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A B S T R A C T   

This work focuses on the mechanical characterisation of adhesives with hyperelastic behaviour and on the 
determination of the behavioural laws that best represent it, in order to introduce them in simulation models. 
First, a test plan is carried out on simple specimens: uniaxial and planar configuration. These are designed to 
measure the non-linear behaviour of adhesives in both tensile and pure shear. Unlike the uniaxial specimen, 
which is governed by a test standard (UNE-ISO 37) that defines its geometry, the planar specimen does not have a 
standard that defines its dimensions. Therefore, in this research it is proposed to carry out tests with specimens of 
different width-length sizes to evaluate how these dimensions affect the stress-strain curves. 

For mechanical characterisation, finite element programs provide the tool to evaluate the predicted behaviour 
of a hyperelastic material from the experimental results, displaying in the same graph the degree of approxi-
mation obtained for the results of each test (Dumbbell and planar) with different hyperelastic models, allowing 
us to select the hyperelastic model that best fits the experimental data. 

The Mooney-Rivlin model was found to be the best fitting model and therefore the most appropriate to 
describe the behaviour of hyperelastic adhesives used in this study. To conclude this study, the obtained law was 
validated by comparing the results of tests carried out on single lap joint (SLJ) specimens of different thickness.   

1. Introduction 

In recent years, the use of flexible adhesives for structural bonding 
applications has increased significantly. These adhesives are able to 
withstand large deformations without damage, making them ideal for 
applications where flexibility and strength are required. These bonding 
techniques are increasingly being used in the aerospace, automotive, 
marine and other industries [1–9]. 

In order to ensure the proper functioning of adhesive bonds, it is 
essential to study and optimise the bond. The use of Finite Element 
Models (FEM) can help [10–12]. For FEM modelling, it is essential to 
carry out a precise mechanical characterisation of the material. This 
entails defining and validating the behavioural laws of the adhesive used 
in these joints [9,13,14]. 

The adhesive considered for this research is a one-component poly-
urethane (PUR), the SikaFlex 252. It is used in the manufacture of car 
bodies, vehicles, as well as in the nautical industry, providing a strong 

and flexible bond, presenting a low elastic modulus. It also has good 
resistance to moisture and weathering [15,16]. This type of adhesive 
cures by reaction with moisture to form high performance elastomers. It 
exhibits non-linear elastic behaviour that can be described by 
hyper-elastic material constitutive models [17]. These types of models 
can describe the large deformation levels that these adhesives reach 
before failure. The constitutive models of hyperelastic materials are 
based on complex mathematical expressions based on the theory of large 
deformations [18,19]. In order to define the input requirements of the 
models, various tests may be required to identify the constitutive pa-
rameters of the material [20–26]. 

To improve the model fit of a hyperelastic material, it is advisable to 
follow a number of guidelines [27]. For example, obtaining test data for 
the deformation modes that are likely to occur in the final joint simu-
lation. It is also important to include data from the planar test, which 
measures shear behaviour, and to provide more data on the strain 
magnitudes to which you expect the material to be subjected during the 
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simulation. 
This research focuses on the characterisation of a flexible poly-

urethane adhesive and the adjustment of the model, based on test data 
from dumbbell-shaped (traction) and planar specimens (shear). Since 
there is no standard that establishes the test dimensions for the char-
acterisation of planar specimens, in a first phase, tests of different di-
mensions have been carried out to study the influence of these 
dimensions on the behaviour curves. 

The stress-strain curves for different hyperelastic models were then 
obtained from the tests of the different planar and dumbbell specimen 
geometries. The models that gave a better fit were selected by comparing 
the stress-strain curves obtained with those of the tests. Once the 
hyperelastic models were selected, the geometry of the planar specimen 
was chosen to best fit the behavioural laws of the adhesive. For this 
purpose, simulations of the SLJ specimen with 3 mm of adhesive 
thickness were carried out with the different models considered. 

Once the hyperelastic model has been fitted as described in this 
article, it should be possible to use it to simulate the behaviour of 
different joint configurations. To confirm and validate the chosen ma-
terial model, SLJ joints with different adhesive thicknesses were 
modelled computationally and the results compared with those obtained 
experimentally. 

2. Methodology 

2.1. Tests with planar specimen 

To obtain the constants of the 1st and 2nd order hyperelastic models, 
stress-strain curves in two different loading configurations are required 
[28,29]. Uniaxial tensile test with dumbbell specimens and planar test, 
also known as "pure shear", were chosen. It is highly recommended to 
include the latter test in the characterisation of hyperelastic materials in 
order to take into account the shear behaviour of the material. 

The planar specimens used in this study consist of thin sheets of 
adhesive subjected to tensile stress. As mentioned above, there are no 
standard dimensions for the planar specimen, and for this reason spec-
imens of different dimensions will be tested, in order to compare the 
results obtained and choose the one that leads to the best fit. The 
specimens were fabricated from 200 × 130 mm adhesive sheets of the 
appropriate thickness and then cut to the dimensions given in Table 1 
(Fig. 1). All specimens were cured in a controlled room at 23 ± 3 ◦C and 
50 ± 5 % humidity, following the specifications of adhesive manufac-
turer. However, in order to ensure that the adhesive was fully cured, 
periodic hardness measurements of the adhesive sheets were taken 
(Durotech, Model M202). It was observed that from day 15 onwards 
these measurements remained constant, indicating full curing. Before 
die-cutting the specimens, a visual inspection was carried out to detect 
any internal defects in the adhesive sheets. The inspection method 
consisted of exposing the sheet to an intense beam of light, as described 
in Fig. 2 a), and photographing it to detect air bubbles trapped inside the 
adhesive and samples rejected if necessary (Fig. 2 b). It should be noted 
that no cavitation effects were observed, neither during these material 

characterisation tests, nor in the joint specimen tests described below. In 
any case, the working range of interest for characterization is far from 
the fracture limits, where such an effect could be of greater importance 
[30]. 

Fig. 3 b) shows the clamps used for the test, which are made of 17mm 
thick birch plywood. Two steel plates help to distribute the pressure of 
the connecting bolts. The wood used has a stiffness 18 times greater than 
the adhesive to be tested, and it is verified that the tooling does not 
undergo any appreciable deformation during the test that could influ-
ence the result. In addition, double-sided tape is placed between the 
wood and the adhesive sheet to ensure that the adhesive does not slip 
during the test. 

Tests on the planar specimens were performed using a universal 
testing machine equipped with a 20 kN load cell (Microtest) at a 
controlled displacement rate of 150 mm/min. This speed is somewhat 
lower than that established in ISO 37:2005 for the uniaxial tensile test 
(200 mm/min). However, tests were previously carried out at different 
speeds between 150 and 200 mm/min, and it was concluded that the 
speed variation within this range has no influence on the measured 
stiffness. Deformation was obtained by Digital Image Correlation (DIC) 
[31,32] from images taken with a Nikon D5300 camera. The images 
were processed using Tracker software [33]. This technique also allows 
the detection of debonding or slippage of the adhesive relative to the 
clamps. Fig. 3 a) shows the experimental setup with the planar spec-
imen, the clamps and the camera lens. 

The stress-strain curves obtained in the different planar tests with 
specimens of different dimensions were analysed, and those showing the 
highest and lowest stiffness were selected for the study. 

2.2. Traction uniaxial test 

Uniaxial tensile tests were carried out on dumbbell specimens. 
Specimen dimensions are defined in ISO 37:2005. The dumbbell speci-
mens were obtained using a die-cutting machine from a 3 mm thick 
adhesive sheet, previously cured and tested by the method described 
above. The halter specimens were tested using the same equipment 
previously used for the planar specimens, except for the grips, which 
were adapted to the dimensions of the new specimens. A test speed of 
200 mm/min was set for the dumbbell specimen, also according to 
standard ISO 37:2005. Strain data were also obtained using the DIC 
technique. 

2.3. Adjustment of hyperelastic models 

For the comparison between the different applicable models and the 
estimation of the corresponding hyperelastic constants, the Abaqus 
software [27] has been used. The input data to the program are the 
nominal stress-nominal strain curves, from which the program estimates 
the constants of the different possible models by means of least squares. 

The material models considered were Neo-Hookean, Mooney-Rivlin 
(polynomial N = 1) and Ogden (N = 1 and N = 2) [28,34,35]. It should 
be noted that in this case, the compressibility constants are zero for each 

Table 1 
Planar shear test dimensions (mm).  

Nº Width Total Length Effective length Thickness 

1 50 60 30 3 
2 50 90 50 3 
3 100 60 30 3 
4 100 90 50 3 
5 100 120 80 3 
6 150 60 30 3 
7 150 90 50 3 
8 150 120 80 3 
9 150 90 45 2 
10 200 90 55 3  

Fig. 1. Planar shear test geometry.  
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of the models, as the material is assumed to be incompressible. 
In order to select the hyperelastic model that best reproduces the 

mechanical behaviour of the planar test and to determine the most 
appropriate specimen dimensions to obtain the hyperelastic constants, 
the curves obtained by simulation were compared with the stress-strain 
curves obtained in tests using CORA. The Correlation and Correlation 
Analysis (CORA) method is used in the validation of FEM models. Gehre 
et al. [36] first proposed the CORA method as an objective comparison 
technique to assess the level of agreement between two curves. The 
CORA method consists of four independent procedures to separately 
assess the size, phase, shape and corridor agreement of the two curves. 
Each procedure provides a score (ratio) between zero and one, where 
zero indicates no agreement between the signals and one indicates 
perfect agreement. This method of curve comparison has been used in 
many fields, particularly for the validation of non-linear numerical 
models [37,38]. 

2.4. Application and validation of hyperelastic models with SLJ specimens 

The most common standards describing the production of SLJ 
specimens are ASTM D1002 and ISO 9664 [39]. This type of test gen-
erates only shear stresses and avoids uncontrolled deformation of the 
adhesive, thus preventing the occurrence of peel stress components. The 
specimens consist of two 100 mm long x 25 mm wide x 12 mm thick steel 

plates bonded together with SikaFlex 252 adhesive, with an overlap 
length of 25 mm and an adhesive thickness of 3 mm, as shown in Fig. 4 
a). All specimens were prepared in a clean and stable environment 
(temperature 23 ± 3 ◦C; humidity 50 ± 5 %). The complete bonding 
process consists of three steps. First, the surfaces of the adhesives were 
degreased with acetone. Secondly, following the adhesive manufac-
turer’s instructions, a primer was applied to the substrates, being from 
the same manufacturer as the adhesive, SikaPrimer 206. Finally, 1 h 
after applying the primer, the adhesive was applied to the substrate. The 
thickness of the adhesive was precisely adjusted using specific tooling, 
with a tolerance of 0.1 mm. 

The specimens were cured in a controlled room at 23 ± 3 ◦C and 50 
± 5 % humidity for 15 days. The time of curing was previously stab-
lished through a series of test on different curing-time SLJ specimens, 
finding that the stiffness obtained remained stable for periods longer 
than 15 days. It should be noted that as the adhesive thickness increases 
the curing time also should be increased. Therefore, following a similar 
process, the curing time was stablished in 35 days for the 6 mm thick 
specimens. 

The steel plates are placed in the clamps of the testing machine, fixed 
by means of bolts and adjusting plates (Fig. 4 b). This rigid embedding 
ensures that the adhesive works in shear, and peeling stresses are 
negligible, despite the fact that the specimen is a single overlap spec-
imen. Displacement is applied to the moving clamp at a speed of 10 mm/ 

Fig. 2. a) Equipment for visual inspection by non-destructive testing; b) Adhesive film with defects.  

Fig. 3. a) Planar shear test equipment and specimen; b) Planar mounting clamps.  
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min, according to others works in literature [40]. During the test, the 
clamp displacement and the force measured by the load cell are recor-
ded, while temperature and humidity are maintained at controlled 
values (23 ± 3 ◦C; 50 ± 5 %). 

In order to select, on the one hand, the optimum width of the planar 
specimen and, on the other hand, the grade of material that best fits the 
experimental results, the SLJ specimen with a thickness of 3 mm is 
modelled. The FEM model of the SLJ test is created in Abaqus. In this 
model, the results of the different hyperelastic models are compared 
using the constants obtained in the previous section from the combi-
nation of the dumbbell and planar specimens that showed the highest 
and lowest stiffness. Following a mesh convergence study, the element 
sizes for the SLJ specimen models were set at 2 mm for the steel plates 
and 0.6 mm for the adhesive. The element types used were hexahedral 
quadratic with reduced integration (C3D8RH). The boundary conditions 
were defined as shown in Fig. 4 c). The left end of the specimen is 
embedded, while a displacement (ux) is applied at the right end to 
reproduce the test conditions. 

As part of the validation of the adhesive characterisation, SLJ spec-
imens are tested with three different adhesive thicknesses: 2, 4 and 6 
mm, using the same configuration as for the 3 mm specimen. The aim is 
to evaluate the ability of the fitted model to predict the behaviour of the 
adhesive from one thickness to reproduce the behaviour of the material 
for bonds with other adhesive thicknesses. 

3. Results and discussion 

3.1. Tests with planar specimen 

As can be seen from the stress-strain curves shown in Fig. 5, the 

stiffness is not significantly affected by the effective length of the spec-
imen for the three widths considered. Nor is the stiffness affected by 
varying the specimen with a width between 50 and 100 mm. However, 
at a specimen width of 150 mm, a decrease in stiffness is observed. This 
is most clearly seen in Fig. 6, in which specimens of length 90 mm and 
widths 50, 100 and 150 mm are compared. In view of these results, tests 
were carried out by increasing the width of the specimen above 150 mm, 
maintaining a total length of 90 mm, obtaining a very similar stiffness to 
that obtained for the 150 mm specimen (the result for a 200 mm spec-
imen is included in Fig. 6). It therefore appears that for widths greater 
than 150 mm, the stiffness value obtained is maintained. The same Fig. 6 
also shows the results of a specimen of dimensions 150 × 90 mm and 

Fig. 4. a) SLJ specimen geometry (dimensions in mm); b) SLJ setup test; c) FE simulation SLJ.  

Fig. 5. Pure shear test results for the different dimensions of planar specimens.  
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thickness 2 mm. This specimen shows a stress-strain curve of higher 
stiffness than its 3 mm equivalent. 

In conclusion, there is a distinction between two groups of speci-
mens. Specimens with a width of less than 150 mm have a higher 
stiffness. This may be due to the effect of the free edge of the adhesive 
film on the stresses, which has a greater weight on the narrow speci-
mens. But once a sufficient width limit has been exceeded to eliminate 
this influence, increasing the width beyond 150 mm does not lead to a 
further decrease in stiffness. 

On the other hand, the thickness of the adhesive film also influences 
the stiffness, even more than the width of the specimen. If the film 
thickness is too thin, the film will be too stiff and may be preventing the 
deformation in that direction necessary to assume a pure shear case. 

After this analysis, it has been deduced that the planar specimen used 
for the characterisation of the hyperelastic material should be suffi-
ciently wide and thick, and a priori the specimen with dimensions 150 ×
90 × 3 mm could be the one selected for the fitting of the models. 

However, in order to compare the results obtained in the charac-
terisation and adjustment of the behavioural laws, the experimental data 
corresponding to the 100 × 120 × 3 mm specimen will also be used in 
the following section, as a representative of the group of planar speci-
mens with the highest stiffness. 

3.2. Model definition and estimation of hyperelastic constants 

The curves obtained with the Neo-Hookean, Mooney-Rivlin and 
Ogden models are shown together with the validation curve in Figs. 7 
and 8. At the beginning of the research, other models were also 
considered but rejected due to inaccurate fit. The analysis of these fig-
ures shows that the Ogden model with N = 2 and the Mooney-Rivlin 
model give the best fit to the experimental results, both for the dumb-
bell specimen and for the 150 × 90 mm planar configuration (the least 

rigid). As can be seen in Table 2, the comparison of the curves with 
CORA shows that the hyperelastic model that best reproduces the 
experimental test is Ogden 2 (ratio = 0.908 for the uniaxial test, ratio =
0.962 for the planar test), followed by Mooney-Rivlin (ratio = 0.844 for 
the uniaxial test, ratio = 0.914 for the planar test). The hyperelastic 
constants for both models estimated from the 150 × 90 × 3 mm spec-
imen are given in Table 3 and Table 4. The Ogden N = 1 and Neo- 
Hookean models deviate the most from the experimental curve, over-
estimating the stiffness in the uniaxial test and underestimating it in the 
planar test. 

On the other hand, evaluating the curves obtained with the 100 ×
120 × 3 mm (the most rigid) planar specimen configuration, the curves 
shown in Figs. 9 and 10 were obtained. The hyperelastic material model 
that most accurately matches the test curves is Ogden 2 (ratio = 0.899 
for the uniaxial test, ratio = 0.933 for the planar test), followed again by 
the Mooney-Rivlin model (ratio = 0.811 for the uniaxial test, ratio =
0.836 for the planar test), see Table 5. 

Estimated hyperelastic constants for the models from the 100 × 120 
× 3 mm planar specimen are given in Tables 6 and 7. 

It is worth mentioning that, as a general rule, a value of 0 has been 
obtained during the fitting process for the parameter related to the 
compressibility of the material (D1). That indicates that the estimated 
material law corresponds to an incompressible material, which would be 
in line with the literature [41]. 

3.3. Planar probe selection 

Fig. 11 shows the results of simulations for an adhesive thickness of 
3 mm, using different material models, compared to the results of the 
SLJ test (four tests were carried out and showed high repeatability, only 
one representative test is shown in the graph for clarity). It can be clearly 
seen that the simulation using as material law the constants obtained for 
the Ogden model with N = 2 and Mooney-Rivlin from the planar spec-
imen with a width of 100 mm lead to higher stiffness results than the 
experimental ones. 

On the contrary, simulations of the SLJ-3 mm specimen with the laws 
obtained from the 150 mm wide planar specimen lead to stiffness values 
much closer to the experimental ones. By using the Ogden N = 2 model 
as the law of material, an acceptable correlation between the numerical 

Fig. 6. Pure shear test results for total length 90 mm.  

Fig. 7. Uniaxial test results for the considered models (150 × 90 × 3 mm).  

Fig. 8. Planar shear test results for the considered models (150 × 90 × 3 mm).  

Table 2 
CORA rating for different hyperelastic models fitted with 150 × 90 × 3 mm 
specimen planar test and uniaxial test with dumbbell specimen.  

Model R-Planar R-Uniaxial 

Ogden N = 1 0.771 0.637 
Ogden N = 2 0.962 0.908 
Mooney-Rivlin 0.914 0.844 
Neo-Hookean 0.758 0.642  
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and experimental curve can be observed up to deformations of less than 
10 mm. However, from this deformation onwards, a decrease in stiffness 
is observed in the simulation. However, the curves obtained using 
Mooney-Rivlin as the law of material showed an acceptable correlation 
with the test. 

With these results, it can be said that the best material characteri-
sation is obtained using the Mooney-Rivlin model, with the constants 
adjusted from the planar specimen of dimensions 150 × 90 × 3 mm. 

However, the characterisation of the material could not be consid-
ered as completed, since the model has only been validated with 3 mm 
thick adhesive specimens. In the following section, these preliminary 
conclusions are validated by simulating tests on SLJ specimens of other 
thicknesses. 

3.4. SLJ model validation 

The Mooney-Rivlin hyperelastic model fitted from the 150 mm wide 
planar specimen was then used in FEM models of SLJ specimens with 
adhesive thicknesses of 2, 4 and 6 mm. The results obtained from the 
simulation show an acceptable correlation with the experimental results 
for all three specimen cases. 

Looking in more detail at each of the test configurations, it can be 
seen in Fig. 12 that the slopes of the experimental and numerical curves 
are very similar in each of them. It can also be seen that the largest 
differences are close to half of the deformation for the 2 mm and 4 mm 
thick adhesive specimens. 

In order to quantify the differences between the experimental and 
numerical curves, the relative error between the experimental and nu-
merical curves was integrated over the deformation range in which the 
failure was not detected in the tests. The error with respect to the test 
results is shown in Table 8, which shows the average value of the relative 
error calculated with the different test curves available for each thick-
ness. The largest error observed is 6 % for an adhesive thickness of 2 
mm. 

Table 3 
Ogden N = 2 hyperelastic constants calculated with planar probe of dimensions 
150 × 90 × 3 mm.  

N μ α D1 

1 26.1395538 0.333618395 0 
2 − 25.6260766 0.16447488 0  

Table 4 
Mooney-Rivlin hyperelastic constants calculated with planar probe of di-
mensions 150 × 90 × 3 mm.  

N C10 C01 D1 

1 0.508815827 − 0.261630636 0  

Fig. 9. Uniaxial test results for the considered models (100 × 120 × 3 mm).  

Fig. 10. Planar shear test results for the considered models (100 × 120 ×
3 mm). 

Table 5 
CORA rating for different hyperelastic models fitted with 100 × 120 × 3 mm 
specimen planar test and uniaxial test with dumbbell specimen.  

Model R-Planar R-Uniaxial 

Ogden N = 1 0.747 0.686 
Ogden N = 2 0.933 0.889 
Mooney-Rivlin 0.836 0.811 
Neo-Hookean 0.732 0.721  

Table 6 
Ogden N = 2 hyperelastic constants calculated with planar probe of dimensions 
100 × 120 × 3 mm.  

N μ α D1 

1 4.32821536 0.736498262 0 
2 − 3.63425316 − 0.06451675388 0  

Table 7 
Mooney-Rivlin hyperelastic constants calculated with planar probe of di-
mensions 100 × 120 × 3 mm.  

N C10 C01 D1 

1 0.456360914 0.135402423 0  

Fig. 11. Experimental and computational results for SLJ-3 mm. Comparison 
between the different models. 
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4. Conclusions 

In view of the results obtained, the objective of selecting and fitting a 
single hyperelastic model capable of reproducing the mechanical 
behaviour of a flexible adhesive with acceptable accuracy is considered 
to have been achieved. Starting from the results of two simple me-
chanical characterisation tests, uniaxial test and planar test, different 
hyperelastic models of the adhesive have been adjusted and then used in 
finite element modes to reproduce other types of tests, the results ob-
tained by each of them have been compared, finally selecting the one 
that offers a sufficient level of accuracy. 

The dimensions of the planar specimen from which the hyperelastic 
models are fitted have been found to influence the results. The width and 
thickness of the planar specimen were found to have a decisive influence 
on the results. And the minimum specimen width from which the data 
obtained from the pure shear test are considered valid for a good 
characterisation of the adhesive behaviour law has been determined. 

Regarding the different hyperelastic models tested, the Ogden order 
2 model and the Mooney-Rivlin model give very close results to the 
experimental ones when simulating the same specimens and test con-
ditions used to fit the material models. However, when using these 
hyperelastic models to simulate the SLJ test, only the models fitted from 
testing planar specimens of sufficient width give acceptable results. The 
Mooney-Rivlin model is the one that has finally achieved the best fit, 
which seems to indicate that it is the most suitable to represent the 
behaviour of these adhesives. 

It should be borne in mind, however, that the study was carried out 
on a single type of flexible polyurethane-based adhesive. In order to 
generalise the conclusions obtained, it will be necessary to validate the 
methodology defined in its application to other types of hyperelastic 
adhesives. 

The results of this work will contribute to a better understanding of 
the behaviour of adhesives in different scenarios and working modes, 
and to the optimisation of simulation tools that allow the design of joints 
and the development of more efficient solutions adapted to different 
conditions of use. 
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