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The challenge for researchers is to develop measurement techniques that can deal with biological specimens (e.g. the human Achilles tendon) characterized by high deformation during
examination. The relevant quantity which has to be investigated in laboratory experiments
is the deformation or strain ﬁeld of the specimen subjected to a given load. In experimental
mechanics, the most remarkable technique used for strain ﬁeld computation is the Digital
Image Correlation (DIC) method. In the paper, the DIC method is employed to study biomaterial parameters of human Achilles tendons (AT) subjected to tensile uniaxial loadings.
The application of DIC allows the heterogeneity of tendon deformation to be taken into consideration. Young’s modulus of AT based on the strain ﬁeld obtained from a vision-based
measurement is estimated and the results are discussed. A map of Young’s modulus (YM)
is demonstrated as well.
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1.

Introduction

Achilles tendons (AT) are the graft materials employed in reconstructive orthopedics to repair
ligaments, for example, anterior and posterior cruciate ligaments in the knee. However, biophysical properties of the human AT are not fully known – they vary in time, especially when
subjected to mechanical or environmental factors (e.g. temperature, chemicals) (Maganaris et
al., 2008). The estimation techniques of AT material parameters have still not been fully developed. Measurements of the elastic properties of tendons yield values of Young’s modulus between
500 MPa and 1850 MPa (Wren et al., 2001). The values of the elastic modulus of tendon constituents are reported to be between 200 MPa and 39000 MPa depending on the measurement
technique, spatial scale and strain rate (Młyniec et al., 2015a,b; Kahn et al., 2013). Young’s
modulus calculated on the basis of experimental results assumes homogeneous deformation of
the tendon, which can be one of the sources of discrepancies. The inhomogeneous deformation of
1
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AT during deformation results from the twisted structure of the tendon, as reported in (Pękala
et al., 2017).
The examination of human soft tissue mechanical behavior is a challenging task, because
the properties of biological materials are characterized by anisotropy, non-linearity and inhomogeneity. Many measurement methods have been described in the literature, both contact and
non-contact ones, carried out in ex vivo, in situ or in vivo conditions. In the case of AT, one of
the most important quantities investigated in laboratory experiments is its stiﬀness or Young’s
modulus. Classically, this material property is examined in a quasi-static tensile test in which
both the specimen elongation or strain and the applied force are recorded. If a cross-sectional
area of the tested material sample is known, Young’s modulus can be obtained as a slope of
the stress-strain characteristics graph in its linear region. In practice, contact sensors, like strain
gages, extensometers or LVDT (Rashid et al., 2014) are still used. These measurement methods are simple and not expensive, but they have many drawbacks. They are invasive in nature
and inﬂuence mechanical properties of the examined materials. Moreover, they always work as
single-point gauges, which record strain in a set of discrete points. It is impossible to obtain
full-ﬁeld displacement or strain ﬁelds which are needed to investigate the inhomogeneity of the
material stiﬀness.
Therefore, non-contact measurement methods have gained in importance and popularity.
Among them, vision-based methods are employed frequently in experimental mechanics of biological tissue. For instance, in the paper (Takaza et al., 2013), passive skeletal muscle feedback
to an impact load was analyzed in an experiment for the purpose of obtaining data for numerical
inverse modeling. Each sample was marked with 9 dots on a sample surface prior to testing. The
displacement of dots was computed by a tracker implemented in the MATLAB programming
environment. The strain ﬁeld was estimated based on measured displacements. The authors of
(Untaroiu et al., 2015) investigated the injury response of human liver parenchyma subjected
to a tensile load. A set of markers was painted on the surface of the tissue. During the tensile
test, the displacement between the closest optical markers adjacent to the tear was tracked in
the video until failure using the TEMA motion analysis software. The mechanical properties of
human AT were investigated in a tensile test (Wren et al., 2001). A set of bead markers 1 mm
in diameter were attached to the tendon surface at 1.0-1.5 cm intervals. The displacement of
markers during elongation of the specimen was recorded by a camera.
One of the most commonly used non-contact measurement techniques in evaluation of mechanical properties of materials is the Digital Image Correlation (DIC) (Zappa and Hasheminejad, 2017). The method was originally developed for testing of engineering structural materials
and spread to other ﬁelds of science and technology, also for material testing of specimens under high strain conditions (Hwang and Wu, 2012), such as polymers (Hwang et al., 2015) and
biological and biologically inspired materials. In this method, the specimen is prepared before
each examination by spraying a random texture on its surface. Then, its deformation under
the applied load is recorded by one (in the case of 2D DIC) or two digital cameras (3D DIC
or S-DIC, stereo DIC). The displacements of measurement points are computed based on two
images of the specimen, the reference one and the image showing the sample under deformation.
The strain ﬁeld is obtained based on the displacement ﬁeld. The DIC method became popular
because of its simplicity, high accuracy and the ability to compute full-ﬁeld displacement and
strain data with the density of measurement points restricted only by the resolution of the image
sensors used in the camera system.
The method was used for examination of mechanical behavior of porcine liver (Ahn and Kim,
2010) and skin tissue (Rizzuto et al., 2016). The 3D-DIC method was applied in investigations
of spatial displacement ﬁelds of the bovine sclera (Myers et al., 2010) deformed under physiological and pathological pressure loads in a series of inﬂation tests. The mechanical properties of
ligaments, such as elastic modulus and ultimate tensile strength, were examined in DIC-based
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uniaxial and bi-axial tests (Tan et al., 2015). The strain ﬁeld of the entire human AT obtained
using the DIC method was reported in (Luyckx et al., 2014). The method was also applied
with dynamic ultrasound images to measure strain distribution in mice tendons in vivo (Okotie
et al., 2012). Additionally, the DIC with ultrasound was applied in the measurement of lower
limb muscle deformation (Aﬀagard et al., 2014). The technique was applicable due to speckle
patterns generated in ultrasound imaging. A broad review of applications of the DIC method in
the biomechanical area was presented in (Palanca et al., 2016).
Due to the properties of human Achilles tendons, which are characterized by anisotropy and
inhomogeneity, the application of non-contact measurement techniques seems to be the best
solution. The demonstrated studies are a continuation of the research related to AT modeling and
biomechanical parameter investigation (Młyniec et al., 2015a,b; Pękala et al., 2017; Obuchowicz
et al., 2019).
The goal of this study is to investigate the inhomogeneity of stiﬀness of Achilles tendons.
The DIC method for full-ﬁeld displacement and strain computations have been applied and
complemented by calculation of the local stiﬀness and Young’s modulus for a selected set of
vision data. The results show that values of Young’s modulus of Achilles tendons must be
considered with particular attention due to the inhomogeneity of AT stiﬀness which has rarely
been taken into consideration in previously published papers. The methodology, results and
discussion are presented below.

2.

Theoretical basis of the digital image correlation (DIC) measurement
technique

Digital image correlation is a vision-based method for analysis of strain or displacement ﬁelds.
It requires a single camera (2D DIC) or a two camera system (3D DIC) and an illumination
system. If the specimen does not have a suﬃcient natural random speckle pattern on its surface,
it has to be prepared before an examination by covering a random speckle pattern on it. During
a tensile test of the specimen, the load is constantly increased and, at the same time, a series of
images of the specimen deformation is recorded by the camera. After the test, a computation of
displacement and strain ﬁeld is performed. The basic parameters of the method are speciﬁed: a
region of interest (ROI), a grid of measurement points inside the ROI and the chosen size of the
correlation patch. In each moment of time, a displacement ﬁeld is computed based on pairs of
images, the reference one and the one acquired after the application of a given load. In order to
measure specimen displacement at one particular grid point, a square patch with a center pixel
at the point of interest and a speciﬁed number of neighborhood pixels is constructed. The pixels
in the patch are taken as a reference pattern that is tracked by the DIC algorithm over all the
images of a sequence. For each successive image frame, the deformation model parameters are
computed to optimize the applied similarity measure. The most general model is described as
x′i = xi + ξ(xi , yi )

yi′ = yi + η(xi , yi )

(2.1)

where (xi , yi ) are the coordinates of the center of the image patch, and (x′i , yi′ ) are the coordinates
of the corresponding point in consecutive frames of a sequence, and the functions ξ and η describe
the deformation model. The most frequently used in practice aﬃne model is described as
x′i = xi + ux ∆x + uy ∆y

yi′ = yi + vx ∆x + vy ∆y

(2.2)

The model has six parameters – a displacement vector [u, v] for the center of the image
patch and 4 parameters corresponding to a skew deformation of an image patch. The position of
the image patch center on each frame of a sequence is computed based on the maximum value
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of the similarity criterion. The most important similarity criterion is the zero-normalized cross
correlation coeﬃcient (CZN CC ), delineated by (Chuda-Kowalska et al., 2015)
CZN CC =
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where f , g denote image patch intensities for the reference and analyzed images, M is the
number of pixels in the patch in two perpendicular directions of the patch. The CZN CC coeﬃcient
is optimized over 6 parameters with the application of Gauss-Newton’s optimization method.
εxx , εyy and γxy strain components are calculated by employing the second-order Green-Lagrange
strain formula
1
1
εxx = (2ux + u2x + vx2 )
εyy = (2vy + u2y + vy2 )
2
2
1
γyy = (uy + vx + ux uy + vx vy )
2

(2.6)

The digital image correlation method yields full-ﬁeld displacement and strain maps obtained
in an optical passive measurement.

3.

Experimental investigation

The experimental setup consisted of an Instron 8872 material testing machine and a developed
vision system (Fig. 1). The architecture of the vision system was composed of a high frame
rate Phantom v9.1 camera with a 50 mm focal length lens, a Dedocool lighting system and
NCORR software. Image acquisition was performed with the frame rate of 100 fps and image
resolution of: 1632×800 at the exposure of 0.7 ms. A Carl Zeiss Planar T∗ 50 mm F/1.4 lens
with F/11 adjustment was mounted to the camera. The camera was oriented perpendicularly to
the analyzed tendon surface. The Dedocool lighting system with two heads allowed up to 2 mln
lux per head. To express ﬁndings in metric units, a scale coeﬃcient of the vision system was
calculated based on the known distance between two points of standard length (a ruler).
3.1.

Sample collection and preparation

The measurements were carried out on 4 human Achilles tendons (AT) including 2 male
and 2 female samples (patients without any comorbidities). AT specimens, together with the
calcaneal bone in the lower insertion area and muscle fragments in the upper insertion area,
were dissected at the Department of Forensic Medicine (Jagiellonian University Medical College,
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Fig. 1. Experimental setup

Krakow). All samples were obtained from cadavers up to 24 hours post-mortem, then frozen at
−80◦ C and transferred to the Department of Anatomy (Jagiellonian University Medical College,
Krakow) for further studies. Four hours before the scheduled measurement time, the specimens
were taken out of the freezer, wrapped into sterile gauzes moistened with saline solution and
left at room temperature for 4 hours for thawing. The thawed tendons were cleaned of excess
membranes as well as of gastrocnemius and soleus muscle fragments. The calcaneal bone in each
specimen was drilled through in order to place a thin rod into it. Additionally, to obtain tracker
points for the DIC approach, the front side of the specimens was stained black using Indian Ink
and then dotted with a white paint. Regarding the ﬁeld of view and image resolution, the proper
size of a random speckle pattern should range from 0.7 mm up to 2.8 mm. These requirements
were fulﬁlled in the conducted tests.
3.2.

Biomechanical testing

Biomechanical tests were carried out with a material testing machine (Instron 8872 model,
INSTRON, Norwood, Massachusetts, USA) using a load cell with a maximum capacity of 10 kN
and a standard atmosphere of 23/50 conditions. The upper insertion area of the tested AT was
clamped in grasping clamps with a sandpaper on the inside (to prevent slipping). The calcaneus
bone of the tested AT was ﬁxed in the lower clamps using the rod, previously placed into the
heel. Then, the sample width and thickness were determined based on a set of images acquired
by the camera. Samples were subjected to preloading with 40 N maintained for 1 min. After
that, tensile tests were performed using increasing uniaxial loading with a 50 mm/min head
displacement rate and displacement limited to 50 mm. The slected low head displacement rate
corresponds to the static loading of the tendon. The initiation of the testing run also triggered
video system registration. After each run, the time evolution of the tensile load applied by the
testing machine was saved for further calculations.
3.3.

Calculation of Achilles tendon stiffness

The stiﬀness of the tested samples was evaluated in terms of the modulus of elasticity
(Young’s modulus), calculated from the slope of stress-strain curves. The stress component
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was determined by dividing the value of the load, obtained from the testing machine, by the
tendon cross-section area. In order to estimate the cross-section area, it was assumed that it had
an elliptical shape in which semi-major and semi-minor axes were equal to half of the sample
width and thickness, respectively. The width and thickness were measured after the specimen
was placed in the testing machine and subjected to preloading. In order to perform qualitative
analysis of the stress ﬁeld, the engineering stresses were selected and calculated as a force divided by the initial cross-sectional area of the sample. The strain εyy component, calculated as a
second-order Green-Lagrange strain, was determined based on the DIC approach. The computation of displacement and strain ﬁelds was carried out in the Open Source Ncorr v1.2 software.
The program was developed in the MATLAB programming environment with computationally
intensive algorithms optimized through the use of C++/MEX. For each tested tendon, 10 stress-strain curves were obtained. For each one, the stress component remained the same, however,
the strain component was calculated based on diﬀerent sets of tracking points. For each plotted
curve, a linear regression method was applied, and the line slope a, y-intercept b and the coeﬃcient of determination R2 were taken as a result. Then, in order to ensure a high level of linear
match, lines with R2 < 0.95 were rejected for further analysis and the slopes of remaining ﬁts
were averaged. As a result, for each tested tendon, an averaged value of Young’s modulus was
obtained.

Fig. 2. Time evolution of the strain εyy component during tensile tests for selected Achilles tendons

4.

Results and discussion

An example of the stress-strain curves obtained for selected Achilles tendons (AT) is presented in
Fig. 3. Following the scheme described in Section 3, linear regression coeﬃcients were determined
and Young’s modulus of each tendon was calculated (Table 1, Fig. 4). The averaged value of
Young’s modulus for the tested samples was equal to 264.78 ± 55.11 MPa (Table 1) that is
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comparable with the values reported in (Chen et al., 2013). The values of the elastic modulus
reported in literature are between 374.24 kPa (Cao et al., 2018) and 2.0 GPa (Kongsgaard et al.,
2011) and depend on e.g. the cadaver age type of study (Kongsgaard et al., 2011) and strain
rate (Wren et al., 2001). An increase of the specimen stiﬀness with the strain rate results from
viscoelastic properties of the tissue that is caused by tissue structure.

Fig. 3. Stress-strain curves for selected Achilles tendons. Each of the 10 curves relates to a diﬀerent pair
of points tracked by the vision system

Table 1. Young’s modulus E (identical with averaged line slope a together with deviation u(E)
calculated for 4 tested Achilles tendons (AT) and averaged for the entire tested group
AT 1
E
u(E)
[MPa] [MPa]
175.08 37.60

AT 2
AT 3
E
u(E)
E
u(E)
[MPa] [MPa] [MPa] [MPa]
203.66 11.78 391.02 85.32
E AT 1−AT 4 = 264.78 ± 55.11 MPa

AT 4
E
u(E)
[MPa] [MPa]
289.36 85.73

A map representing Young’s modulus inhomogeneity of Achilles tendons was calculated based
on the full-ﬁeld strain ﬁeld and stress computed using the applied load with the assumption of a
constant cross-section of each specimen. Examples of Young’s modulus maps computed for one
of the examined specimens are presented in Fig. 5.

5.

Conclusions

Regarding various measurement techniques employed in the testing of biological materials, contactless measurement methods have belonged to the most promising group due to their many
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Fig. 4. Distribution of Young’s modulus for all tested tendons

Fig. 5. Map of Young’s modulus [MPa] of one of the examined specimen (AT 3), (a) Young’s modulus
map computed for 250 frame of the image sequence, (b) Young’s modulus map computed for 350 frame
of the image sequence

advantages. Undoubtedly, the lack of the inﬂuence on mechanical properties of the tested materials as well as ﬁnal results in the form of displacement and strain ﬁelds have posed the greatest
beneﬁt of the DIC-based methods. In contrast to contact sensors which yield approximate mean
values of data, the DIC technique allows one to determine the local strain and, thus, the results
obtained by DIC methods are more reliable. It must be highlighted that the DIC method also
allows the heterogeneity of the AT deformation to be taken into account.
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Furthermore, this method is straightforward to use and is characterized by uncomplicated
preparation of a biological specimen surface applying random patterns by means of spray-painting.
The main advantage of the proposed solution relies on the way of estimating Young’s modulus. Namely, by utilizing the set of selected and spread points of AT, sets of strain-stress curves
were estimated and then the averaged Young’s modulus was computed. In comparison with
other approaches, the presented method resulted in lower errors while estimating the biomechanical parameters of biological structures. Furthermore, the inhomogeneity of AT was taken
into account by employing DIC.
The computed map of Young’s modulus is a function of space (position of measurement
points on the tendon surface). It also changes with time, as the stretch of the tendon increases.
The beneﬁt of the YM map computed is the ability to identify speciﬁc areas in the specimen
where the loss of stiﬀness can be observed as soon as it develops in mechanical examination.
Due to the observed heterogeneity of the twisted structure of a tendon, it is necessary to
conduct research into a lower scale. Therefore, there is a need for further research in this area
to investigate Young’s modulus in each sub-tendon.
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