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Biological soft tissue is a non-linear and viscoelastic material and its mechanical properties can greatly affect qual-
ity of life. Many external mechanical factors can alter the tissue, for example the tissue of talipes equinovarus
congenitus, also known as clubfoot, which is the most frequent congenital deformity affecting lower extremities
with pathological changes of connective tissue. In clubfoot, the presence of disc-like mass of fibrous tissue, resem-
bling intervertebral disc tissue, is described to be between the medial malleolus and the medial side of the navicular
bone. The clubfoot tissue is often referred to be stiffer or rigid by clinicians, or it is referred to as contracted and
less contracted tissue, however relevant evidence about mechanical properties is missing. Therefore, the descrip-
tion “disc-like” is informing only about relative mechanical properties of clubfoot tissue. We aim to prepare me-
thodical approach to quantify mechanical properties of biological tissue with uniaxial tensile stress-relaxation test,
in order to help clinicians and scientist to identify precisely the mechanical properties of normal and pathological
tissue and their structural behaviour during mechanical testing. In this study, we test and tune the uniaxial tensile
stress-relaxation test on biological tissue with high content of connective tissue such as collagen. The model tissue
is porcine pericardium. The tissue has clear collagen fibres aligning parallel to the force applied. Modulus of elas-
ticity measured here is comparable to other studies.
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1 Introduction

Biological soft tissues are materials exhibiting visco-
elastic and non-linear behaviour to mechanical stimuli
[1].Some natural tissues are being used due to this very
behaviour in tissue engineering [2] and in engineering [3].
Various types of healthy soft tissues are being studied in
regards to their mechanical properties, for example ten-
dons [4],blood vessels [5], muscles [6], brain tissue [7]
and eye cornea [8].External mechanical stress can disrupt
the soft tissue [9,10], creating abnormalities or forcing the
body to start regenerative process [11]. Disruption in the
regenerative process of connective tissue can occur [12].
One such disrupted connective tissue is localised at tali-
pes equinovarus congenitus, also known as clubfoot
[13,14]. Clubfoot, a severe congenital deformity observed
at the area of the foot and lower leg [13,14], is in particu-
lar interesting, because it shows signs of fibrosis [12]. Fi-
brosis is defined as a process of healing damaged tissue,
that has gone out of control and the connective tissue is
excessively produced at the location of the process [11].
Fibrosis is apparent at medial side of the clubfoot [14],
where extracellular matrix is abundant due to fibroprolif-
erative cell activity [15]. Even though the aetiology of the
anatomical abnormalities remains unclear, there are sug-
gestions of mechanical causative [12]. It seems, that ex-
ternal forces might have caused the clubfoot deformity
[16] with distinct anatomical abnormalities, which keep
the foot in apparent supinated position [13].

One important feature of the fibrotic tissue is its in-
creased stiffness compared to other tissue textures [11].

Fibrotic tissue is located on the medial side of the club-
foot, where the tissue is contracted with maximally con-
tracted part being localized between the medial malleolus
and the medial side of the navicular bone, while the lateral
side of the clubfoot is elongated [14]. Maximally con-
tracted part of the clubfoot, known as ‘disc-like tissue’, is
macroscopically different from surrounding tissue in
terms of stiffness, in which it is similar to intervertebral
disks [14]. The clubfoot tissue is often referred to be
stiffer or rigid by clinicians [17], or it is referred to as
contracted and less contracted tissue [18].Almost all of
the clubfoot’s connective tissue is under mechanical ten-
sion [14], however quantitative data about clubfoot’s me-
chanical properties is absent. Increasing diameter of the
connective tissue due to proliferation and deposition of
extracellular matrix would result in stiffness [19]. How-
ever the increase in stiffness would be only relative to the
diameter of the tissue, meaning that once normalised, a
same amount of tensile stress would be required [20]. On
the other hand, if cross-links in the pathological tissue
were formed, they could contribute to the stiffness and so
mechanical properties of the tissue would change even af-
ter normalisation compared with normal state [19].
Therefore, both proper modelling of mechanical behav-
iour and visualisation are required to uncover properly
mechanical properties of an observed tissue.

Looking at stiffness and rigidity of both normal and
abnormal soft tissue, we have to always consider its ex-
tracellular matrix, to which mechanical properties are
tight to [21]. In general, extracellular matrix consists of
collagen amongst other proteins [21]. Fibrillary collagen
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is in particular interesting due to its non-centrosymmetric
structure, which is suitable for label-free second har-
monic generation microscopy [22].Second harmonic gen-
eration microscopy (SHQG) is use to visualize biological
tissues, in our case type I and II collagen fibrils [22], with-
out introducing artifacts to the structures by fluorescent
staining [23]. Type I collagen fibrils, main component of
connective tissue [22], are thick with diameter close to the
resolution limits of visible light [24].

Describing the full behaviour of soft tissue requires
nonlinear viscoelastic models [1], however linear as-
sumptions can be applied over a narrow band of stress,
where equal stress causes equal strains [25]. Extracellular
matrix within soft tissue is viscoelastic, therefore its me-
chanical properties are time/frequency dependent [21].
Time/frequency dependent behaviour of biological tissue
can be demonstrated by applying fixed external stress to
the tissue and observe a decrease of the initial stress gen-
erated within the tissue over time [21]. This is known as
stress-relaxation test [21].
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Fig. 1 Maxwell-Wiechert’s model for materials with lin-
ear mechanical response to external stress.

Viscoelastic behaviour of biological tissue can be
modelled for example by using Maxwell-Wiechert’s
model, also known as generalized Maxwell model [26]
(Fig. 1). This model is normally used only for linear be-
haviour of the biological tissue under isothermal condi-
tions [1]. In the model, a spring is connected in parallel
with several Maxwell models, which uses springs and
dashpot connected in series to describe viscoelastic be-
haviour [26]. When elastic elements are modelled as
springs with constant stiffness, the mechanical response
of the elastic component is described by an equation:

o, = ke (1
where o represent a stress in the tissue and € displace-
ment or constant strain level, while k is constant, analo-
gous to the Young’s modulus E [4,26]. Viscose elements
are modelled as dashpots and described by an equation:

oq = Né ()
where 7 is viscosity and € is time derivative of strain (ve-
locity of deformation). The strain of the Maxwell model
is equal to the sum of strain € of the spring and the strain
€4 of the dashpot:

€E=€+ €y 3)
while the stress of the Maxwell model is the same for the
spring a and for the dashpot dy:

0 =05+ 04 @)
When the Maxwell model is connected in parallel with an
arm containing another spring, the stress of the model is

equal to the sum of the stress g, in Maxwell model arm
with the stress o, in parallel spring arm:

0 =0y,+0, 4)
where g, is defined formally with the same relationship
as in (1) with its own stiffness (modulus of elasticity).
This is an equation for Maxwell-Wiechert’s model with
only one Maxwell model arm, which has been used in this
study. Because both arms of the model are connected in
parallel, both of the arms of the model are deformed with
the same strain:

€E=€nte€ 6)
where €, is a strain in Maxwell model arm and ¢, is a
strain in spring arm.

When the described model is used in stress-relaxation test
with the relationships described so far, then the decrease
of stress is described with equation:

ks
o=0(6.k)+ (0. ks.e 15 (7)
where € is a strain at time = 0, k, is modulus of elastic-
ity in the parallel spring arm, kg is modulus of elasticity
in spring within Maxwell model arm, e is Euler’s number
and ¢ is time. When the time is approaching the infinity
(fully relaxed state), the residual stress is equal to the
stress in the parallel spring, therefore only to the elastic
element of the model. At the time ¢ = 0, which is the time
when we apply initial stress through deformation €, the
stress is equal to the sum of parallel and serial stiffness

(Fig. 2).

o &

>

ty t

Fig. 2 Stress-relaxation curve. After a sample-specific
time, the sample relaxes.

The purpose of this study is to create methodical ap-
proach to quantify mechanical properties of connective
tissue and soft tissue in general using stress-relaxation
tensile testing with simultaneous visualization of the tis-
sue using SHG microscopy. We expect that samples of
connective tissue will not be showing increased stiffness
with greater diameter, rather all the samples will require
same amount of tensile stress after normalization to the
diameter of the sample. This study is preliminary for test-
ing pathological fibrous tissue of clubfoot.
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2 Materials and methods

We used tissue model for uniaxial tensile stress-relax-
ation test. The tissue model used was porcine pericar-
dium, which was decellularized using sodium dodecyl
sulphate (SDS) with concentration of 0.5 %. Remaining
SDS was washed out with phosphate-buffered saline
(PBS). The tissue should retain its mechanical properties
even without cells [27]. Altogether, we used 20 porcine
pericardia (one individual), which were cut into rectan-
gles with dimensions of 18.3 mm (+ 2.2 mm) x2.5 mm (+
0.4 cm). Two types of groups were created, rectangles
with fibres perpendicular to the axis of cutting and rec-
tangles with parallel fibres to the axis of cutting. The
height of the samples was measured using reflectance
mode of imaging on Leica SPE upright microscope,
where we detected reflected light from the surface of rec-
tangles and calculated their height comparing its position
to the position of the reflected light from glass surface.
The height of the samples was 0.283 mm (= 0.064 mm)
and the diameter of the pericardium was calculated. Di-
ameter of perpendicular rectangles was 0.64 mm (& 0.15
mm), while diameter of parallel rectangles was 0.75 mm
(£0.29).

Pericardium rectangles were placed into uniaxial ten-
sile device as shown in Fig. 3. Pericardium rectangles
were placed into the jaw grips at 9 mm of starting length
and were stretched at the rate of 0.201 mm/s with elonga-
tion being 3 % of starting length. Altogether, 25 cycles
have been collected, unless tissue rupture has occurred.
Between each cycle, we waited for 20 seconds for the tis-
sue to relax, due to its viscosity, which appeared to be
sufficient to get resting tension. This approach allowed us
to separated response of the sample during constant ten-
sion into elastic component and viscose component. We
modelled the mechanical response using generalised
Maxwell-Wiechert’s model with one Maxwell model arm
(described above). The uniaxial testing device measured
force response of the sample dependent on the stress. The
measured force in the tissue was normalised by the diam-
eter of the sample:

o(t) =52 ®)
whereF (t) is the immediate force and 4, is the cross-sec-
tional area of the pericardium before stress loading the
sample. Because the focus of the experiment was the
modulus of elasticity, the parameter of the elastic compo-
nent of the sample, we used the following equation:

oc=E )
where E is the Young’s modulus of elasticity and € is a
deformation of the sample [ relative to the previous
length 1,:

€=— (10)

lo

Viscose component as a time dependent component is
only present as a decrease in the tension within the sample
during relaxation until the forces in the sample settle
down. Looking at equation (7), at the time ¢ = 0, the vis-
cose element is not contributing to the tension of the Max-
well-Wiechert’s model and only the spring of the Max-
well model arm with parallel spring are contributing to

the tension. After initial deformation was applied, the
sample starts to relax (decrease in tension), because the
dashpot is now active. When the forces in the sample set-
tle down, then only the elastic component of the parallel
spring is contributing to the resting tension. The elastic
component is dependent only on the value of initial stress
applied, and not on time. We have evaluated Young’s
modulus of elasticity, in order to compare the elastic me-
chanical response of the sample to literature. The data to
calculate Young’s modulus were obtained from charts
containing resting tension plotted against elongation of
the sample, which was fitted by linear regression.

Uniaxial tensile device used during testing was self-
assembled. The base of the device is two carrying heads
with stepper motors, which are moving alongside screw-
threaded leading poles. Screw-threaded leading poles are
connected to jaws carrying jaw grips for sample place-
ment. Motors are moving against each other and final po-
sition of the sample remains unchanged relative to the
solid construction of the uniaxial tensile device. Un-
changed position of the sample allows placing the device
under either upright or inverted microscope and observes
the changes with sample’s structure “on-line”. Small di-
mensions of the device are compatible with the micro-
scope being used in this study, while using air objective
HC PL FLUOTAR 10x/0.30 NA with working distance
of 11 mm. Mechanical data were collected using Lab-
View software and were processed in Excel and Matlab.

We used ARDUINO to control the motors and to col-
lect the data from sensors with combination of factory
drivers of motors. The minimal step of the jaw’s position-
ing is 0.005 mm. The maximum force of the device is 80
N at the rate of the movement ranging from 0.02 to 1.2
mm/s.

Fig. 3 Uniaxial tensile device. 1) Force sensor, 2)jaw
carrier, 3) screw-threaded leading pole for motors, 4)
motor, 5)leading pole, 6) jaw grip, 7) jaws.

During the relaxing period of the tissue, we collected
image data from the samples. Images were collected with
Leica SP8 AOBS WLL MP inverted microscope. Mul-
tiphoton laser, Chameleon Ultra I (Coherent Inc., CA)
was used to generate SHG signal. SHG signal was col-
lected on non-descanned hybrid detectors with superior
signal-to-noise ratio. Laser was tuned to 860 nm and
emitted light was collected using a bandpass filter
430DF15 for SHG signal and 610/75 for tissue autofluo-
rescence. Image data were processed in ImageJ/Fiji.
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3 Results and discussion (Fig. 4 and Fig. 5). Autofluorescence of the samples was
mostly absent. It seems that pericardium tissue exhibits
optical anisotropy, when comparing parallel and perpen-

dicular rectangles.

Visual data suggest that during stretching of the sam-
ples, fibres always align parallel to the force direction

Strain =72

Straih’:‘ 0% : . L

Fig. 4 Representative pericardium sample, from group of parallel rectangles, three image sequence dependent on the
strain applied.
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Fig. 5 Representative pericardium sample, from group of perpendicular rectangles, three image sequence dependent on
the strain applied.
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Fig. 6 Young’s modulus of elasticity in pericardium with
parallel oriented fibres. Red line is fitting the data.
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Fig. 7 Young’s modulus of elasticity in pericardium with
perpendicular oriented fibres. Red line is fitting the

data.
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Porcine pericardium has a modulus of elasticity of
58.91 MPa, when stress is applied in parallel to macro-
scopic visual orientation of fibres (Fig. 6). When applying
stress perpendicular to the orientation, the modulus of
elasticity is 49.61 MPa (Fig. 7).Similarity in values of
elasticity moduli between two orthogonal directions of
pericardium suggest its overall isotropic behaviour, as it
was stated in other studies of pericardium’s mechanical
properties [28], but does not necessarily dispute optical
and mechanical anisotropy of the tissue [29]. Our results
are corresponding to previously measured moduli of elas-
ticity in bovine pericardium by Sizeland et al., who have
measured modulus of elasticity in neonatal (80 MPa) and
adult (30 MPa) individuals, with younger individuals
having higher modulus of elasticity [30]. It seems that
modulus of elasticity is age dependent and it should be
considered when combining samples from young and old
individuals. Our data also correspond with values found
in donkey’s pericardium (80 MPa) [31] and other bovine
pericardia [32]. Many other studies have measured the
modulus of elasticity in various pericardia, however, val-
ues are ranging from 10 MPa to 300 MPa [29,33]. Gauvin
el al. have showed differences between bovine and por-
cine pericardium [34], suggesting high variability in-be-
tween species.

It is important to note another potential source of var-
iability in mechanical properties of biological soft tissue.
One of the most influential factors affecting mechanical
response of the tissue to external pressure is hydration
[35]. For example, mechanical behaviour of pig-arterial
elastin changes with hydration in such a way, that modu-
lus of elasticity in dry elastin increases so much that it
loses its rubber-like behaviour and behaves like a brittle
polymeric glass [36]. Individual collagen fibres behave in
a similar way. Grant et al. tested individual fibres of col-
lagen from bovine Achilles tendons and observed signif-
icant drop in Young’s modulus of elasticity, when meas-
ured dry and hydrated, from 1.9 = 0.5 GPa to just 1.2 +
0.1 MPa, respectively [37]. Furthermore, Andriotis et al.
observed shrinking and stiffening of collagen fibres,
when dehydrating fibres by controlling osmotic pressure
in the measuring solution [35]. Therefore, it is important
to improve the uniaxial tensile stress-relaxation testing
device solely for upright microscope, so that it would be
possible for the user of the device to have the sample in
solution and control the osmotic pressure and hydration
of the sample.

4 Conclusion

The pericardium sample is clearly isotropic material,
which is compliant with the literature. The design of the
uniaxial tensile device ensures stable position of the sam-
ple relative to the objective of the microscope and so it
allows direct visualisation of the changes within the struc-
ture during the application of external mechanical stress.

The potential of uniaxial tensile stress-relaxation tests
using our device remains to be explored further, as a high
variability exists in between individuals and with hydra-
tion conditions of the sample. The values measured by the
uniaxial tensile device in stress-relaxation are comparable
with literature, however further tests of the tensile device

are required with various types of biological samples. Us-
ing uniaxial tensile testing with other means of testing,
such as image acquisition, may resolve uncertainties in
mechanical testing and can help enlarge the knowledge of
tissue’s mechanical properties. Further development of
the uniaxial device will focus on keeping the sample hy-
drated with additional option of controlling the osmotic
pressure.
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