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tendinopathies. Studying internal sliding behaviour is therefore important but difficult in human Achilles
tendon. Here we propose the equine deep digital flexor tendon (DDFT) and its accessory ligament (AL)
as a model to understand the sliding mechanism. The AL-DDFT has a comparable sub-bundle structure,

Keywords: is subjected to high and frequent asymmetric loads and is a natural site of injury similar to human
Achilles tendon Achilles tendons. Equine AL-DDFT were collected and underwent whole tendon level (n=7) and fascicle
Equine AL-DDFT level (n=7) quasi-static mechanical testing. Whole tendon level testing was performed by sequentially
Sub-tendon loading through the proximal AL and subsequently through the proximal DDFT and recording regional

Biomechanics

' . strain in the free structures and joined DDFT and AL. Fascicle level testing was performed with focus on
Inter-fascicular matrix

the inter-sub-bundle matrix between the two structures at the junction. Our results demonstrate a sig-
nificant difference in the regional strain between the joined DDFT and AL and a greater transmission of
force from the AL to the DDFT than vice versa. These results can be partially explained by the mechanical
properties and geometry of the two structures and by differences in the properties of the interfascicular
matrices. In conclusion, this tendon model successfully demonstrates that high displacement discrepancy
occurs between the two structures and can be used as an easy-access model for studying intra-tendinous
shear mechanics at the sub-tendon level.

Statement of significance

Our study provides a naturally occurring and easily accessible equine model to study the complex be-
haviour of sub-tendons within the human Achilles tendon, which is likely to play a critical role in the
pathogenesis of tendon disease. Our results demonstrate that the difference in material stiffness between
the equine AL and DDFT stems largely from differences in the inter-fascicular matrix and furthermore
that differences in strain are maintained in distal parts of the tightly joined structure. Furthermore, our
results suggest that distribution of load between sub-structures is highly dependent on the morphological
relationship between them; a finding that has important implications for understanding Achilles tendon
mechanical behaviour, injury mechanisms and rehabilitation.

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Abbreviations: AL, the accessory ligament (of the deep digital flexor tendon);

CSA, cross-sectional area; DDFT, deep digital flexor tendon; IFM, inter-fascicular ma- Achilles tendon injury is prevalent in both athletes and the gen-

trix; SDFT, superficial digital flexor tendon. eral population [1], but our limited understanding of the patho-
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a combination of several factors including the Achilles anatomy
[2,4,5], the integrity of the extracellular matrix [6,7] and activity-
related external mechanical demands [1,3]. The susceptibility how-
ever relates to the intrinsic Achilles anatomy and the complex
force interaction within the tendon bundles [4,5,8]. The Achilles
tendon has a unique tri-bundled structure formed by two longer
and thinner gastrocnemii tendons and a shorter and thicker soleus
tendon. Although the different contributing tendons on visual in-
spection appear to merge into one homogeneous tendon, in fact
the tendon fascicles originating from different muscle bellies do
not merge or intertwine within the Achilles tendon until reach-
ing the distal calcaneal tuberosity [9-12]. These fascicle groups or
bundles, termed Achilles sub-tendons [13], are believed to facili-
tate movement efficiency by allowing a certain degree of individual
control from contracting muscles to meet the demands from loco-
motive activities [14-17]. The gastrocnemii sub-tendons occupy the
posterior-lateral-anterior region of the Achilles tendon, surround-
ing the soleus sub-tendon which occupies the medial-posterior re-
gion [11,18]. The gastrocnemii and soleus muscles are activated dif-
ferently during locomotion [19,20]. Therefore, the observed me-
chanical behaviour of the whole Achilles tendon is likely the result
of a combination of factors including the morphology and the me-
chanical properties of sub-tendons, various force levels from dif-
ferent muscle bellies, and the interface properties between sub-
tendons [8].

Individual control of sub-tendons creates non-uniform displace-
ments within the Achilles tendon, and this non-uniformity has
been observed in both passive [21-23] and active [16,24] move-
ments. Furthermore, this displacement non-uniformity between
the sub-tendons shows an age-related and disease-related decline
[17,25,26]. At the fascicle level, studies on the equine superficial
digital flexor tendon (SDFT), an extreme example of an energy-
storing tendon, have demonstrated that the high failure strain of
this tendon is achieved by having a compliant inter-fascicular ma-
trix (IFM), which allows sliding of fascicles [27,28]. This sliding ca-
pacity decreases with age due to the stiffening of the IFM [29],
presumably imposing premature strains on fascicles and increas-
ing risk of injury. The human Achilles tendon, the most important
energy-storing tendon in human locomotion, exhibits a similar fas-
cicle sliding mechanism and compliant [FM [30-32] but whether a
significant transmission of force occurs between fascicles remains
inconclusive. The matrix between sub-tendons, termed inter-sub-
tendon matrix [33], has even more complex requirements than the
IFM within a sub-tendon as it is subjected to high asymmetric
loads due to the aforementioned individual control from different
muscles. The inter-sub-tendon matrix is therefore likely to demon-
strate a more extreme specialisation, which may be structural or
compositional, than the presumably more homogeneously loaded
IFM within each sub-tendon [33]. The detailed fascicle level me-
chanical behaviour between human Achilles sub-tendons is diffi-
cult to study both in vivo and in vitro due to the highly complex,
individually variable rotatory morphology of the tendon and sub-
tendon 12,18] in addition to the difficulties of obtaining sufficient
healthy specimens to study.

Here we have used an equine tendon model for studying the
mechanism of intra-tendinous shear between sub-structures - the
deep digital flexor tendon (DDFT) and its accessory ligament (AL).
The horse is a commonly used and widely accepted animal model
for studying human tendon, especially the equine SDFT to rep-
resent human Achilles tendon as they have comparable energy-
storing functions. However, the SDFT does not possess sub-tendon
level structures distal to the metacarpo-phalangeal joint [34] and
therefore lacks the ability to provide understanding of shear me-
chanics between sub-tendons. The equine DDFT and AL have a sep-
arate origin and proximal portion but combine to form one, seem-
ingly homogeneous, structure in the more distal part. The DDFT
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lies just beneath (deep to) the extensively studied SDFT and pro-
vides more of a support and positioning role during locomotion
compared to the SDFT [35]. The loading pattern differs between
the two branches of this structure. The DDFT originates from the
deep digital flexor muscle and its loading directly associates with
muscular actions; the AL originates from the common palmar lig-
ament of the carpus, so mechanical behaviour is largely dictated
by the metacarpo-phalangeal joint angle [35]. Along the descent,
the AL gradually flattens and wraps around the DDFT at the mid-
metacarpus level. A considerable degree of sliding is required at
the junction due to the different mechanical demands and dif-
ferent strain patterns during gait cycles between structures [35].
Distally, the AL completely blends with the DDFT, forming one
elliptical adjoined tendon before passing through the metacarpo-
phalangeal joint (Fig. 1). Given this bifurcated proximal geometry
and the different functional roles, the regional mechanical proper-
ties are likely different between the two proximal ends and joined
regions. It has been demonstrated that the proximal DDFT is a
stiffer structure than the proximal AL [35,36], but no previous
study has investigated the mechanical properties at the junction,
where the two structures join. The junction is subjected to inter-
mittent high asymmetrical loads transmitted from either the AL
or DDFT, resulting in complex force interactions [35]. The shear-
related displacement of the less-strained contralateral side will be
influenced by the properties of the inter-sub-structure matrix gov-
erning the force transmission and the relative sliding behaviour
between the two structures [8,33,37]. Similarities therefore exist
between the human Achilles tendon and the equine DDFT. Both
tendons have a sub-tendon/ligament level structure; the differ-
ence between tendon and ligament is anatomical rather than a
structural or functional feature. Both tendons function to receive
and transmit force from different sub-structures and exhibit non-
uniform displacements. The requirements of the matrix between
Achilles sub-tendons and the matrix between the DDFT and AL are
therefore very similar. We propose that studying the AL-DDFT me-
chanics will improve our knowledge of the sub-tendon level me-
chanical behaviour within the Achilles tendon.

This study aims to explore the mechanical response at the junc-
tion between the AL and DDFT and along the length of the tendon
when subjected to asymmetrical loads at both whole tendon and
fascicle levels. We hypothesise that the branched nature of this
tendinous structure creates high displacement discrepancy at the
junction during loading, which is transmitted to the more distal
parts of the structure.

2. Methods
2.1. Sample preparation

In total 17 pairs of equine forelimbs (aged from 3 to 24 years)
were collected at a commercial abattoir where horses are eu-
thanised for reasons other than research. The Animal (Scientific
Procedures) Act 1986, Schedule 2, does not define collection from
these sources as scientific procedures. The DDFT and AL between
the carpus and metacarpo-phalangeal joint of each forelimb were
harvested within 24 hours and kept frozen at -80°C until further
analysis. No sign of tendon pathology was noticed during the har-
vest. We conveniently chose all the left limbs for biomechanical
tests, assuming no significant limb differences between left and
right sides.

2.2. Whole tendon biomechanical tests

On the test day, specimens (n=10) were thawed at room tem-
perature before measuring the CSA of different regions with the
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Inter-sub-bundle
matrix

Fig. 1. The deep digital flexor tendon (DDFT) and its accessory ligament (AL) and the inter-sub-bundle matrix (lower left). Yellow triangles: the junction between two
structures. Blue lines: levels measuring cross-sectional area. Upper row inlets: cross-sections at corresponding longitudinal regions. Black arrows: tendon/ligament fascicles.

previously described method [38]. The CSA of free-AL and free-
DDFT were measured at a point 30 mm proximal to the junction
between the AL and the DDFT. The CSA of the joined region was
measured at a point 30 mm distal to the junction (Fig. 1).

Non-destructive quasi-static tests were conducted with sequen-
tial loading (AL then DDFT) of two proximal free ends. Specimens
were vertically mounted, distal part at the bottom and proximal
parts at the top, secured by cryoclamps in a screw-driven mechani-
cal testing device (Instron 5967, Instron, MA, US) with a 30 kN load
cell. We first mounted the free-AL while keeping the free-DDFT
relaxed. After securing the specimen in the device, four markers
approximately 25 mm apart were placed directly on the surface
along the midline at the regions where the CSAs were measured
on the free-AL and free-DDFT and both sides of the joined AL and
DDFT (Fig. 1, black dots, schematic representation). A preload of 100
N was applied for 1 min, and the effective gauge length was mea-
sured between the two freeze lines. The specimen was then pre-
conditioned by applying a 5% strain for 20 cycles using a triangular
wave at 1 Hz frequency. After the last cycle, the specimen was re-
turned to the slack position before pulled to 10% strain at a speed
of 12 mmy/sec. We chose a high-speed loading scenario to repre-
sent the in vivo physiological loading condition and the influence
of viscoelastic behaviour [39] on the mechanical response of the
tissue. The free-AL of the specimen was dismounted, and the free-
DDFT of the same specimen was then mounted and tested under
an identical protocol. We chose to test the AL first as our pilot data
showed that the AL is a more compliant structure and therefore
the target strain of 10% is reached at a lower load with less chance
of damage. Tested specimens were visually inspected after loading
through the AL and showed no sign of structural disruption. Sub-
sequently the force-displacement relationship was checked in the
data files to ensure no reduction in gradient providing further evi-
dence that the structure had not been damaged.

2.3. Calculation

Global force and displacement data were recorded by the me-
chanical testing machine at 100 Hz. During the test, marker move-
ments were captured at 30 Hz by two video cameras, one facing
each side of the specimen. The pixel movements of the four mark-
ers were captured in each video frame and the inter-marker dis-
tances were calculated. The regional displacement was then calcu-
lated by subtracting the initial inter-marker distances. This regional
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displacement was then synchronised, using external auditory cues
generated by the mechanical testing machine, with force data to
plot the regional force-displacement relationship and the linear re-
gion was used for calculating stiffness. Regional stress (force | re-
gional CSA) and regional strain (difference in the regional displace-
ment / initial length) were then further calculated and the lin-
ear region of the stress-strain relationship was used for calculating
Young’s modulus of the free-AL and free-DDFT. An in-house MAT-
LAB (R2020, MathWorks, MA) code was used for video processing,
regional displacement measurement, offline synchronisation, and
calculations.

2.4. Fascicle level mechanical testing

A further seven tendons were used for IFM and inter-sub-
bundle matrix testing. The peritendinous tissues were carefully re-
moved and the junction of AL and DDFT was visually identified
(Fig. 1, yellow triangles). For the inter-sub-bundle matrix isolation,
a fascicle pair (one fascicle from the AL and one from the DDFT)
was visually tracked and separated from proximal (~5 mm above
the junction) to distal, retaining the inter-sub-bundle matrix that
binds the AL and DDFT together (Fig. 1, bottom left). For the IFM
of AL and DDFT, the fascicle pairs were selected at the same junc-
tion region of the inter-sub-bundle separation, but with sufficient
distance from the inter-sub-bundle matrix (e.g. Fig. 1, bottom right
black arrows). Fascicle pairs were approximately 30 mm in length
and each fascicle was cut leaving a 10 mm inter-fascicular or inter-
sub-bundle matrix for testing [27] (Fig. 2). We could only sepa-
rate the inter-sub-bundle matrix in the periphery due to the dif-
ficultly in tracking fascicle origins at the core. However, previous
studies on other equine tendons found no significant difference in
mechanical properties between fascicles isolated from the core or
the periphery [27].

The intact ends of the fascicles were mounted in a mechanical
testing machine (Instron E1000) with a 250 N dynamic load cell
(to an accuracy of 0.5% of 1 N and measurement uncertainty less
than one-third of the permissible error. 2527-131 Dynacell, Instron)
and custom-made jagged grips. Grip to grip distance was 20 mm
(Fig. 2). A preload (0.02 N, as displayed on the mechanical testing
machine) was applied and the specimen was preconditioned with
10 cycles of sine waves between O to 0.5 mm. The structure was
then allowed to slacken before being pulled to failure at 1 mm/s
[28]. Force and displacement were recorded at 100 Hz during the
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Fascicle level testing
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test inter-sub-bundle matrix

Fig. 2. Diagram of tendon level (left) and fascicle level (right) mechanical testing. The IFM was subjected to shear loading during testing and the fascicles to tensional loading

[27.28].

test. To normalise data for comparison, the force-displacement re-
lationship was displayed by plotting each 10% of maximal displace-
ment against force. The stiffness was calculated as the slope of the
linear region of the force-displacement relationship of each speci-
men. Additionally, single fascicles (~30 mm in length) from AL and
DDFT (n=7) were dissected and mechanically tested using an iden-
tical testing protocol as the IFM, but with load applied in tension
instead of shear (Fig. 2).

2.5. Statistical analysis

Statistical analysis was performed using SPSS (v. 26, IBM, NY,
US) with two-tailed significant level set at 0.05. A one-way ANOVA
with Bonferroni post-hoc adjustment was performed to compare
the CSA of three regions. Paired t-tests were performed to com-
pare means of mechanical testing results between free-AL and
free-DDFT, between joined-AL and joined-DDFT, and between AL
and DDFT fascicles. Strain and stiffness were also compared be-
tween free and joined regions within the AL or the DDFT. One-
way ANOVAs with Bonferroni post-hoc adjustment were conducted
for comparing tendon level displacements when loaded in isola-
tion (e.g. free-DDFT, joined-DDFT, and joined-AL when DDFT was
loaded) and also inter-fascicular mechanical properties (AL IFM,
DDFT IFM, and inter-sub-bundle matrix).

3. Results
3.1. Tendon level mechanical properties

The CSA (n=10) of the joined region (159+30 mm?) was sig-
nificantly larger than the free ends of both AL (96+32 mm?) and
DDFT (89+28 mm?) but smaller than the combined CSAs. The me-
chanical testing results of the tendon level (n=7) and fascicle level
(n=7) are summarised in Tables 1-3. The mechanical testing data
from 3 limbs were discarded due to poor image quality or clamp
slippage during the whole tendon testing.

When the AL was loaded, the machine recorded lower maxi-
mal force (global) compared to the DDFT loading condition. The re-
gional displacement and strain (measured by cameras) showed sig-
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Fig. 3. Averaged (n=7) stress-strain relationship of free-AL and free-DDFT. Error
bars represent standard deviation and shown at one side for clear visualisation.

nificant regional differences between free-AL, joined-AL, and joined
DDFT, which receives load only through shear. The stiffness of the
free-AL appeared lower than the joined-AL when the AL was di-
rectly loaded (Table 1).

When the DDFT was loaded in isolation, the displacement,
strain, and stiffness were similar between the free- and joined-
DDFT, contrary to the AL loading condition (Table 2). Compar-
ing the two loading conditions revealed that the free-DDFT was a
stiffer structure than the free-AL and had a higher material stiff-
ness (Fig. 3). Interestingly, when comparing the displacement of
the contralateral joined regions, the force transmittance pattern
was different between AL and DDFT loading conditions. When the
DDFT was directly loaded, the joined-AL remained stationary and
started to elongate only after a substantial force was imposed
on the DDFT (Fig. 4, right). When the AL was directly loaded,
the joined-DDFT displaced proportionally to the joined-AL strain
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Table 1
Mechanical testing results when load was applied through the AL.
Global Regional
Free-AL Joined-AL Joined-DDFT
Maximal force (N) 4320+£1684
Displacement (mm) 13+1.8 5.0+1.4% " 3.6+1.5° 1.9+0.8
Stress (MPa) 44.8+15.4¢
Strain (%) 104+0.0 6.842.0% b ¢ 4.0+1.3P 1.9+0.8
Young’s modulus (MPa) 639+244°¢
Stiffness (N/mm) 841+327°¢ 12474836

Data are shown as mean + SD (n=7). a: Significant difference from joined-AL. b: Significant difference from joined-
DDFT. c: Significant difference from the same location as DDFT (Table 2).

Table 2
Mechanical testing results when load was applied through the DDFT.
Global Regional
Free-DDFT Joined-DDFT Joined-AL
Maximal force (N) 5370+2108
Displacement (mm) 1442.4 4.1+1.4° 4.2+1.1° 1.2+1.5
Stress (MPa) 60.7+26.9¢
Strain (%) 10+0.0 5.341.5%¢ 4.9+1.8° 1.4+1.8
Young’s modulus (MPa) 1158+459¢
Stiffness (N/mm) 13874+639¢ 12244486

Data are shown as mean =+ SD (n=7). a: Significant difference from joined-DDFT. b: Significant difference from joined-

AL. c: Significant difference from the same location as AL (Table 1).

Table 3
Mechanical properties of fascicles and Interfascicular matrices.

Interfascicular matrices

Fascicles
AL DDFT Inter-sub-bundle AL DDFT
Failure force (N) 2.2+1.1 1.4+0.8 1.1£0.8 5.3+0.9 4.9+2.5
Failure strain (%) 7.5+£5.5 7.5+4.5
Maximal displacement (mm) 1.940.7 1.7+£0.5 1.8+0.7 1.5+1.1 1.5+0.9
Stiffness (N/strain%) 0.74+0.2 0.7+0.6
Stiffness (N/mm) 1.6+£0.7 1.3+0.7 0.9+0.6 4.3+2.3 3.2+2.2

Data are shown as mean + SD (n=7). N.B displacement for interfascicular matrix is given in mm due to un-defined

effective gauge length.
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Fig. 4. Averaged (n=7) force-displacement relationship when AL (left) and DDFT (right) were loaded in isolation. The contralateral side (joined-DDFT when AL loaded, joined-

AL when DDFT loaded; closed triangles) was shear loaded alone. Asterisks: significant difference in maximal displacement. Error bars represent standard deviation of regional
displacement and are shown at one side for clear visualisation.
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Fig. 5. Relationship between force and displacement (left) and between force and normalised displacement (right) of interfascicular matrices (n=7). Error bars are not shown
in the force-displacement curves (left) for clear visualisation of the data. Asterisks: significant difference after post-hoc analysis (p<0.017).

(Fig. 4, left). Maximal displacement discrepancy at the junction was
approximately 3.0 mm (DDFT loaded, 3920 N) and 1.7 mm (AL
loaded, 4192 N).

3.2. Fascicle level mechanical properties

AL and DDFT fascicles exhibited similar failure force and max-
imal displacement (Table 3) and their mechanical properties were
not significantly different. The averaged AL IFM appeared to have
a slightly higher failure force and stiffness than the DDFT IFM
and the inter-sub-bundle matrix, but the differences were not
statistically significant (Table 3). The relationship between load
and displacement however differs significantly; at 20% and 30%
of normalised displacement levels, AL IFM exhibited significantly
higher force than the inter-sub-bundlematrix (Fig. 5). At higher
normalised displacement levels differences were not significant.

4. Discussion

Our results demonstrate that this equine tendon model exhibits
large displacement discrepancy at the junction when subjected to
loads from different branches as expected. Interestingly, the results
confirm our hypothesis and demonstrate that this discrepancy is
maintained in the more distal parts of the structure where the AL
and DDFT appear to be tightly bound. Since similar structural and
functional features exist between the human Achilles tendon and
this equine tendon model, exploiting this new tendon model may
help us understand the mechanisms behind the complex mechan-
ical behaviour at the sub-tendon level [30].

The mechanical properties obtained from the free-AL and free-
DDFT are comparable with previous studies on isolated AL [40] and
DDFT [35] and, similar to previous reports, demonstrated high in-
dividual variability at the tendon level [29,40] and fascicle level
[28,29], reflecting the natural variation between animals. The
higher material stiffness of the DDFT fulfils its mechanical role of
positioning distal joints in flexion during galloping, a function sim-
ilar to the equine digital extensor tendons and the human tibialis
anterior tendon. The differences in stiffness between the free-DDFT
and the free-AL was not reflected at the fascicle level, at least at
the joined region. Future research is warranted to elucidate the ori-
gin of the difference in mechanical properties of the AL and DDFT,
such as the inter-structure matrix composition or the ratio be-
tween IFM and fascicles. Interestingly, in our study the palmar and
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dorsal aspects of the joined AL and DDFT structure behaved dif-
ferently compared to the proximal free regions. The regional strain
of the joined-AL was significantly lower than the free-AL, suggest-
ing a large proportion of force transmitted through shear-loaded
alone to the contralateral joined-DDFT, the regional strain of which
was lower but closely related to the joined-AL. On the contrary,
the regional strain of free- and joined-DDFT were almost identical
when loaded in isolation, suggesting a more homogeneous struc-
ture throughout the DDFT and a lower force transmitting capac-
ity at the junction compared to force transmission from the AL to
the DDFT. The adjacent joined-AL displaced surprisingly little even
when the DDFT was subjected to a substantial level of force (~4000
N).

This force transmission discrepancy at the junction between dif-
ferent loading conditions can be partially explained by the me-
chanical properties of DDFT and AL. To a first approximation they
can be considered as springs in parallel. However, in a classi-
cal parallel spring system, the displacements of joined-DDFT and
joined-AL would be the same. Another explanation of this unique
behaviour at the junction is the different geometry between the AL
and DDFT. The AL gradually flattens and wraps around the DDFT
when descending, forming a C-shape structure surrounding the O-
shape DDFT at the junction. (Fig. 1, upper row inlets). Due to Pois-
son’s effect, the C-shape AL when loaded could exert compressive
force on the DDFT, transmitting force through the inter-sub-bundle
matrix resulting in displacement of the joined-DDFT. When load
is applied through the DDFT however, the decreasing CSA of the
0O-shape DDFT when loaded may make it less likely to exert force
on the joined-AL. Although this theory alone does not explain why
the joined-AL eventually displaced when high loads were imposed
on the DDFT. Understanding how the mechanical properties and
geometry of sub-components within one tendon structure affects
whole tendon mechanical behaviour will be a breakthrough in un-
derstanding Achilles tendon mechanics since a similar mechanical
property difference and geometrical feature (C-shape gastrocnemii
surrounds the soleus sub-tendon) exists in Achilles sub-tendons
[8,10-12]. A third explanation is that the orientation of load bear-
ing fibres in the inter-sub-bundle matrix is such that they come
under tension much later when loaded through the DDFT than
when loaded through the AL resulting in a difference in timing of
force transmission between the two structures.

Fourthly, the relative mechanical properties of the inter-
fascicular and inter-bundle matrix could also contribute to this
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unique behaviour seen at the junction. Given the large differ-
ences in the force-displacement relationship between the AL IFM
and inter-sub-bundle matrix, a near-failure force for the inter-
sub-bundle matrix could only result in approximately half of
the displacement in the AL IFM. On the contrary, since the
force-displacement relationships between DDFT IFM and inter-sub-
bundle matrix were similar and both were more compliant and
weaker than the AL IFM, a fully loaded AL could result in a sub-
stantial displacement of the DDFT, showing a more synchronised
displacement between the shear-loaded joined-DDFT and the di-
rectly loaded joined-AL. However, these inter-fascicular differences
in mechanical properties were only statistically significant at initial
displacements (<30%). This may be due to the small sample size,
mixed ages, and the inherent variation between individual animals.
We were not able to measure the thickness or CSA of the inter-
fascicular matrices or to maintain identical IFM quantity (volume)
during our test. Although we did not find significant correlation
between age and measured tendon and fascicle level mechanical
properties for both AL and DDFT, ageing has been proposed to have
a significant influence on the IFM tensile mechanical properties
[27,28] and fascicle and fibre level viscosity [41]. A greater adhe-
sion of inter-sub-bundle matrix would drastically affect force trans-
mission at the AL-DDFT junction. Future studies may benefit from
obtaining a larger sample size with a wide age range to detect po-
tential fascicle IFM and inter-sub-bundle matrix level differences.
Our measured fascicle level mechanical properties were similar to
those reported for the SDFT [27,28], and these results also imply
that inter-fascicular differences have a greater influence on whole
structure mechanical properties than the fascicle differences. Ad-
ditional research is warranted to explore whether fascicle sliding
also plays an important role in the DDFT during loading as there
are important differences in function and composition between the
SDFT and DDFT [35,42]. We could only confidently dissect out fas-
cicles at the periphery due to the difficulty in tracing the fascicular
origin at the core. Previous studies however suggest that the fasci-
cle and IFM mechanical properties are similar between at the core
and the periphery in other equine tendons [27]. We only reported
the force-displacement relationship since we were unable to accu-
rately measure the CSA of the tested fascicles. The actual material
strength of fascicles is supposedly greater than the IFM [31]. Fu-
ture study could also investigate the influence from the lower hi-
erarchies (fibril or fibre level) on the fascicle and sub-tendon level
mechanical behaviours [39,43-46].

In some specimens, an initial negative displacement of the
joined-AL was observed when the DDFT was loaded. This apparent
negative displacement could result from an error from our image-
based measurement. The highest negative displacement measured
under 4000 N was -0.017 mm (maximal positive displacement:
0.022 mm). We believe this potential measurement error did not
significantly affect the reported outcome. Alternatively, the neg-
ative displacement may result from a bending of the structure
when load is initially applied to the contralateral side. It is also
worth noting that macroscale strain does not fully represent the
microscale strain [47]. Therefore, our measured external regional
strain may not fully represent the internal strain of the highly het-
erogenous tendon structure.

Our mechanical testing results can give an insight into why in-
jury to the AL is more prevalent than injury to the DDFT [48,49].
During galloping, the AL is taut rapidly when the carpal joint
moves from flexion to extension while the DDFT remains taut con-
tinuously. Taken together that the AL is less stiff than the DDFT
and the free-AL is more compliant than the joined-AL, the rapid
and high-intensity loading imposed on the whole heterogeneous
AL structure may produce localised high strains proximal to the
junction and high shear strain at the junction. Indeed, injury to
the AL proper (free-AL region) is more frequently reported than

21

Acta Biomaterialia 127 (2021) 205-212

injuries to the free-DDFT or below the junction level [48]. It is also
worth noting that adhesion between AL and DDFT is sometimes
reported with AL desmitis [48]. Adhesion at the junction may be
a reaction to injury and may interrupt the unique mechanical re-
sponse in this tendon complex, but the exact consequence is un-
known.

The human Achilles tendon is also likely to receive considerable
shear forces and it has been suggested that high shear between
Achilles sub-tendons is a risk factor for developing tendinopathy
([50-52] and review [53]). The soleus muscle-tendon unit con-
stantly activates during bipedal movements. It is composed of
mainly type I muscle fibres and has a high fatigue resistance to
allow continuous support of body weight during stance and walk-
ing. Gastrocnemii have shorter muscle bellies and longer tendi-
nous parts compared to the soleus and are involved during ex-
plosive movements such as jumping or at the push-off phase dur-
ing late stance [19,20]. Moreover, the length of gastrocnemii is
affected by both knee and ankle joint angle while the length of
soleus, a one-joint muscle, is dictated only by the ankle joint an-
gle. These anatomical and functional differences of human triceps
surae muscles can create large displacement discrepancy within
the Achilles tendon, with the highest potential difference between
the soleus and gastrocnemii sub-tendons. Younger Achilles tendons
exhibit more non-uniformity in sub-tendon displacements com-
pared to aged tendons [15,16]; therefore, shear strains at the in-
terfaces should be greater in younger than aged Achilles tendons.
In support, one study suggested that longitudinal tears within
the Achilles tendon are an under-reported pathology prevalent in
young, elite-level athletes [51]. Elite athletes are also subjected
to high training doses and participate in competitive sports, both
of which are likely to increase the chance of asymmetrical load-
ings by either rapidly changing knee and ankle positions or devel-
oping training-induced fatigue to the gastrocnemii. Our proposed
equine tendon model can help researchers to systematically study
the shear-related mechanical responses at the interfaces between
structures and understand how tendons adapt their extracellular
matrix composition and organisation to withstand this high in-
ternal displacement discrepancy. Understanding these responses
will facilitate the development of novel prevention and treatment
strategies targeting Achilles tendon injuries.

5. Conclusion

The AL-DDFT tendon complex shows distinct structural and re-
gional mechanical properties and exhibits large displacement dis-
crepancy at and below the junction when loaded through differ-
ence branches. This tendon model can be studied macroscopically
using conventional mechanical testing devices at both tendon and
fascicle level, providing tendon researchers an easy-access model
to study intra-tendinous shear mechanics, such as the shear be-
tween human soleus and gastrocnemii sub-tendons. The relatively
low injury rate of the DDFT compared to the SDFT, despite having
high internal displacement discrepancy, may suggest a specialised
adaptation strategy exists at the junction. Studying the mechanism
behind these shear-related mechanical responses and the adapta-
tion strategy can improve our understanding of human Achilles
tendon which, in a manner similar to the AL-DDFT, is constantly
subjected to loads from different origins and exhibits non-uniform
displacements during activities.
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