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the Young's modulus and ultimate stress. Basing on the Young's modulus and ultimate
stress, the degree of anisotropy is calculated. Moreover, 24 stripped samples from 3
aortas are tested to study the relaxation anisotropy of arteries by fitting the experimen-
tal data with a five-parameter Maxwell reduced relaxation function.

Results: Histological analysis shows the parallel orientation of crimpled collagen

and elastin fibres. The Young's modulus and ultimate stress reach the greatest in the
circumferential direction, and the smallest in the axial direction, respectively, and the
values in the other directions are in-between; moreover, the two parameters monoto-
nously increase as the samples orientate from the axial to circumferential directions.
The Young's modulus is more sensitive to the loading rate than the ultimate stress.
The degree of anisotropy calculated by the Young's modulus is similar to that by the
ultimate stress, and it is independent of loading rates. Stress-relaxation also exhibits
anisotropy, whose variation is consistent with those of the two parameters.

Conclusions: Due to the stress-growth rule, fibre preferably orientates in the circum-
ferential direction, and the preferable orientation results in great mechanical param-
eters, anisotropy, and small relaxation behaviour of arteries. The work extends the stud-
ies on the arterial anisotropy instead of only the circumferential and axial directions,
and could be useful to comprehensively understand the anisotropy of arteries.

Keywords: Porcine thoracic aorta, Anisotropy, Young's modulus, Ultimate stress,
Relaxation

Background

Artery is composed of three layers, i.e., adventitia, media, intima, and is a composite
mainly containing three components, i.e., collagen fibre, elastin fibre, and arterial smooth
muscle, which determine the mechanical behaviour of arteries. There is a huge amount
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of literature on the biomechanics of arteries, and the mechanical anisotropy of arteries
is one of the classical and fundamental issues. This is because knowing the mechanical
anisotropy is very important in improving arterial material models, revealing the remod-
elling process of arteries, and differentiating normal and abnormal arteries.

Early work experimentally measured the mechanical anisotropy of arteries by different
methods [1], such as the uniaxial [2] and biaxial tensile tests [3], physiologically-simu-
lated test (cylindrical arterial segments subjected to an internal pressure and axial pre-
stretch without torsion and shear [4]), digital image correlation (DIC) technology [5].
Recently, there are other developed methods to test the arterial anisotropy, for example,
non-invasive supersonic shear wave imaging technology [6]. The classical uniaxial and
biaxial tensile experiments are easily to perform, and the results are intuitively under-
standable. However, the uniaxial tensile method only obtains the mechanical behaviour
of arteries in one direction at a time, and the biaxial obtains those in two directions
interested, moreover, the residual stress is released and thus neglected due to the open-
ing of arterial samples. The physiologically-simulated inflating method approaches the
in vivo loading state of arteries, and the residual stress is retained, but it is not easily to
capture the arterial anisotropy in other directions except the circumferential and axial
directions. Regarding the non-invasive ultrasound-based technology, the acquired data
must be transferred into the readable mechanical data, and a reliable algorithm has to be
established and verified, in this regard, it is not so convenient. In any case, the uniaxial
tensile test as a simple and effective method, although it has some disadvantages, it is
still widely employed to study the relevant mechanical issues including the anisotropy of
arteries [7-9].

The microstructure-mechanical relationship has been experimentally examined, and
theoretical frameworks of arterial anisotropy including fibre orientations have been well
developed. As stated in the first paragraph, the arterial microstructure is a three-layered
composite with three main components, and the study on the nonlinearity and anisot-
ropy is mainly at the tissue level including the anisotropic failure [10-12]. Regarding the
individual contribution of each component, the smooth muscle cell is conventionally
assumed to be circumferentially orientated in the 2D plane of arterial walls [13], and
thus it contributes most the mechanical response in that direction, however, the recent
work [14] reported that the smooth muscle cell is right-handed helically dispersed in
3D by a quantification method, and this result is consistent with the anisotropic model
presented by Holzapfel et al. [15], which treated the arterial wall as a two-layered woven
structure and further improved the structural model by incorporating more real factors,
such as the hyper-elasticity [16] and non-symmetric fibre orientation [17]. Moreover,
according to the Hill's muscle contraction mechanism, sliding movement between the
actin and myosin filaments and unfolding the protein domain result in a visco-elastic
mechanical behaviour at the molecular level, and adaptively plasticity at the tissue level;
plus, due to the visco-elasticity and plasticity, the smooth muscle is believed to strongly
influence the relaxation behaviour of arteries [18]. Collagen and elastin play an impor-
tant role in the nonlinearity and anisotropy of arteries. Gundiah et al. [19] studied their
individual and combined contributions on the arterial biomechanics by an enzymatic
method, but they did not see any anisotropy in the mechanical response of elastin. This
is totally different from the conclusion in [20], which divided the mechanical behaviour
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of the elastin into isotropic and anisotropic parts, and the result by Agrawal et al. [21],
which quantified the regional (from the proximal end to distal end) variations of the ani-
sotropy and nonlinearity of elastin isolated from bovine aorta. Although the above-men-
tioned work and other unmentioned literature have made considerable progress in the
study of the arterial biomechanics, for the anisotropy, most of them still considered the
simple orthotropic anisotropy in the circumferential and axial directions.

In this work, by employing the simple but effective uniaxial tensile method and treat-
ing multi-directional stripped samples of aorta, the Young’s modulus, ultimate stress,
the degree of anisotropy, and the relaxation anisotropy are examined and discussed by
combining the histological analysis on the collagen and elastin fibres.

Methods

Twenty-four arteries of adult boars were collected from the Hushu abattoir in Nanjing,
China. The arteries were warped by phosphate buffered saline-soaked gauze immedi-
ately when they were extracted from animal bodies. After transported to the laboratory,
they were preserved in a freezer under the condition of —20 °C for subsequent mechani-
cal experiments within 22 days, because the cryopreservation did not change the impor-
tant elastic properties of arteries [22].

Histology

The histology aimed to observe distributions of the collagen and elastin fibres in three
orthogonal planes (i.e., axial, radial and circumferential planes in Fig. 1), and to correlate
them to the mechanical anisotropy of the artery. A cylindrical arterial segment from a
fatty-tissue-cleaned aorta, which was unfrozen at room temperature, was first cut open
along its axis, and expanded into a flat, then, the expanded artery was divided into three,
which were then embed into three paraffin blocks. Furthermore, a microtome (RM2016,
Leica, Germany) was employed to obtain three paraffin sections with thickness 8 pm,
then, the paraffin sections were dewaxed and examined by an upright microscope
(Eclipse CI, Nikon, Japan) equipped with an imaging system (DS-U3, Nikon, Japan).
Here, to visualize the collagen and elastin in the three orthogonal planes, the three paraf-
fin sections were stained by the classical Weigert’s resorcin fuchsin method.

Anisotropy

In this part, two sets of experiments were performed: one was testing the anisotropic
stress—strain response to study the influence of the loading rate on the Young’s modulus,
ultimate stress and degree of anisotropy; the other was testing the relaxation anisotropy.

Axial plane (0°or 180°)

R

Cut Expand
Fig. 1 Diagram of expanding a cylindrical arterial segment and definition of three orthotropic planes
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All samples were uniaxially tensioned by an Instron single column tabletop testing sys-
tem (5943, Instron, USA).

Stress-strain response

Twenty-one arteries were tested in this experiment. For each aorta, like the histologi-
cal analysis, it was unfrozen at room temperature, and fatty-tissue-cleaned, and then
cut open, and further expanded into a flat. Setting the axial direction (from the proxi-
mal end to the distal end) of the aorta as 0°, and employing a protractor and adhesive
tape to measure and fix the samples, it was anti-clockwisely cut into eight stripped sam-
ples with 30°, 45°, 60°, 90°, 120°, 135°, 150°, and 180° (Fig. 2), thus, the total number of
stripped samples was 168, and their width and thickness were 10.01 £ 0.18 mm and
1.99 + 0.26 mm, respectively. All the samples were soaked in the phosphate buffered
saline for the mechanical tests. In the tests, the engineering stress ¢ and strain &€ were
calculated by 0 = F/A and ¢ = Al/l, respectively, where F is the tension force, A is the
initial cross-sectional area obtained by averaging three measurements at two ends and
middle position of each stripped sample, Al is the elongation of the samples, and / is the
initial sample length (i.e., the length between two clamps).

To test the influence of different loading rates on the Young’s modulus, ultimate stress
and degree of anisotropy, the twenty-one porcine thoracic aortas were categorized into
three groups (seven aortas in each group), and for the three groups, they were tensioned
in loading rates of 1, 5 and 10 mm/min, respectively. Moreover, the Young’s modulus and
ultimate stress were obtained to calculate the degree of anisotropy.

Relaxation behaviour

Three aortas were used to investigate the relaxation anisotropy. Similar as the “Stress—
strain response” section, eight stripped samples were made from each aorta, and the
total number of stripped samples was 24. Their width was 8.56 &+ 0.64 mm, and thickness
1.31 &+ 0.26 mm. For all the samples, within the first 95 s, they were cyclically loaded-
unloaded five times to eliminate uncertainties produced by the samples themselves or

Fig. 2 Preparation of the stripped aortic samples with different orientations
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the loading system at the very beginning (this part is not shown in the loading curves),
and more, to ensure no slippage, the clamps with rough surfaces were used. After the
cyclically loading process, samples were tensioned 1 mm displacement increment within
1 s, then maintained at the constant displacement for 60 s; next, the second 1 mm dis-
placement increment was stretched and another period of 60 s was held; the stretch-
maintain process was repeated ten times, as shown in Fig. 3a [23], and the typical
stress-time response calculated from the corresponding force—time response recorded
by the testing machine was reported in Fig. 3b.

For the relaxation behaviour, the linear visco-elastic constitutive model based on
Boltzmann’s superposition principle was extensively cited to describe the mechanical
behaviour of biological soft tissues, and it is written as [24]:

t
oe(t
o(t) = / G(t — r)E@ﬁdr (1)
oo at
where o(?) is the tensile stress, G(¢ — 7) is the relaxation function, E© is the instantane-
ous Young’s modulus, which is determined by fitting a line to the experimental instan-
taneous stress—strain curve, £(f) is the tensile engineering strain. According to Iatridis
et al. [23], a five-parameter discrete Maxwell solid model here was employed to define
the relaxation function:
Go + (u1/m)e /™ + (ua/rp)e /™

G(t) =
2 Go + pi/t1 + pa/1 @

where G is a fitting parameter related to the normalized elastic constant, and ¢, and g,
define the viscosities corresponding to time constants 7, and 7,, respectively.

Estimation of parameters

For the Young’s modulus, according to Lillie et al. [25], which used the inflation method
to test the mechanical anisotropy of pig aorta, and the Young’s moduli of the circumfer-
ential and axial directions were nearly linear before the strain 10%, thus, here we also
employed the portion (strain <10%) of stress—strain curves to calculate the samples’
Young’s moduli (insets in Fig. 4a). Both the Young’s moduli and ultimate stress of the 168
samples were statistized in the form of box-plot. Moreover, the degree of anisotropy A,
calculated by the mean values of the Young’s modulus and ultimate stress were defined

as dg = My /Moo, where 6 is the orientation of stripped samples, My is the mechanical
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Fig. 3 Loading condition (a) and typical stress-time response (b) of a stripped sample
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Fig. 4 Typical stress—strain curves of a set of samples (a) and a reduced relaxation function G(t) of ten steps
(or at ten stress levels) of a 30° sample (b) from an aorta

properties of the stripped samples, Moo is the mechanical properties of the circumfer-
ential stripped sample. This parameter is an important index and often used to describe
the anisotropy of materials [25].

The reduced relaxation function G(£) was calculated through normalizing the stress
at each step holding stage (0 < ¢ < 60 s) by its peak stress (¢ = 0), which is the stress
data point when the holding stage initiated, i.e., G(t) = 0;(¢)/0;(0). (i = 1,...,10) [23],
where ¢ is the holding time in each step instead of the time in the whole stretch-maintain
process, and i denotes the step number. The defined function indicated the relaxation
ability at different stress levels 0,(0), see Fig. 4b, in which S-i denotes the ith step. Then,
for the 24 samples (from the three aortas) at the same orientation and stress level, the
experimental data were averaged. Employing the least squares regression, the averaged
experimental data were fitted by the Maxwell relaxation model [Eq. (2)] to obtain sets of
parameters (G, ¢, 4y, Ty, T,), and more, the fitted parameters of all stress levels of each
orientational sample were averaged. Finally, using the averaged fitted parameters, the
reduced relaxation functions G(¢) of different orientational samples were plotted.

Results

Histological analysis

The microstructure of the crimpled collagen (red) and elastin (dark blue) fibres in the
three stained orthogonal planes of an artery are clearly shown in Fig. 5. The collagen
and elastin fibres are roughly parallel, and the different fibre sub-layers are connected by
inter-layer fibres (blue arrows in Fig. 5a) to form a spatial network. The fibres in the cir-
cumferential plane seem much denser arranged than those in the axial one (Fig. 5a, b),
and this enables the circumferential samples with a better mechanical behaviour shown
in the next section and the degree of anisotropy. Moreover, Fig. 5¢ shows that the fibres
generally form cross-linked network in two directions (the black lines in the regions cir-
cled by green ellipses), and this is like the woven model of arteries presented by Gasser
et al. [16] (Fig. 5d). The two main orientations in the woven model were also verified by
statistizing the orientations of the collagen and elastin fibres of inner adventitia at the

zero-stress state [26].
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Fig. 5 Weigert's resorcin fuchsin stained a axial, b circumferential, ¢ radial sections from an arterial segment,
d anisotropic woven model of arterial walls [16]

Anisotropic analysis

Mechanical properties

The Young’s modulus and ultimate stress of the samples are plotted in Fig. 6. Compared
to the ultimate stress, the loading rate produces a greater effect on the Young’s modu-
lus, in other words, the Young’s modulus is loading-rate-dependent, but generally they
are in the range of 0.1-0.4 MPa, and this is comparable to the value (~0.4 MPa at 10%
strain level) obtained by the inflation method [25]. Moreover, the Young’s modulus is
optimized at the loading rate 5 mm/min with respect to their counterparts at the other
loading rates, but its degree of dispersion is higher. For each loading-rate case, both the
Young’s modulus and ultimate stress reach the greatest and smallest at 90° and 180°,
respectively, and this is related to the denser and looser fibre distributions at 90° and
180° mentioned in “Histological analysis” section, which leads to the arterial anisotropy.
This is also consistent with literature, where the circumferential (90°) and axial (180°)
samples were only reported [20, 27]. What is more, the two mechanical parameters
exhibit a common quasi-sinusoidal variation, namely, they gradually increase from the
30° to 90° samples, and decreases from the 90° to 180° samples.

Different from the Fig. 6 presented all the absolute values of samples’ mechanical
parameters, the degree of anisotropy, which is more intuitively to show the arterial ani-
sotropy, is calculated and plotted in Fig. 7. It is easily seen that the degree of anisotropy
is not distinct, and this indicates that the degree is not much influenced by the loading
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rate, and the degrees calculated by both Young’s modulus (YM, connected solid mark-
ers) and ultimate stress (US, connected empty markers) are feasible.

Relaxation

The experimental data of the eight orientational samples at the same orientation and
stress level are averaged and plotted in Fig. 8. The normalized reduced relaxation curves
generally decay to 0.7, and it seems that there is no big difference between the multi-ori-
entational samples. The higher stress level leads to a greater stress relaxation (clearly seen
in Fig. 4b), and a lower stress relaxation occurs at the stress levels from the second step
(S-2) to the fourth step (S-4) except the 30°, 120° and 180° samples (Fig. 8a, €, h).

Correspondingly, the fitted parameters (G, ¢y, to, T;, T,) to the experimental data in
Fig. 8 are listed in Table 1. As stated in “Estimation of parameters” section, the mean val-
ues (Go, i1, fio, 71, T2) of the eight orientational samples are obtained by averaging their
fitted parameters of all stress levels. Substituting the mean values (Go, i1, Lo, T1, T2) into
the relaxation function Eq. (2), the reduced relaxation curves of the samples at different
orientations are plotted in Fig. 9. It shows that the relaxation of the 90° (or circumfer-
ential) sample is lowest, and that of the 180° (or axial) sample is highest. In this regard,
again, it is related to the fibre distributions at 90° and 180° (see “Histological analysis”
section). As for the samples at the other orientations, they are in-between.

Interestingly, the 45° and 60° (solid blue and green lines) samples share an approxi-
mately same relaxation function, and the same for 120° and 135° (dashed blue and green
lines) samples due to the supplementary relation to 45° and 60°, however, it is different
for the 30° and its supplementary 150° samples. This indicates that the orientations of
the two main fibres in the woven model (Fig. 5d) is between 45° and 60° (or between
120° and 135°), and the included angle a made by the fibres is in the range of 60°-90°, for
the perfect case, a = 75°. Moreover, the reduced relaxation curves of the samples at the
30°, 45°, 60° orientations generally are lower than their supplementary counterparts, i.e.,
150°, 135°, 120°, and this means that the samples at the distal end (30°, 45°, 60° samples)
have greater relaxation effect than those at the proximal end (150°, 135°, 120° samples).
This is because the proximal end is subjected to stronger force stimulation due to the
heart pumping, and more elastic components of arteries are preferable distributed at the
proximal end.
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Table 1 Parameters of the five-parameter Maxwell visco-elastic model by fitting the aver-
aged experimental data in Fig. 8

Angle Parameters Ten steps
S1 S2 S3 S4 S5 S6 S7 S8 S9 S-10 Mean SD
30° Go 079 084 08 078 074 081 078 077 078 078 0792 0033
Uy 014 017 016 020 021 019 020 020 020 020 0.185 0.021
T 079 082 083 099 099 085 095 09 09 099 0913 0076
Uy 762 383 395 410 469 373 396 396 405 407 4395 1.102
T, 3309 1794 2028 2277 2456 1858 2028 20.19 2025 2092 21.885 4.141
45° Go 083 081 08 08 083 084 084 082 080 079 0833 0026
Uy 012 018 017 016 016 017 017 018 018 019 0169 0017
T 076 090 086 089 086 093 092 092 093 098 0894 0056
Uy 631 414 357 395 321 373 375 399 407 411 4084 0.792
T, 2169 2204 2099 2245 1947 2190 2074 2164 2132 2106 21330 0.795
60° Go 081 084 082 085 083 08 082 083 080 079 0824 0.020
Uy 018 017 018 017 017 015 018 017 019 018 0.176 0.009
T 095 082 095 09 094 086 098 095 099 098 0938 0.053
Uy 413 378 364 342 404 424 373 380 411 441 3930 0289
T 2258 2028 2077 2150 2268 2087 2122 2008 2153 21.12 21264 0816
90° Go 070 086 092 095 095 090 083 08 083 082 0868 0.069
U 015 017 014 013 013 014 016 016 017 017 0152 0013
T 093 112 086 086 082 083 093 094 097 09 0926 0.080
Uy 1288 361 352 311 321 370 362 379 420 428 4592 2784
T 5263 2286 2478 19.88 1888 2203 2133 2127 2219 2210 24796 9.400
120° Go 088 078 085 089 080 0838 085 082 079 081 0836 0039
U 015 018 016 015 018 015 016 017 018 017 0.166 0012
T 099 104 100 09 105 089 094 09 098 095 0977 0044
Uy 388 487 389 353 476 370 384 414 464 432 4156 0444
T 2450 2756 2268 21.50 2636 1961 2092 2207 2331 21.68 23019 2349
135° Gy 085 083 092 09 08 084 087 085 084 083 0858 0029
U 012 018 014 016 016 017 016 016 017 017 0159 0016
T 080 105 08 094 100 105 091 095 095 100 0949 0076
Uy 642 358 318 306 380 383 397 391 404 403 3982 0877
T, 2758 2289 1947 2038 2335 2396 2065 2123 2180 2142 22272 2207
150° Gy 056 076 081 084 088 084 078 082 082 080 0791 0081
U 021 016 017 017 015 017 020 017 018 019 0177 0016
T 138 093 097 091 089 093 112 095 095 100 1003 0.139
Uy 1236 649 440 408 379 406 402 404 403 401 5127 2521
7 4513 2901 2335 2234 2105 2196 2359 1998 21.13 2127 24882 7.154
180° Go 080 077 081 079 081 076 067 074 075 077 0766 0039
U 016 020 018 019 019 021 023 021 021 020 0199 0017
T 080 086 082 08 078 08 099 094 09 098 0884 0074
Uy 542 396 394 369 363 402 547 420 422 408 4264 0617
T, 2719 2052 1919 19.14 1823 1944 2606 1986 2033 19.94 20990 2.896
Discussions

This work aims to deal with the mechanical anisotropy of arteries. The revealed micro-

structure of an artery clearly indicates the network of the cross-linked crimpled collagen

and elastin fibres. The mechanical response of the tensile network produces the internal
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energy composed by the entropy and strain energy, which are contributed by straight-
ening, re-orientation, cross-linkage, stress—strain behaviours of the biopolymers, and
these contributions determine the nonlinearity and anisotropy of porcine aorta [19, 28].
The cross-linked microstructure confirms the simplified nonlinear-elastic double-layer
symmetrical woven model presented by Holzapfel et al. [15], which included the angular
effect of cross-linking fibres in the arterial adventitia and media. Regarding the tensile
anisotropy of woven model, it was well studied in the field of the textile [29].

For the mechanical response of arteries, an intact artery behaves like smooth muscle
slightly stretched about 2—20%, like elastin stretched 20—-70%, and like collagen stretched
over 100%, and the tension at the former two strain levels were compatible with in vivo
pressures [30]. At the low strain level, the crimpled collagen and elastin are mainly
stretched, and the waviness is reduced. Smooth muscle and elastin fibre are responsi-
ble for the arterial expansion, contraction, and stress distribution due to their compli-
ance, extensibility and resilience. At the high strain level, the collagen and elastin fibre
are straightened to alignment, and the ultimate stress is mainly contributed by the col-
lagen fibre [26]. Collagen fibre serves to reinforce arteries, store energy and maintain the
strength of arteries, and it is reported that the Young’s modulus and yield strength of the
collagen fibril are 0.86 & 0.45 GPa and 0.22 £ 0.14 GPa, respectively [31]. The strength
of the collagen fibril is 1000 times that of the elastin fibre [32]. From Fig. 4a, we can see
that the Young’s modulus calculated by the portion (<10%) of the stress—strain curve is
at the low stress level, and is mainly contributed by the smooth muscle and elastin fibre,
and the smooth muscle is strain rate-dependent because of its strong visco-elastic prop-
erties [33], thus, the Young’s modulus is sensitive to the loading rate. As for the ultimate
stress of the circumferential sample, the failure strain is around 80%, which is consistent
with the strain when collagen fibres are straightened [26]. Because the collagen fibril is
stiffer and less resilient [19], and the stiffer material is insensitive to loading rate, the ulti-
mate stress is not much loading-rate-dependent (Fig. 6b).

As for the mechanical parameters and degree of anisotropy, the circumferential sam-
ples process a better mechanical performance than the axial ones, and it can be inter-
preted by the stress-growth rule. This indicates that artery is stimulated by a stronger
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force produced by blood pressure in the circumferential direction than that in the axial,
and thus the fibre mainly orientate in the circumferential direction, in this regard, the
included angle a made by the two main fibres of the model in Fig. 5d is less than 90°.
The degree of anisotropy Ag4 is between 0.4 and 1.0, and the range is comparable to the
reported one in literature [25], which employed the ratio of Young’s modulus E,4/E, in
which the axial z is corresponding to the 180° samples in this paper. Due to the 2D net-
work of the elastin and collagen fibre, their contributions to the anisotropy of arteries
from both experiment and theory were investigated, but most literature experimentally
documents an orthotropic anisotropic data in the circumferential and axial directions
[25], and the general arterial anisotropy were only investigated by theories [20, 26]. In
the sense of arterial microstructure, the anisotropy of individual component determines
the arterial anisotropy at the tissue level [19], for example, the elastin was treated as an
anisotropic model by the latest work [20], where the mathematical model is decomposed
into two parts, one is isotropic and the other is anisotropic, i.e., ¥, = ¥iso + ¥,- The
anisotropic model characterizes more accurately the mechanical properties of the arte-
rial wall when compared to models with a simple isotropic elastin.

Relaxation anisotropy of arteries depends on endothelial cells [34], smooth muscle,
collagen and elastic fibres [24]. The role of the endothelial cells in the arterial relaxa-
tion anisotropy is mainly chemically controlled [35, 36], and isolated arteries are not so
influenced with the absence of chemical agents. We here mainly discuss the influences of
other components. Smooth muscle is different from the striated muscle, but they share
the same sliding mechanism, namely, the muscle contraction is caused by sliding move-
ment between the cross-bridged actin and myosin filaments connected by myosin heads,
and the process is controlled by the release of Ca*". Here, the histological analysis on
the stained arterial sections do not show the smooth muscle, but it is easily understood
that when the muscle is loaded, the sliding movement occurs, and this visco-elastic length
adaptive ability enables the arteries with the greatest relaxation behaviour than the elas-
tin and collagen [24]. Elastin and collagen fibres contribute the relaxation anisotropy
at the tissue level because of their formed visco-elastic cross-linking network, and the
greater cross-linking density reduces the visco-elasticity and relaxation [36] but enhances
the strength and toughness [37]. Besides, in the deformation process of the arteries,
the straightening of the crimpled collagen and elastin fibre or the unfolding of protein
domains also contributes to the relaxation. It is worth mentioning that contrary to com-
mon sense, the collagen or elastin fibre reorientation seems not a primary source of their
visco-elastic properties [38], instead, the relaxation process within the collagen fibres or
at the fibre-matrix interface is speculated to be responsible for the arterial relaxation.

In summary, we have made a comparatively comprehensive examination of arterial
anisotropy compared to the conventional data in the circumferential and axial direc-
tions, in particular for the relaxation anisotropy. However, the limitation is that the iso-
lated artery is cut into open and the residual stress is released.

Conclusions

In this paper, we have made two sets of uniaxially tensile experiments on the anisotropy
of arteries by tensioning multi-directional stripped aortic samples. The Young’s modu-
lus, ultimate stress, the degree of anisotropy, and relaxation anisotropy of the stripped
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samples were obtained. The Young’s modulus is more sensitive to the loading rate than
the ultimate stress, but the degree of anisotropy is not loading-rate dependent. Due to
the preferable fibre distribution in the circumferential (90°) sample, it has the greatest
mechanical properties and the smallest stress relaxation, whereas the axial (180°) sample
has the smallest mechanical properties and the greatest relaxation, and the mechanical
behaviours of the other samples are in-between; moreover, the mechanical behaviours
monotonously increase as the samples’ orientations change from the axial to the cir-
cumferential directions. Compared to the previous work, the present study examines the
arterial anisotropy in multi-directions, and is very helpful to understand the mechanical
anisotropy of arteries.
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