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Biological soft tissues and polymers used in biomedical applications (e.g. in the cardiovascular area) are
hyperelastic incompressible materials that commonly operate under multi-axial large deformation fields. Their
characterisation requires biaxial tensile testing. Due to the typically small sample size, the gripping of the
specimens commonly relies on rakes or sutures, where the specimen is punctured at the edges of the gauge area.
This approach necessitates of an apron, excess of material around the gauge region.

This work analyses the apron influence on the estimated mechanical response of biaxial tests performed by
using a rakes gripping system, with the aim of verifying the test accuracy and propose improved solutions.

In order to isolate the effect of the apron, avoiding the influence of anisotropy and inhomogeneity typical of
most soft tissues, homogeneous and isotropic hyperplastic samples made from a uniform sheet of casted silicone
were tested. The stress-strain response of specimens with different apron sizes/shapes was measured experi-
mentally by means of biaxial testing and digital image correlation. Tests were replicated numerically, to interpret
the experimental findings.

The apron surrounding the gauge area acts as an additional annular constraint which stiffens the system,
resulting in a significant overestimate in the stress values. This error can be avoided by introducing specific cuts
in the apron.

The study quantifies, for the first time, the correlation between the apron size/shape and the experimental
stress overestimation, proposing a research protocol which, although identified on homogeneous hyperelastic
materials, can be useful in providing more accurate characterisation of both, synthetic polymers and soft tissues.

1. Introduction 2015; Vignali et al., 2021). The coiled configuration and preferential

alignment of the collagen fibres confer a non-linear, anisotropic and

The accurate mechanical characterisation of biological soft tissues
and elastomeric membranes is crucial for the understanding of cardio-
vascular biomechanics, the diagnosis of pathological situations, the
design of in-vitro physiological models and the development therapeutic
devices (Cowin and Humphrey, 2001; Ghanbari et al., 2009; Javani
et al., 2016; Murdock et al., 2018; L’Acqua and Hod, 2015; Alekya et al.,
2019; Martins et al., 2006; Miller, 2000; Wex et al., 2015).

Despite their different nature, biological soft tissues and elastomers
share strong similarity in terms of macro-mechanical behaviour. Bio-
logical soft tissues are composed of bundles of collagen and elastin fi-
bres, embedded in a ground substance (Raghupathy et al., 2011; Susan,

heterogeneous behaviour (Fung and Cowin, 1994; Sacks, 2000; Hol-
zapfel, 2008; Jiang et al., 2021; Raghupathy et al., 2010); whilst the
ground substance, essentially composed of water and large organic
molecules, results in the incompressibility of the material (Ishihara
et al., 1980; Di Puccio et al., 2012; Musotto et al., 2022; Guala et al.,
2019). Elastomers are amorphous materials made of long polymeric
chains chemically linked at various locations to form a stable network
(Ali et al., 2010), which also exhibit non-linear nearly incompressible
behaviour.

Both, biological tissues and elastomers used in biomedical applica-
tions (such as blood vessels, vascular grafts, heart valve leaflets and
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cardiac patches), typically operate under multi-axial loads and experi-
ence large elastic deformations, well above 10 % (El-Tallawi et al., 2021;
Sobh et al., 2022; Satriano et al., 2018). Often, they are also charac-
terised by the presence of some viscoelasticity and, eventually, plasticity
(Islam et al., 2020; Schleip, 2003). Hyperelastic behaviours are
commonly described by models that adopt strain energy function ap-
proaches, such as Neo-Hookean, Mooney-Rivlin and Ogden (Mooney,
1940; Rivlin and Rivlin, 1997; Ogden, 1972; Arruda and Boyce, 1993).
These models can be integrated with springs and dashpots systems to
simulate the viscoelastic behaviour (Maxwell, 1867; Shitikova and
Krusser, 2022). This aspect, together with plasticity and anisotropy, is
not investigated in this work.

The hyperelastic parameters defining the constitutive behaviour are
determined from curve fitting of experimental data. However, parame-
ters estimated for a specific deformation mode are often inadequate to
correctly model other forms of deformation (Amin et al., 2006; Charlton
et al., 1994). Hence, standard uniaxial tensile tests set for elastomeric
materials (Standard, 1995; De Gelidi et al., 2016; Sokolis et al., 2002;
Shergold et al., 2006; Robbins et al., 2020) are not suitable to define a
material model experiencing the multi-axial large deformation that
characterises the common operating conditions of soft tissues and
elastomers in cardiovascular applications (Sacks et al., 2009; Rahmani
et al., 2012, 2015; Ge et al., 2023; Bishnoi et al., 2015; Bourantas et al.,
2019; Burriesci et al., 2010; Ono et al., 2023). These are more closely
described by biaxial tests for which, however, standard guidelines have
not been defined yet.

Where biaxial tensile tests can be performed on large specimens,
cruciform shapes are preferred, with the arm ends fixed to the actuators
through standard clamping. In this case, stress concentrations intro-
duced at the gripped region dissipate along the arms, without intro-
ducing significant alterations in the central gauge area (Hartmann et al.,
2018; Makris et al., 2010).

In the case of soft tissues, specimens are typically small (of the order
of the centimetre) and inhomogeneous, so that it is normally impossible
to adopt the cruciform configuration to obtain relevant parameters.
Hence, square specimens of the available dimensions are used, and the
load is applied at their edge portions through rakes or sutures permitting
lateral deformation (Fehervary et al., 2016; Waldman et al., 2002; Sun
et al., 2005; Avanzini and Battini, 2016). Rakes systems apply the load
through a set of tines connected to beams anchored on a common base,
and allow easy and repeatable mounting.

Cruciform specimens and rakes systems do not allow significant
shear deformations, so that they are unsuitable for the characterisation
of highly anisotropic materials, where the material axes can be easily
aligned with the specimen sides. On the contrary, suture systems fix the
specimen by using tethers mounted on pulleys, thus allowing the tethers
to adjust their length to accommodate shear deformations and avoid the
introduction of spurious shear stresses. However, their set up is very
laborious and presents poor repeatability, often resulting in non-uniform
load distributions (Fehervary et al., 2016).

Suture and rakes systems apply the load through punctures located in
the proximity of the specimen edges. This necessarily requires some
excess of material beyond the gauge area, whose minimum size depends
on the suture retention strength of the material. This excess of material,
normally called apron, is commonly assumed to have negligible effect on
the strain map uniformity, although it is recognised that it may intro-
duce some errors on stress estimation (Fehervary et al., 2016; Eilaghi
et al., 2009).

In this work, the influence of the apron width on the mechanical
behaviour is investigated experimentally and numerically, by perform-
ing biaxial tests on silicone specimens with different specimen di-
mensions. Silicone was chosen for its highly homogeneous and isotropic
mechanical characteristics that help to isolate the apron width effect,
and for its hyperelastic incompressible behaviour, which allows the
direct extension of the findings from this study to soft tissues and generic
elastomers. In particular, a set of specimens were tested in multiple
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stages, progressively reducing the width of the apron and then intro-
ducing cuts between the grips punctures to interrupt its continuity. The
stress-strain behaviour was estimated for each test, obtaining the full
field strain distribution by means of digital image correlation (DIC). The
material response determined experimentally was then used to define
the constitutive law in a finite element model which closely replicated
the influence of the apron width as observed in the tests, allowing to
examine the departure from the effective material behaviour and
investigate alternative sample geometries that improve the test
accuracy.

2. Materials and methods
2.1. Experimental set-up

Three square specimens made of GI-1100 bicomponent silicone
(Silicones Inc., USA) of side 20 mm and thicknesses 1.20 mm, 0.94 mm
and 0.92 mm, respectively, were prepared for mechanical biaxial
testing. Tests were conducted on a CellScale Biotester (CellScale Bio-
materials Testing, Canada). The testing machine applies the biaxial force
through four actuators, instrumented with one load cells of 23 N per
each loading direction, with an accuracy higher than 50 mN and sam-
pling rate of 100 Hz. The system includes a high-resolution monochrome
CCD camera for DIC analysis, with a resolution of 1280 x 960 pixels, and
maximum acquisition rate of 15 frames per second. DIC is a contactless
full-field technique that allows to obtain displacement and strain maps
of the specimen surface under loading by means of subsets correlation
(Sutton et al., 2009). Due to the uniformity of the specimen surface, a
random black speckle was applied to the top face of the specimens to
improve correlability (see Fig. 1).

Specimens were gripped using a rakes system BioRakes CS-BT-305-
22-30, recommended for square specimen of side in the range
11.00-13.00 mm and providing a gauge area of 10 x 10 mm? (gauge
length was 10 mm). Each rake comprises 5 tines of 0.305 mm diameter,
equally spaced and an interaxial distance of 2.2 mm, allowing a
maximum puncture depth of 1.9 mm.

In order to study the influence of the outer frame, each specimen was
tested three times, progressively reducing the apron width from a
maximum size of 50 % of the gauge length (A50) to 30 % (A30) and 10 %
(A10) of the gauge length, respectively (see Fig. 2). Afterwards, in the
A10 configuration, cuts between the tines were introduced, aligned with
the rakes beams, and the four apron corners were removed, obtaining
the trimmed specimen shape (T10) as shown in Fig. 2.

In order to modify the specimen apron without altering the attach-
ment configuration, a rigid lifting plate was built (see Fig. 3a), allowing
to perform the cutting procedure while maintaining the specimen firmly
engaged on the rakes (see Fig. 3b). To cut the specimens, the plate was
connected to the four rakes by screws serrated on dovetail pieces which
allow to hold the rakes as shown in Fig. 3b. Once the rigid plate is
connected to the four rakes, it allows to lift off the whole sample and
rakes system and practice precise apron cutting/trimming with a scalpel.
The modified specimen and the rakes can then be easily repositioned in
the test position on the CellScale and disengaged from the lifting plate.

Each test was run under displacement control, applying a ramp from
0 to 2.5 mm at 0.1 mm/s, followed by a recovery to the initial position.

During the whole loading cycle, specimen pictures were acquired
with a frequency of 5 Hz. DIC analysis was performed using the MATLAB
open source code Ncorr (Blaber et al., 2015). Displacement and strain
maps were obtained on a region of interest adjacent to the rakes, by
setting a subset radius of 15-18 pixels, a subset spacing equal to 50 % of
the subset radius and virtual strain gauge of 3, with a magnitude factor
ranged between 0.008 and 0.012 mm/pixel.

For each test, true stress - true strain curves were obtained from the
measured force assuming volume conservation (incompressibility), and
determined from the equations below:
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Fig. 1. Specimen clamped with a detail of the speckle.
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Fig. 2. Specimen cutting layout.
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where F, and F, are the forces measured by the load cells in the x and y
orientations, respectively; [ is the gauge length and ¢t is the initial
thickness.; and ey, and ¢,, are the mean strain in x and y directions,
measured in a central square region. In particular, a region of side equal
to 30 % of the gauge length was analysed, where the stress concentra-
tions introduced by the rakes at the punctures resulted negligible. Due to
the isotropic behaviour of the silicone material, results in the x and y
directions were averaged.

The resulting nominal stress-strain curves related to the T10 spec-
imen were fitted with an Ogden model (Ogden, 1972; Holzapfel and
Ogden, 2009), which is one of the most adopted incompressible
hyperelastic models for the analysis of soft tissues and elastomers (f.agan
and Liber-Kne¢, 2017; Payne et al., 2015; Hadjicharalambous et al.,
2015; Hajhosseini and Takalloozadeh, 2019; Asgari and Rashedi, 2018).
Three terms of strain energy potential (3" order formulation) was used,
since it is reported to provide better agreement with elastomers test data
than the Mooney-Rivlin or Neo Hookean alternative formulations (Kim
et al., 2012), as in the following equation:

(a)

(b)

Fig. 3. A) Lifting system, b) Specimen cutting.
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where J is the Jacobian measuring dilatancy, 41, 4 and A3 are the
principal stretches, ; is a parameter descriptive of the shear modulus, ¢;
is a material constant, and N is the number of terms that defines the
strain energy function. Constants y; and @; obtained from the fitting
procedure were used as input of the numerical simulations.

2.2. Simulation set-up

A finite element model of the square specimen tested biaxially with
rakes systems was created in MSC.Marc/Mentat (MSC Software Corpo-
ration, 2016) to confirm the experimental findings, and support their
interpretation. As shown in Fig. 4a, the symmetry of the specimen was
exploited, modelling just one eighth of the whole geometry (Fig. 2) ,with
a thickness of 1 mm. Holes of 0.305 mm diameter (equal to the tines
diameter) were included in correspondence of the tines punctures. The
A50 specimen model was meshed with about 40,400 eight-noded hex-
ahedral elements (hex 8 type 7 in MSC.Marc/Mentat (MSC Software
Corporation, 2000)). As boundary conditions, symmetry was imposed
on two planes (Symmetry planes in Fig. 4). Moreover, the central node of
the upper surface was constrained in the z-direction. The specimen
material was described with an Ogden material model, as discussed in
the previous section 2.1. The A30 and A10 geometries were obtained
from the A50 specimen model, by progressively erasing the elements at
the edge to reduce the apron sizes as in the experiment (red, yellow and
green regions in Fig. 4a). In the numerical study, an additional test with
no apron (AOQ in Fig. 4a) was performed, removing all apron elements.
This is an ideal condition, practically unattainable, that can provide
useful information by isolating the effect of the concentrated loading
condition. The trimmed shape T10 was obtained from A10, by erasing
the elements at the apron corners and disconnecting the elements
neighbouring cuts by duplicating the interface nodes (see Fig. 4b). An
additional numerical model, obtained applying the same approach on
the A50, indicated as T50, was also analysed, to verify the effect of the
apron width in trimmed specimens. This model could not be tested
experimentally, as it was unattainable with the cutting sequence
selected in the experiments. Table 1 summarises the denomination of
each test specimen/model.

The tines were modelled as cylindrical structures of 0.305 mm
diameter and 2 mm length, made from isotropic linear elastic steel
(Young’s modulus equal to 210 GPa and Poisson’s ratio equal to 0.3).
The nodes at their top and bottom ends were constrained in the z-
direction.

i
'0"0:
'..'.'l' "'/zl"‘ 2
. .

/

Symmetry Planes

.n, i:. s
b

\ T R AR e
\ 1 W T

¢ T TR

PO WL
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(a)

Fig. 4. Simulation design and mesh of: a) A50, A30, A10, AO; b) T10, T50 models.
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Table 1
Denomination of each test specimen.

Denomination Type of specimen/model

A50 Apron 50 % of gauge length

A30 Apron 30 % of gauge length

Al0 Apron 10 % of gauge length

A0 Apron 0 % of gauge length

T10 Apron 10 % of gauge length with trims
T50 Apron 50 % of gauge length with trims

‘Touching’ type contact interaction was set between the specimen
and the tines, with a friction coefficient of 0.3. As in the experimental
tests, the load was applied by imposing on the tines a linearly increasing
displacement in the x-direction, from O to 1.25 mm. The tines elements
were left free to move in the y-direction, but rotations were prevented.
Since for case A0 this loading scheme is not applicable (as there are no
sample elements opposing the tines displacement), the elements of the
specimen and tines were glued at their interface.

To compare the numerical results with the experimental ones, true
stress - true strain curves were estimated as in the experiment. Specif-
ically, true stress was obtained through equation (1), using the resultant
of the contact force between the tines and the specimen (F,). The strain
was averaged over a central region of side equal to 30 % of the gauge
length in the x-direction (éx,). For each simulation, the true stress - true
strain curves were estimated as described above, and compared with the
stress — strain curve extracted from the constitutive law used to define
the material response. In particular, mean errors were evaluated as
mean percentage difference of the stress at strains larger than 0.01 mm/
mm.

3. Results

The strain maps of each specimen were evaluated at different in-
stants of the loading cycle, by means of DIC analysis. The mean exper-
imental nominal stress - strain curve obtained for the T10 specimens was
fitted with the Ogden model with three terms (N = 3 in equation (3)),
determining the following material constants: y; = 0.0305268 MPa, u,
= 0.765545 MPa, u; = 0.849083 MPa and a; = 8.04226, ap, = 0.312771,
a3z = 1.5235E-07. These coefficients were used for the definition of the
Ogden material in the numerical simulations.

In Fig. 5, the experimental and numerical strain maps are repre-
sented. For clarity and simplicity of representation, the experimental
maps (Fig. 5a,c,e,h) are referred to one of the three specimens only (no
significant differences were found among the three specimens). To
facilitate comparison between experimental and computational results,

AS0
A30
Al0
A0

T10
T50

Tines

Symmetry Planes

| e 0o 00000

Cut lines

(b)
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specimen Experimental &, map Numerical &, map
) 0.0 0.1 0.15 0.2 0.26 [mm/mm)]
" »
(.
A50 X,
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(h
4
A30
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Al0
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T10
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Fig. 5. &y strain maps of experimental (left column) and numerical (right column) results for all cases: a,b) A50; c,d) A30; e,f) A10; g) AO; h,i) T10; 1) T50.
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numerical maps are only reported in the gauge area, displaying the
apron in uniform grey colour. The experimental strain distribution in the
central region appears reasonably uniform, independently of the apron
width, with the maximum and minimum peaks of strain confined in
proximity of the rakes punctures. Similar results are found for the
respective numerical simulations (in Fig. 5b,d,f,i), although it appears
clear that the extension of the central region, exhibiting uniform strain,
expands with the reduction of the apron width. Similar strain maps are
obtained for the trimmed specimens (Fig. 5i,1). The strain map related to
the specimen with no apron AO (Fig. 5g) presents uniform strain in the
central region, with higher peaks of strain close to the tines.

True stress — true strain curves for all the apron width cases are re-
ported in Fig. 6. The maximum strains measured in the central region are
similar for all experimental cases (in Fig. 6a). This indicates that the
effect of the apron width is not significant in the central region, and
confirms that no relevant damage was introduced in the specimens
during the multiple tests and manipulations. The stress values, instead,
are different and decrease with the dimension of the apron, indicating a
significant influence of the sample shape on the estimated rigidity. The
curves obtained from the numerical simulations show the same trend
(see Fig. 6b). In particular, tests show a progressively softer material
response as the apron width reduces. Numerical simulations clearly
indicate that this trend is associated with a more accurate estimate of the
mechanical behaviour, which tends to approach the real material
characteristic (dashed black line in Fig. 6b). Crucially, the accuracy of
the prediction is significantly better for the two trimmed specimens (T10
and T50 in Fig. 6b), whose stress - strain curves appear well overlapped
despite the very different size of the trimmed apron. It is interesting to
observe that the T10 and T50 curves overlap with the A0 curve, con-
firming that the proposed trimmed procedure removes the apron effect.

The maximum stress values at equal strain reached for each config-
uration in the case of experimental and numerical simulations are re-
ported in Table 2. Moreover, the mean errors are listed for the numerical
simulation (second column of Table 2). Both the numerical and exper-
imental results show a decreasing value of the maximum stress with the
reduction of the apron width, as highlighted in Fig. 7.

The AO, T50 and T10 specimens present almost the same maximum
stress, which is independent on the apron width and trimming
procedure.

It is interesting to observe that the maximum stress determined
experimentally on the specimens with large apron width experiences a
small sudden drop at large strains due to an out of plane deflection of the
apron. This is evident in the picture in Fig. 8. Due to the symmetry used
in the numerical models, this phenomenon is not captured in the
simulations.

0.4
A50
0.35 A30
A10
0:3 T10
__ 025
[
&
S 02
© 0.5
0.1
0.05
0
0 0.05 0.1 0.15 0.2

& [mm/mm]

(a)
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Table 2
Maximum value of stress at equal strain and mean error between each specimen
and the input curve.

Specimen Maximum stress [MPa] (mean error [%])
Experimental Numerical
A50 0.316 + 0.022 0.356 (36 %)
A30 0.304 + 0.028 0.331 (28 %)
A10 0.275 + 0.023 0.289 (14 %)
A0 - 0.262 (4 %)
T10 0.250 + 0.024 0.264 (4 %)
T50 - 0.262 (4 %)
Input - 0.250
0.4 T . . : :
0.35 e ]
0.3+ . _
'—0_25;__________;';'; _
o
s 027 1
.g. A50
0.15+ A30 1
A10
0.1} AO _
T10
0.05f T30
' — — —input
0 . . . . .
0 1 2 3 4 5 6

Apron width [mm]

Fig. 7. Maximum true stress vs. apron width diagram for all the numeri-
cal results.

4. Discussion

Despite the growing relevance of biaxial tests for the characterisation
of soft tissues and elastomers, not much research has been directed to the
investigation and evaluation of the systematic errors affecting this type
of assessment. Few studies have identified the apron as a potential
source of error and focused on the analysis of its effect on the strain
determination, concluding that this is negligible (Fehervary et al., 2016;
Eilaghi et al., 2009).

In this work, the effect of the apron width on both the strain and

0.4 T
A50
035 A30
A10
0.3 A0
T10
=025 50 1
& — — —input z
S o2} g
o
b il
015+ ~ - AO=T10=T50
-~ g
0.1 Zad
-~
0.05 =
il
7
0 ! ; i
0 0.05 0.1 0.15 0.2
¢ [mm/mm|
(b)

Fig. 6. True stress-true strain curves for all the a) experimental and b) numerical results.
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Fig. 8. A50 specimen bending during biaxial tensile test.

stress evaluation is investigated. Analysis of the strain distribution
confirms that the apron width has small effect, although the reduction in
the apron width results in an enlargement of the region characterised by
a more uniform strain distributions at the centre of the specimen (as
evident in Fig. 5). This can be useful when testing inhomogeneous ma-
terials, where the availability of larger areas with uniform strain dis-
tributions to perform averaging may provide a more significant
characterisation.

On the other hand, the apron width has major influence on the stress,
inducing very large errors on the stress measurement. In the analysed
cases, these vary from 35 % for the A50 specimen to 14 % for the A10
specimen (denomination in Table 1). It is worth to mention that the
latter is in the range of apron width recommended by the supplier of the
test system. Smaller widths make very difficult to achieve a satisfactory
centring of the specimen, and are likely to result into tearing at the
anchoring punctures. Hence, the numerical analysis where the apron is
totally removed (AO specimen) is purely hypothetical, and has the
function to verify the approximation introduced by the discontinuous
loading. The loading modality is different for this model, with a pulling
force acting directly at the inner semi-wall of the punctures. On the
contrary, in the other models, the tines apply a compressive force on the
external semi-wall of the punctures, causing ovalisation of the holes
which results in some clearance at the inner side contact. Therefore,
some difference in the strain distribution in proximity of the tines can be
observed for the A0 model. This, however, is very confined and does not
appear to affect the strain determined at the central region of the
specimen. The absence of the apron strongly reduces the estimated stress
values, containing the error in the determination of the stress within 5
%. This residual error is probably due to the presence of regions sur-
rounding the punctures where the stress states are very different from
equi-biaxial. In fact, as mentioned in the introduction, the parameters
identified to define the hyperelastic behaviour from the biaxial test may
be unsuitable to accurately capture the material response in these re-
gions (Amin et al.,, 2006; Charlton et al., 1994). This suggests the
impossibility to determine the real constitutive law from tests based on
the use of rakes or sutures. However, errors below 5 % are usually well
acceptable, especially in the characterisation of soft tissues, for which
the intrinsic variability within the tissue and between samples is typi-
cally much larger than this error. Further studies on this issue will be
needed to understand the influence of the different puncturing patterns
and refine the gripping technique, where higher accuracies are needed.

The apron appears to acts as an annular constrain, which directly
contributes to the force response of the specimen. Breaking the conti-
nuity of the apron with orthogonal trims (T10 and T50) is an effective
solution, and produces identical behaviour and errors to the hypothet-
ical case (AO) where the apron is totally removed. Hence, it allows to
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eliminate the error due to the presence of the apron, only retaining the
error associated with the load discontinuity, which is normally
acceptable.

The proposed trimming approach is very easy to implement and
makes the characterisation independent of the apron size/shape. Hence,
it can also be used to correct errors related to specimen centring and
improper specimen cutting, providing more repeatable and consistent
results. Also, it allows the testing of materials with poor suture retention,
for which sufficient distance of the external margin from the anchoring
puncture can be allowed, without increasing the error.

The trend observed in the experimental and numerical results is very
similar, confirming that the proposed experimental approach, based on
a trimmed specimen, allows to obtain an accurate material model. Some
departure between the experimental behaviour and the numerical pre-
diction becomes observable for the A50 specimen, at large stress levels.
This can be attributed to an experimental artefact associated with the
specific grip system. In fact, during loading, the offset R of the reaction
force F of the specimen from the axis of the horizontal beam causes a
bending of the rake beams and tines (see Fig. 9a) which promotes the out
of plane deflection of the apron. This phenomenon, which is evident in
Fig. 8, contributes to narrow the effective apron width, progressively
reducing the slope of the stress-strain curve. The bending of the rake
beams also produces an out of plane displacement of the specimen to-
wards the camera. This, depending on the camera parallax, may be
interpreted as an additional strain. Similarly, as the specimen stretches,
the rake beams splay in the plane taking a folding fan shape, as depicted
in Fig. 9b. Therefore, for large deformations, the component of the
displacement of each tine of the same rake along the loading direction
varies with their distance from the rake axis (they follow the dashed line
in Fig. 9b).

All these factors, which cause the introduction of systematic errors in
the experiment, were not simulated in the numerical analysis, in order to
generalise the study without limiting it to a specific grip system. Spe-
cifically, the rake tines were modelled as cylinders unable to bend out of
plane, which prevents the early instability of the apron leading to its out
of plane deflection. Hence, the presented findings can be extended to
other gripping systems, including sutures.

Contrary to the experimental procedure, where the specimen is
punctured by the tines, the numerical models were created with holes of
the same size as the tines. This does not model the presence of residual
stresses generated by the perforation and expansion of the holes.

Finally, in order to reduce the effect of spurious actions and allow an
easier interpretation of the phenomena, the study was performed on a
specimen of constant thickness, made from a homogeneous and isotropic
material. The effect of inhomogeneous and anisotropic materials, such
as common soft tissues, will need to be verified in future studies.

5. Conclusions

The biaxial testing of soft tissues and elastomers often relies on
gripping systems based on rakes and sutures, which require the presence
of an apron in the specimen. This work has investigated the effect of this
excess of material, combining experimental data assisted by DIC full-
field analyses, supported by numerical simulations. The study has
identified the apron as a major source of systematic error in the material
characterisation. In particular, the apron directly contributes to the
mechanical response of the specimen, producing a substantial over-
estimation of the stress. Reducing the apron width mitigates this effect,
although practical constraints put a limit to the minimum attainable
width, and to the possibility to minimise the error below one order of
magnitude. A residual source of systematic error is identified in the
discontinuity of the load, which is necessarily concentrated at specific
locations (the punctures), locally departing from the equi-biaxial stress
state. Hence, the mechanical characterisation by means of biaxial tests
using rakes or sutures has an intrinsic limit in the accuracy, that is in-
dependent on the apron width.
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Fig. 9. Sketch of the experimental system with specimen and beams distortion: sagittal (a) and perspective (b) view.

In this work, a new solution is proposed, able to eliminate the error
associated with the presence of the apron. This is of simple imple-
mentation, as it just requires the introduction of trims in the apron be-
tween the punctures, aligned with the direction of the load, and the
removal of the apron corners. The solution appears to be effective,
independently of the apron width and shape, allowing easy preparation
and handling of the samples and adequate suture retention during
testing.
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