specimen. Once the characterization is obtained, it will be used in a FE code in order
to solve a more complex problem involving different stress states.

In order to solve characterization problems, several different methods are available to find the value of parameters in
hyperelastic models. Most of authors use least square fitting methods [13], very often based on iterative processes which
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require an initial data to initialize the method and also differentiation of the objective function. In our case, we use Genetic
Algorithms (GA) to perform the searching of parameters in order to characterize the material. This technique does not
require differentiation and, although there are other available and more sophisticated methods which do not require it [26],
GA are methods oriented to global optimization and are less sensitive to initialization as other techniques. Moreover, using
GA we do not need to provide an initial data for the parameters to run the algorithm, although a parametric domain must
be defined. Finally, using this method we are able to include multi-objective optimization if needed (for example in order
to use different tests for the characterization) in a very simple way.

Genetic Algorithms represent a highly efficient search procedure for the determination of global extrema of multivariable
functions, imitating the patterns of genetic reproduction in living organisms. They were first introduced by Goldberg [10] and
Holland [11] and differ from conventional search algorithms in the following aspects: (1) they do not work directly with
the parameter set; rather, they manipulate strings of characters representing the parameters themselves, (2) they consider
many points in the search space simultaneously, (3) they use random choice to guide their search, and (4) they require no
derivative information. During the last twenty years, a large number of papers have been published dealing with problems
solved with this type of algorithms (see, e.g., [6,9,12,14,20,22,25,27,29] and the numerous references cited therein). They
work by successive modifications of a collection (often referred to as population) of parameter combinations in the search
space, using a binary coded representation termed chromosome. The initial set of chromosomes evolves through a number of
operators which will be detailed in the next sections, so that subsequent generations produce more and more chromosomes
in the neighbourhood of the optimum, defined through a given figure of merit, or fitness, which should be previously stated.

In this work, in order to obtain the constitutive parameters of the Mooney-Rivlin model, a genetic algorithm is used to
find theirs suitable values and the better fitness as possible with the material model. Once this is fitted and the hyperelastic
behaviour is reproduced, new different tests are performed, based on the characterization done, and a more complex FE
model is built. The new problem involves stresses in several directions (not only uniaxial tensile stresses) and the obtained
characterization will be used in a FE code to solve a large deformation problem.

The paper is outlined as follows. In Section 2, the classical three-parameter Mooney-Rivlin model is presented. Then, in
Section 3 the genetic algorithm implemented for the calculation of these parameters is described, providing details concern-
ing the population initiation, the genetic codification, the selection operators and the fitness evaluation. The results obtained
with this algorithm are shown in Section 4, including a basic example to show the accuracy with a known solution and a
real case. Finally, the data obtained with the second example are used in Section 5 for the simulation of the deformation of
a rubber plate under extensional forces.

2. The Mooney-Rivlin model

In the classical linear elasticity theory used to model metallic behaviour at small strains, the constitutive relation between
stress and strain remains linear. This assumption could be right when talking about metals suffering from stresses under
their yield stress but, when talking about rubbers, foams or, for example, biological tissues, the relationship between stress
and strain takes a more complex form. In the case of elastomers, strong non-linearities are observed in their stress-strain
curve. Hence, the classical elasticity theory is not fulfilled by such materials and a different way to model their behaviour
must be used.

In this framework, the strain energy density function is defined in order to model the hyperelastic behaviour. This func-
tion is understood as the area below the stress-strain curve, plotted in Fig. 1 as the red line, and so the shaded zone
represents it.

The aim of a hyperelastic model is to obtain a formula which reproduces the strain energy density function, and after
this, the constitutive law can be obtained for each elastomer material by using the large deformation elasticity theory. The
definition of the strain energy density function, also called elastic potential, is given as a function of the invariants of the
right Cauchy tensor.

There exist a large number of hyperelastic models (see, for instance, [1]) which can be used with different number of
material constants, depending on how it is interesting to take into account the invariants of the Cauchy tensor, and the
quantity and quality of the data obtained from the material to be modelled.

In this work we deal with the Mooney-Rivlin models (see, e.g., [1]), because they are one of the most widely used
hyperelastic models, especially to model rubbers. Among all available Mooney-Rivlin models, the three-parameter model is
the chosen one because it is a simple model which takes into account the two first invariants of the Cauchy tensor and also
their product. Although models with more constants could be used, the resulting data are probably not enough to obtain a
good quality of the solution.

The hyperelastic equation used to fit the obtained data must be defined according to the FE software which will be used
(ANSYS). In this way, the strain energy density function is defined exactly as detailed in ANSYS user’s manual and so, once
the parameters are obtained, they can be used immediately in the software. It has the following form:

- - - - 1
W =Co(lh =3)+Coi(b=3)+Cn(l; =3)( —3) + a(]— 1)?,

where W denotes the strain energy density function, Cyg, Co; and Cy; are the constants that the algorithm must approximate
and d is the compressibility parameter. In this case, since the material is assumed incompressible, this term is neglected.
Finally, I; and I, are the first two invariants of the right Cauchy-Green deformation tensor defined by Bonet [4].
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Fig. 1. Strain energy density function.

Hence, taking into account all the features previously commented and, as the starting point, the data obtained from a
rubber specimen in physical tests, our objective is to find the set of Mooney-Rivlin parameters that better fits the real data.
In order to obtain the suitable values for the parameters, a fitness process applying a genetic algorithm will be implemented
using Matlab code.

3. The genetic algorithm

The search of the suitable parameters for the Mooney-Rivlin model, in order to reproduce the behaviour of a given
specimen, is the most important feature in this work. In order to obtain the better fitness of the curve, a genetic algorithm
will be used.

This algorithm is inspired in the Darwin’s theory based on the evolution of the species. On one hand, according to
this theory, the individuals better fitted to their environment are able to survive and theirs genes could be transferred
to the future generation. On the other hand, the worst-fitted individuals would not survive and theirs genes finally will
be eliminated during the evolution of their specie. Also, during the evolution process, some individuals could suffer the
alteration of theirs genes (mutation), leading to, in this way, very different individuals. The mutation could be an advantage
from the point of view of their survival or not: if their mutation is an advantage, theirs mutated genes will be transferred
to the new generations but, on the contrary, if the mutation is an inconvenience, theirs genes will disappear.

As we commented previously, in order to solve the problem, a set of individuals is evaluated. These individuals are
characterized by theirs values for the constants Cyg, Co; and Cq;. The values of these parameters always belong to one space
called parametric domain, and the algorithm will look for the solution always inside this domain, which must be defined
taking into account the character of the problem. Because of the different values of the Mooney-Rivlin parameters, each
individual reaches different fitness level with respect to the given test data.

Therefore, the individuals whose values for Mooney-Rivlin constants imply better fitness are selected to transfer theirs
genes to a subsequent generation. In this way, the genes of the individuals of the new generation are a combination of
the genes of the selected individuals in previous generations. Consequently, better genes will be transferred to the new
generations while the worst genes will be eliminated by the selection process. Moreover, during the evolution process, some
mutations in the genes could occur and, if this mutation is an advantage, the individuals are selected to transfer theirs genes
to the next generation in their offspring.

Finally, during a specific number of generations, the population will have evolved and the individuals of the last gener-
ation will be, in general, better fitted than the ones of the first generation. Due to this fact, theirs values for the Mooney-
Rivlin constants are more suitable to model the behaviour of the rubber. After enough generations, the algorithm should
converge and the values for the fitness shall not be increased. At this point, the values for the parameters are almost the
same for each individual in the same generation and the fitness process can be considered as finished.

3.1. Population initialization
The first step to implement a genetic algorithm is to define the first generation. In general, this algorithm will create

the generations by using crossover and mutation operations based on the previous generations. In the case of the first
generation, since there are not predecessors to obtain the population, one initialization phase must be carried out.
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Fig. 3. Genetic codification of the problem.

The initialization phase is a very important step and, depending on it, the algorithm could reach or not convergence. As
we commented previously, the algorithm works in a parametric domain, and each one of the coefficients could take different
values between a maximum and a minimum value, which represent the boundaries of the parametric domain.

In order to define an optimal way to initialize the population, a Latin Hypercube Sampling (LHS) method is used (see,
for instance, [28]). This method is applied to generate a semi-random sample in a parametric domain in such a way that
two individuals will not share input parameters with the same values. Indeed, the sampling of the parametric domain is
optimized to generate a population whose parameter values are spread on the given domain and the individuals fill in an
optimal way the domain.

As an example, in Fig. 2 a representation of the operation of the LHS algorithm is shown. In this case, the figure shows
the algorithm working in a two-dimensional parametric space and so, the sampling method is often called Latin Square but,
in its generalization to a multidimensional parametric domain, the method gets its name, that is, Latin Hypercube.

3.2. Genetic codification

As when talking in biological terms, all individuals possess a different set of genes which codifies the properties of the
individuals. In the studied case, the properties are the Mooney-Rivlin parameters and, as a consequence of the values of
these parameters, the individual has more or less possibilities to survive the selection process.

The power of this method resides in the fact that all the evolution process is carried out with a codification of the
problem, not with the original one. Thus, it is very important to employ a suitable codification of these problems, in the
way that genes of the individuals are related to theirs corresponding Mooney-Rivlin parameters, leading to the fact that
the crossover and mutation operators, which will be described later, work over the genes, not over the Mooney-Rivlin
parameters.

According to the previous comments, each one of the individuals is characterized by three sets of genes, called chro-
mosomes. These three chromosomes correspond to each one of the three Mooney-Rivlin parameters and so, between each
chromosome and its corresponding Mooney-Rivlin parameter, a mapping function is defined. In biological terms, the set of
genes could be called genotype and the corresponding value for the parameter called phenotype. Now, it is necessary to find
a proper codification for each chromosome using several genes and defining their value.

In this case, each chromosome has 16 genes in a row and it is codified using binary code, with values zero or one. In
Fig. 3, a representation of the codification process is shown. It can be seen how the structure of one chromosome is built
and how, depending on the value of its genes, the value of the corresponding Mooney-Rivlin parameter is obtained as it is
detailed below.
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To obtain the value of the Mooney-Rivlin parameters and vice versa, a mapping has to be defined between both geno-
type and phenotype. Therefore, a relationship is established using the minimum and maximum values for the parameter
and the structure of the chromosomes. In order to gain generality, ¢mqx represents the maximum value of the parameter
(upper boundary of the parametric domain) and ¢,;;, is the minimum value, whereas ¢; denotes the individual value of
the parameter. Also, b is the decimal value of the chromosome binary string and N is the number of genes (bits) for each
chromosome. Thus, the resulting formula is [12]:

¢i = ¢min + %(Qﬁmax - ¢min)~

So, with the previous equation, the mapping between genes strings and Mooney-Rivlin values can be carried out and
the codification for the problem is complete. This fact will allow to use a codification of the problem and no the original
problem in evolution operators. Thus, all the mutations and crossovers are defined over the codified problem.

3.3. Selection operator

With the aim to create new individuals, the individuals with better fitness in the current generation must be selected to
transfer theirs genes to the next generations. This is a key process and it allows to select the suitable genes and to eliminate
the worst ones. There are many different ways to carry out the selection process but, in this work, two methods are used
at the same time. In both methods, the predecessors and the offspring in the same generation could be selected. Therefore,
if one individual has better fitness than its offspring, then it is possible that such individual could be selected but not its
offspring.

The first method used to select individuals in one generation is the so-called tournament selection. With this method,
all the individuals in the current generation are ranked depending on their fitness and then, the first three individuals are
selected to transfer theirs genes to their offspring.

Then, in order to add randomly to the algorithm, a Stochastic Universal Sampling (SUS) method (see, e.g., [3]) is used
to select four more candidates. Thus, the individuals are selected from the population according to their fitness. Hence, all
individuals could be selected but it is more probable to select best-fitted individuals.

In Fig. 4 an example of the SUS method is shown. The colour bars in the figure represent the fitness of different indi-
viduals. According to the total fitness of the generation, and depending on the number of individuals selected, the distance
between pointers is able to be computed. The first pointer is randomly initialized at any point in such a way that the
remaining pointer positions are known, and the selection could be carried out.

During the selection process, the same individual can not be selected twice and, in the case two pointers select the same
individual, this individual is selected and then the pointer is re-initialized in order to select another non-selected individual.

3.4. Crossover operator

Once the selection is carried out, now with the aim to generate new and better individuals, the previously selected
individuals must be recombined to generate an offspring with, in principle, better properties.

There are many possible options to generate new individuals using crossover. During this process, two chromosomes
are recombined using one part from one of the chromosomes and the other part from the other one. The way to combine
theirs genes will make the difference. In this work, three different crossover methods have been proved, being the uniform
crossover the most suitable method attending to their convergence.

In Fig. 5, the three methods are shown: one point crossover and two point crossover are based on determining one or
two crossover points and then, using these points as a reference, recombining the two genes string. However, in the uniform
crossover, each gene is allowed to be from progenitor A or B, taking the decision using a 50% probability. So each gene has
the same probability to be from progenitor A than from progenitor B.

As we noticed previously, in this case the uniform crossover has been finally chosen after comparison with the other two
methods, due to the behaviour in the convergence of the proposed tests (its rate of convergence is slightly better). From the
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Fig. 5. Crossover methods.

two progenitors, other two descendants are created at the same time and the combinations are always complementary.
With this method, new individuals are created from the previous ones inheriting theirs genes.

3.5. Mutation operator

The last operator used to simulate the evolution of the species is the mutation (see [14] for details). As in biology,
the mutation is a phenomenon which implies the alteration of one or several genes in an individual. This is an uncommon
phenomenon and the probability of its occurrence is very low (at the order of 1% or even less). However, this is an important
operator because, thanks to it, some genes are able to take values that, without mutation, would be impossible and, in some
cases, the mutations could be favourable.

With this genetic operator, the parametric domain can be scanned in a better way, reaching points that, only with selec-
tion and crossover, would not be obtained. In this algorithm, mutation is the last operator and any gene of each individual in
the new generation could be mutated. So, the size of the population is slightly variable from one generation to the next one
due to mutations. In this case, each gene is associated to a mutation with probability equals to 1%, and randomly the algo-
rithm decides if this gene mutates or not. If the answer is positive, the mutated individual is generated and the population
is increased with both individuals.

3.6. Fitness evaluation

Finally, the algorithm must evaluate the fitness level of the new generations in order to select the following candidates
whose genes will be recombinated. In this case, it is clear that the fitness function must be related to the error between the
curve created with a set of Mooney-Rivlin parameters and the data obtained with the real test.

In this case, the fitness takes values from 100 to 0 according to the absolute error measured between the generated
curve and the real data. So, if the absolute error is known, the fitness of the individuals is computed using the curve shown
in Fig. 6. In particular, we use the following formula:

100 — 16x if x [0, 5],
F(x) =4 100 .
) — if x>5,
X
where x represents the absolute error and F(x) denotes its corresponding fitness value. This fitness evaluation guarantees
that the domain for the error is infinite and it is a very intuitive way to evaluate the fitness of an individual. So, when the
error of the curve is near to zero, the fitness is near to 100% and vice versa.

4. Results for the genetic algorithm
Once the algorithm is implemented with all the previous considerations, it can be used to fit one experimental curve.

4.1. Simulation of a known solution

In order to test the behaviour of the algorithm, we select one set of constants for the parameters Cyg, Cp; and Cy; with
values 10, 20 and 5 MPa. This parameter set is the solution of the problem and we will try to find this solution employing
our algorithm with the aim to check its performance. Therefore, using these parameters we generate a curve corresponding
to a uniaxial tensile test until a 300% strain level. Such curve will act as input data to run the genetic algorithm. Once it
fits the curve, it finds a possible solution to the problem - a parameter set near to the proposed one.

The algorithm runs during 50 generations initializing with 40 individuals, the overall of the execution is completed in
83 s of CPU time (and so each generation is obtained in 1.66 s). Finally, after several runs, the same solution is found. The
obtained Mooney-Rivlin parameters are 8.73, 22.5 and 5.078 MPa for Cjg, Cp; and Cyq, respectively, and the mean square
relative error is 0.15%. We note that this solution is therefore close to the known solution established at the beginning of
the section.
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With the aim to show the obtained results, both generated and approximated curves are shown in Fig. 7, where it can be
highlighted that the two curves almost coincide along all the strain domain. So, it can be concluded that, if enough amount
of data is used to fit the curve, the results will converge and they approach correctly the input data.

4.2. Simulation of a real case

In this second case, the stress-strain curve involves some signal noise due to the instrumentation used in data acquisition,
so the fitness is not able to reach 100%.

The algorithm runs for 100 generations and the population is initialized with 70 individuals in a specific parametric
domain. Two runs are performed depending on the size of the parametric domain. One run is carried out with a bigger
parametric domain and then, based on the results of the first run, the parametric domain is decreased.
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Table 1
Genetic algorithm results.

Mooney-Rivlin parameter  Cjo (MPa) Co1 (MPa)  Cy; (MPa)  Fitness

Candidate 1 -4431296  5.918471 1.868925 62.13495
Candidate 2 —5.940032  7.583124 2.499886 62.760516
Candidate 3 —6.806516 8.554818 2.812467 52.765446
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Fig. 9. Stress-strain curve extended until 100% strain.

During several runs, the algorithm converges in a recursive way to three solutions. These solutions characterize the same
curve with three different sets of Mooney-Rivlin parameters but, in the domain of the strain where the rubber is tested
(under 30% strain), the three curves are similar. The obtained results using the algorithm are shown in Table 1.

In order to show in a graphic way the behaviour of the three candidates, Fig. 8 is built, where the engineering stress-
strain curves generated by each of the found solutions are plotted. Moreover, a cloud of points representing the real be-
haviour is shown. Such data are obtained from real tests performed using load and displacement sensors to extract the real
response of the test specimen. In spite of signal noise due to sensors, using the proposed genetic algorithm we can solve



J.R. Ferndndez et al./Applied Mathematics and Computation 329 (2018) 239-250 247

Fig. 10. Mesh of the model used for the FE analyses.
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Fig. 11. Boundary conditions for the FE model.

the minimization error problem taking into account such possible dispersion and so, we can use data directly from output
of sensors.

As shown in the figure, the three candidates imply a good fitness level taking as a reference the real test data. According
to these results, we can conclude that the three candidates could be a good choice to reproduce the behaviour of the rubber.

It is important to highlight the fact that, in the tensile strain, because of the available resources, the strain only reaches
30%. Then, the algorithm takes only into account the available data and, although the three candidates have a similar be-
haviour in the domain used in the test, it is possible that, at higher strain levels, the behaviour differs clearly among them
as shown in Fig. 9. So, if higher strains were reached in real tests, maybe some of these candidates would not be selected
by the algorithm.

5. FE analyses

Finally, in order to prove the utility of the fitting, the obtained parameters will be used in a FE model with the commer-
cial code ANSYS. The algorithm was originally thought to obtain the Mooney-Rivlin parameters according to the definition
given by ANSYS for the elastic potential. Hence, the obtained values may be introduced directly in the software. The simu-
lated problem consists in a rubber plate 2 mm thick with a hole at the center. The plate will be a square with 160 mm. The
mesh is composed by 3020 quadrilateral linear elements and 3140 nodes, see Fig. 10.
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This geometry is submitted to a more complex load state in order to prove the effectiveness of the computed coefficients.
All three candidates will be used and the results will be compared for the three cases. As boundary conditions, the hori-
zontal boundaries are constrained in the Y-direction, meanwhile, in the vertical ones, a horizontal displacement of 15 mm
is enforced (see Fig. 11).

The three candidates will be tested with exactly the same mesh and boundary conditions, in order to compare the
corresponding responses generated for each one of the parameter sets obtained with the Mooney-Rivlin model. In all three
analyses, the material is assumed as fully incompressible.

Then, the problem is solved now using ANSYS software and the obtained results are post-processed. In this case, there
are some results that could be interesting to study and to compare for each of the candidates. The first result is the force
needed to produce the 15 mm fixed displacement in each specimen. In Fig. 12, a comparative curve of this force in each
case is shown. As can be seen, near to the zero displacement, the results are very similar. This is because of, as previously
commented, the test data used to fit the curve reaches only 30% strain. The same feature shown in Fig. 9 is observed
and, when the model works close to the zero displacement, in the domain where test data were taken, the three models
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Fig. 14. Y principal stress vs. displacement for the three candidates.

produce similar results. On the contrary, if a large deformation takes place, where the test data do not give any information,
the three models diverge. So, in order to use the algorithm to obtain data for FE simulations, it is important to test the
rubber according to the strain domain where it will be simulated.

In addition to the reaction forces, also the stress is evaluated in each of these models. The stress is evaluated at the
node highlighted in Fig. 11 in X— and Y-directions. Thus, in Figs. 13 and 14 the stresses at such point are shown for each
candidate found by the algorithm.

6. Conclusion

This study shows the possibility to use genetic algorithms to fit experimental data, in order to obtain the necessary pa-
rameters to model hyperelastic materials in a FE software. During the study, a functional genetic algorithm was designed
to fit Mooney-Rivlin parameters according to real data. This kind of algorithms has the main advantage that no differen-
tiation is needed in order to establish a searching direction as to Newton methods, and so the fitness function could be
non-differentiable. In addition, the use of genetic algorithms allows us to include in a very simple way test data with noise
and even to extend the algorithm to use data from several tests (uniaxial, biaxial, shear) if available. Indeed, it is possi-
ble to think about the possibility to perform multi-objective optimization and to characterize materials with more complex
behaviour including effects as nonlinear viscoelasticity or creep.

Finally, once the curve fitting is solved several times by the algorithm, three possible candidates are computed. The
difference between these models is negligible in the domain of the test data but, far from this domain, the three models
begin to diverge. The three candidates are also tested in a FE model using a more complex load case. In view of the results
obtained using this FE model, the same conclusion could be taken. As a final conclusion, it is important to point out that
the genetic algorithm is able to fit a Mooney-Rivlin model and to generate useful parameters which could be included into
a FE model, but the test data used to compute the material parameters must be obtained from the strain level where the
real component is considered.
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