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Abstract

The Achilles is the thickest tendon in the body and is the primary elastic energy-storing
component during running. The form and function of the human Achilles is complex: twisted
structure, intratendinous interactions, and differential motor control from the triceps surae muscles
make Achilles behavior difficult to intuit. Recent /7 vivo imaging of the Achilles has revealed
nonuniform displacement patterns that are not fully understood and may result from complex
architecture and musculotendon interactions. In order to understand which features of the Achilles
tendon give rise to the nonuniform deformations observed /n vivo, we used computational
modeling to predict the mechanical contributions from different features of the tendon. The aims
of this study are to: (i) build a novel computational model of the Achilles tendon based on
ultrashort echo time MRI, (ii) compare simulated displacements with published /7 vivo ultrasound
measures of displacement, and (iii) use the model to elucidate the effects of tendon twisting,
intratendon sliding, retrocalcaneal insertion, and differential muscle forces on tendon deformation.
Intratendon sliding and differential muscle forces were found to be the largest factors contributing
to displacement nonuniformity between tendon regions. Elimination of intratendon sliding or
muscle forces reduced displacement nonuniformity by 96% and 85%, respectively, while
elimination of tendon twist and the retrocalcaneal insertion reduced displacement nonuniformity
by only 35% and 3%. These results suggest that changes in the complex internal structure of the
tendon alter the interaction between muscle forces and tendon behavior and therefore may have
important implications on muscle function during movement.
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INTRODUCTION

Tendons are vital for human movement as they transmit forces from muscles to bones. In
addition to this fundamental role, tendons are important for the dynamics of coordinated
movement as they serve to store and release elastic energy during cyclic movements
(Alexander and Bennet-Clark, 1977; Alexander, 1991; Ishikawa et al., 2005; Sasaki and
Neptune, 2006), protect muscle fibers from damage due to stretch (Griffiths, 1991), allow
muscles to work at favorable power outputs (Cronin et al., 2013; Lichtwark and Wilson,
2006), and enhance muscle performance by enabling muscle-tendon-unit performance that
exceeds the capabilities of muscles alone (Roberts, 2002). As the largest and strongest
tendon in the human body (Jarvinen et al., 2005), the Achilles tendon is important for
walking and running, sustaining loads many times body weight during these tasks (Giddings
et al., 2000).

Recent research has demonstrated the complexity of /n vivo behavior of the Achilles tendon.
Using dynamic ultrasound imaging, Arndt et al. (2012) showed nonuniform tissue
displacements within the Achilles tendon during cyclic passive ankle dorsiflexion. In that
study, tissue displacements were greater in the anterior portion of the tendon as compared to
the displacements in the posterior portion of the tendon, an interesting result considering that
the moment arm is greater for the posterior portion (Fig. 1). Slane and Thelen (2014)
observed similar nonuniformity in both passive and eccentric loading conditions, with less
extreme nonuniformity during eccentric trials. Bojsen-Mgller et al. (2004) showed
nonuniform displacements between the soleus distal aponeurosis and the gastrocnemius
distal aponeurosis (proximal to the Achilles tendon) during isometric ankle plantarflexion.
Finally, Franz et al. (2015) observed nonuniform displacements of the Achilles tendon in
healthy subjects during normal treadmill walking.

What gives rise to these observations of nonuniform displacements? Structurally, the tendon
is composed of three subtendons! (Handsfield et al., 2016), each of which is controlled by a
different muscle belly in the triceps surae (Bojsen-Mgller and Magnusson, 2015; Edama et
al., 2014; Sarrafian, 1993; Szaro et al., 2009). These subtendons twist about one another in
an internal direction (Bojsen-Mgller and Magnusson, 2015; Edama et al., 2014; van Gils et
al., 1996; White, 1943), but the functional significance of this twist is not well understood.
Additionally, recent work has suggested that sliding of tendon substructures may occur in
healthy and young, but not older, animals (Thorpe et al., 2013). Interestingly, Slane and
Thelen (2015) observed reduced regional nonuniformity in middle-aged subjects, as
compared to young subjects.

Lprevious authors have used different terminology to describe the portions of the Achilles arising from the distinct muscular heads of
the triceps surae. Here, we use the term “subtendon” for this structure. For a brief review and comparison of different terminologies
used, see Handsfield et al. (2016).
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As an explanation for the nonuniformity observed in the Achilles, Arndt et al. (2012) and
Bojsen-Moller et al. (2004) have proposed differential force contributions from the triceps
surae muscles. Due to the complexity of Achilles behavior and structure such as twisted
subtendons, intra-tendon sliding, and an osseous insertion behind the calcaneus
(retrocalcaneal), it is difficult to intuit how these and other features of the tendon contribute
to patterns of deformation. While a useful tool for dynamic musculoskeletal imaging,
ultrasound studies are generally limited to a small imaging region within some portion of the
tendon, making it difficult to appreciate the behavior of the entire tendon. Taken together,
there are questions that cannot be answered from imaging studies alone: /) do differential
muscle forces give rise to the tissue displacements observed experimentally? 77) what role
does inter-subtendon sliding have in creating tissue displacement profiles? /i7) what are the
mechanical contributions of various features of the Achilles tendon such as twisting and a
retrocalcaneal insertion?

The overall goal of this work was to create a finite element model of the Achilles tendon to
investigate the contributions of Achilles tendon geometry, twisting tendon morphology, and
differential muscle forces on tendon displacement profiles. The model geometry was
constructed from images obtained using a customized ultrashort echo time (UTE) MRI
sequence. The specific goals were to use the model to replicate tissue displacements
observed in the literature; estimate muscle force contributions; and use the model to
understand the interactions of muscle forces, subtendon twisting and sliding, and a
retrocalcaneal insertion on tendon displacements and strains.

METHODS

Ultrashort echo time magnetic resonance imaging

A healthy 27 year-old female volunteer (height: 1.63m, mass: 52 kg) provided informed
consent to the following protocol, which was approved by the University of Virginia
Institutional Review Board for Human Subjects Research. We scanned the volunteer using a
3T Siemens (Erlangen, Germany) Trio MRI scanner with a combination ultrashort echo time
(UTE) and short echo time (shTE) dual-echo pulse sequence utilizing a spoke-radial 3D k-
space trajectory which was originally developed for imaging cortical bone and is fully
described elsewhere (Miller et al., 2015). We placed a flex coil around the subject’s right
ankle which was manually positioned to 25° of plantarflexion. We used the following
sequence parameters optimized for tendon imaging- TEq(UTE)/TE(shTE)/TR/a: 0.08ms/
2.54ms/6ms/10°. Field of view was 192x192x192 mm?3 and spatial resolution was 0.8mm
isotropic. The 3D radial k-space trajectory consisted of 91,088 individual spokes,
corresponding to 50% undersampling at this field of view and resolution. The shTE
magnitude images were subtracted pixel-by-pixel from inherently co-registered UTE
magnitude images to maximize tendon contrast. To reduce noise, we averaged and
resampled images at a slice thickness of 2.4mm in the axial plane using Osirix imaging
software (Rosset et al., 2004).
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Model geometry

We manually outlined the Achilles tendon in MR images from the soleus muscle-tendon
junction to the extent of tendon insertion on the calcaneus (Fig. 2) using in-house
segmentation software written in Matlab (The Mathworks, Natick, MA). The control points
that defined the tendon external geometry were exported to Autodesk Inventor Professional
(Autodesk Inc, San Rafael, CA). To reconstruct axial cross-sections of tendon, we
interpolated control points with closed cubic splines. 3D tendon geometry was constructed
by lofting over all axial cross-sections.

In order to model the Achilles sub-structure, we defined 2D surfaces in Autodesk Inventor
that subdivided the 3D tendon geometry into three subtendons. Each of the three subtendons
corresponded to one of the three muscles of the triceps surae (Fig. 3) (Bojsen-Mgller and
Magnusson, 2015; Edama et al., 2014; Sarrafian, 1993; Szaro et al., 2009). At the proximal
aspect of the tendon, we defined the anterior portion as the subtendon extending from the
soleus (hereafter referred to as SOL subtendon), the posterior medial portion as the
subtendon extending from the medial gastrocnemius (MG subtendon), and the posterior
lateral portion as the subtendon extending from the lateral gastrocnemius (LG subtendon), as
these are the relative locations of the triceps surae muscles informed by MRI (Handsfield et
al., 2014). At the distal aspect of the free tendon, we defined the location of each subtendon
according to literature reports of dissection studies that separated the three portions of the
Achilles tendon by peeling away the portions of the tendon from the proximal end of the
tendon where the muscles’ distal aponeuroses are separate and distinguishable (Bojsen-
Mgller and Magnusson, 2015; Edama et al., 2014; Sarrafian, 1993; Szaro et al., 2009). This
positioning resulted in an internal twisting of the Achilles subtendons, which is consistent
with literature (Bojsen-Mgller and Magnusson, 2015; Edama et al., 2014; van Gils et al.,
1996; White, 1943).

The morphology of the Achilles subtendons in the calcaneal region is not well defined in the
literature; therefore, in the present model, the cross-sectional morphology at the end of the
free tendon was maintained through the tendon’s insertion on the calcaneus. This
morphology is consistent with sagittal imaging studies depicting collagen fibers with a
longitudinal orientation in the insertional region (Milz et al., 2002) as well as photographs of
the posterior collagen fiber directions of the Achilles tendon (Dalmau-Pastor et al., 2014).
The model geometry was transferred to AMPSolid (AMPS Technologies, Pittsburgh, PA)
and meshed into tetrahedral solid elements.

Constitutive model

Each subtendon was modeled as an incompressible Neo-Hookean solid with strain energy
density function, W, given by Equation 1:

W=C(,-3) (Equation1)
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where Cis a material constant and /; is the first invariant of the right Cauchy-Green
deformation tensor. The first invariant, /, is defined as the sum of squares of the principal
stretches, 11 1, & A3, according to Equation 2:

I, = )"+ (*+ (3"  (Equation 2)

The material parameter Cwas set to a value of 45 MPa for all three subtendons. This
parameter corresponds to a Young’s modulus of approximately 270 MPa which is consistent
with previously reported Young’s moduli for the human Achilles tendon /n vivo (Kubo et al.,
2002).

Model boundary conditions

A frictionless contact interface was defined between the three subtendons. This interface was
chosen to simulate subtendon sliding, a property demonstrated in fascicles of healthy
energy-storing equine tendons (Thorpe et al., 2013) that may be relevant for human Achilles
subtendons. While the mechanics of the interfascicular matrix have been explored previously
(Thorpe et al., 2015), the mechanics of the human Achilles intersubtendon matrix are not
known. A frictionless boundary condition was used here to be computationally simple; in
conjunction with a nonsliding boundary condition (see Variation of model morphology
section below) these conditions represent the extreme examples of the sliding that may occur
between Achilles subtendons. The proximal aspect of the Achilles was constrained to only
move in the proximal-distal direction. The anterior-distal aspect of the calcaneal insertion
was assigned to rotate 25° to simulate the rotation of the ankle during the dorsiflexion
portion of the loading conditions described by Slane and Thelen (2014). The center of
rotation was defined as the center of the line joining the subject’s medial and lateral malleoli
determined from MR images. The axis of rotation was perpendicular to the sagittal imaging
plane and passed through the center of rotation.

To simulate the forces applied to the tendon by the three triceps surae muscles during both
passive and active eccentric ankle dorsiflexion, nodal stiffness and pressure boundaries were
applied to the proximal surface of each subtendon (Fig. 3D). Linear nodal stiffness boundary
conditions were used to simulate the passive forces in muscle, which increase with
increasing stretch (Herzog et al., 1991). The stiffness parameters were tuned based on
comparison with /n vivo data of passive dorsiflexion, which is described below. Linearly
ramped pressure boundaries were used to simulate the active component of muscle forces on
the ascending limb of the muscle force-length curve (Maganaris, 2003); for eccentric
simulations, both passive and active properties of muscle were modeled.

Comparison with in vivo data and muscle force determination

To compare the present modeling results with the tissue displacements from Slane and
Thelen (2014), we defined a region of interest within the model that was consistent with the
region of interest from their imaging study (Fig. 4). We projected 3D nodal displacements
from the region of interest into the sagittal plane to obtain sagittal displacement profiles.
Sagittal displacement profiles were smoothed with a quadratic surface fit as was done to
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ultrasound data from Slane and Thelen (2014). Nodes were binned into Anterior, Middle,
and Posterior regions of the tendon (Fig. 4B and 4C) and displacements were averaged
within these bins.

To approximate the muscle forces relevant during passive and eccentric ankle dorsiflexion,
we first tuned the stiffness coefficients corresponding to the proximal boundary conditions
according to the displacement profiles from passive trials reported in (Slane and Thelen,
2014). The stiffness boundary conditions in the passive model were varied until the nodal
displacements in the Anterior, Middle, and Posterior regions were within one standard
deviation of experimental values. After stiffness boundaries had been set, we tuned pressure
boundaries using data from eccentric trials reported in (Slane and Thelen, 2014) following
the same protocol. Stiffness coefficients and pressure magnitudes for the LG subtendon were
each set as one-half the coefficients and magnitudes used for the MG subtendon. This
proportion reflects the relative PCSAs of these two muscles (Handsfield et al., 2014). In
addition to the passive and eccentric tuned models, we ran an additional simulation with no
force boundary conditions on the subtendons. These o muscle force models were used in
order to observe the isolated effects of ankle kinematics on Achilles displacements, in the
absence of any muscle force contribution.

Variation of model morphology

RESULTS

In order to explore the contributions of different geometric and functional features of the
Achilles tendon, we created additional models that systematically eliminated various
features. The first model variation—no insertion—was identical to the full model in the free
tendon region, but did not include the calcaneal region of the tendon. The second model
variation—no insertion no twist— similarly did not include the calcaneal region, but also
lacked any twisting of the subtendons. The third model variation—no sliding— included the
full tendon morphology but did not allow sliding between subtendons. External model
geometry and all proximal and distal boundary conditions were maintained across the model
variations.

Muscle force determination and comparison with experimental results

The model generated sagittal plane displacement profiles similar to those reported in Slane
and Thelen (2014), and reproduced the result (Fig. 1) that distal displacements were greater
in the anterior region of the free tendon than in the middle and posterior regions (Fig. 4)
(Arndtet al., 2012; Franz et al., 2015; Slane and Thelen, 2015, 2014). Displacement
magnitudes in the simulations were within one-third of one standard deviation of the mean
from experimental ultrasound data (Fig. 5) and the profile of the displacements shows the
same qualitative trend as the data in Slane and Thelen for both passive and eccentric cases.
The maximum simulated muscle forces are given in Table 1. Passive muscle forces in the
soleus represented 34% of the total passive forces in the triceps surae, passive forces in the
medial gastrocnemius represented 39% of the total, and passive forces in the lateral
gastrocnemius represented 27% of the total (Table 1). In eccentric simulations, forces in the
soleus represented 63% of the total triceps surae force, medial gastrocnemius force
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represented 23% of the total, and lateral gastrocnemius force represented 14% of the total
(Table 1).

Strains, displacements, and forces in tendon

Simulation of increased muscle force conditions resulted in an overall decrease in tissue
displacements and increase in average strains in the free Achilles tendon (Fig. 6). In spite of
a uniform stress-strain relationship in all subtendons, the force-strain relationships differed
across subtendons and between s/iding and no sliding models (Fig. 6) as a result of
differences in geometry between the subtendons and differences in overall loading related to
sliding vs. no sliding models. Displacement nonuniformity between subtendons was greatest
for the passive force sliding models (Fig. 6A). For both the passive and eccentric simulations
in the sliding model, strains were highest in the MG subtendon followed by the LG
subtendon and SOL subtendon (Fig. 6A). Non-zero strains were observed in the no muscle
force condition as a result of boundary conditions such as the constrained path of the
proximal free tendon and contact between subtendons, which caused small strains in the
subtendons. Differential strains were highest between the SOL and MG subtendons in the
passive muscle force condition. Strains in the SOL subtendon were consistently the lowest,
even when simulated soleus muscle forces were greater than either gastrocnemius muscle
(Fig. 6A). For the non-sliding models at all force conditions, displacement nonuniformity
was negligible (Fig. 6B).

Displacement nonuniformity: contribution of muscle forces, insertion, twist, and sliding

Displacement nonuniformity in the Achilles tendon varied throughout the length of the
tendon, was greatest near the proximal aspect of the free tendon, and diminished toward the
calcaneal insertion (Fig. 7A). When no forces were applied to the subtendons, displacement
nonuniformity was negligible. In the sliding models, displacement nonuniformity between
subtendons was non-negligible when any muscle forces (passive or eccentric) were applied,
and were the greatest in the passive force condition (Fig. 7A). In the absence of the
retrocalcaneal tendon insertion (i.e. free tendon only), displacements increased throughout
the length of the free tendon but displacement nonuniformity between the subtendons did
not differ greatly compared to the model containing an insertion region (Fig. 7). In the
absence of both the retrocalcaneal tendon insertion and the twisting subtendons,
displacements decreased in the SOL subtendon but increased in the LG and MG subtendons,
resulting in an overall decrease in displacement nonuniformity (Fig. 7). For all of the sliding
models, variations in the force boundary conditions had a greater effect on displacement
nonuniformity than any of the morphological variations. Displacement nonuniformity was
negligible through the length of the tendon for the non-sliding models, especially between
MG and SOL subtendons (Fig. 7D).

DISCUSSION

Nonuniform displacements within the tendon resulted primarily from different applied
muscle forces between subtendons. The highest nonuniformity occurred during passive
muscle force simulations when the MG muscle contributed the most (39%) to total Achilles
tendon force, followed by the soleus (34%) and the LG muscle (27%). In the eccentric
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condition, displacements were more uniform and the soleus contributed the most force
(63%), followed by the MG (23%) and the LG (14%). Thus, differences in relative force
contribution from the muscles may explain differences between passive and eccentric trials.
There are known architectural and functional differences between the soleus and
gastrocnemius muscles which could explain this phenomenon (Arndt et al., 1998; Cronin et
al., 2013a). The higher passive force contribution from the medial gastrocnemius compared
to the soleus implies that these muscles may differ in passive force curves or slack lengths
relative to ankle position. In the present model, the stiffness boundary condition used to
simulate medial gastrocnemius passive force was nearly two-and-a-half times the stiffness
that simulated soleus passive force. The hypothesized greater passive stiffness in the medial
gastrocnemius subtendon may promote higher stretching and elastic storage of energy in the
posterior aspect of the Achilles tendon, a potentiality which warrants further study.

Elimination of intra-tendon sliding altered displacement nonuniformity more than variations
in muscle force or tendon morphology. Sliding was a necessary condition in order to
recapitulate the displacement profiles from the literature. Elimination of sliding severely
reduced displacement nonuniformity in the tendon. In contrast to the nonsliding models,
models with no retrocalcaneal insertion and no subtendon twist diminished displacement
nonuniformity only slightly. This suggests that sliding is a much more important contributor
to nonuniformity than twisting or insertion location. Taken together, sliding and non-zero
muscle forces were both necessary to induce noticeable nonuniform displacements within
the tendon model. Interestingly, sliding appears to be a phenomenon present in healthy
young, but is diminished in older, horse fascicles (Thorpe et al., 2013) and human tendons
(Slane and Thelen, 2015). In the present work, we lacked values or estimates of the material
stiffness of the matrix between Achilles subtendons; therefore, we used frictionless sliding
and nonsliding as bounds for the sliding that likely occurs between subtendons. In a previous
work, Thorpe et al. investigated the mechanics of the matrix between tendon fascicles
(Thorpe et al., 2015); a similar study of the matrix between human Achilles subtendons
would enable a deeper understanding of the behavior of these structures.

In this study, we estimated triceps surae muscle forces by tuning force boundary condition
magnitudes to displacement profiles observed in (Slane and Thelen, 2014). Peak soleus
forces simulated in this study are on the order of 200N passive and 1000N active. Peak
gastrocnemius forces simulated in this study are about 350N passive and 450N active. Slane
& Thelen (2014) reported net eccentric plantarflexion moments in excess of 30Nm,
implying plantarflexion forces around 600N. The forces in the current model exceeded these
net force estimates from Slane & Thelen (2014) but were physiologically reasonable and
consistent with several /n vivo literature reports (Arndt et al., 1998; Finni and Komi, 1998;
Mian et al., 2007; Rubenson et al., 2012). It should be noted that our boundary conditions
ignored any resistive forces from fluid and connective tissue within the ankle.

Subject-specific material properties were not available in this study. The material parameters
chosen to model subtendons were based on literature reports of /n vivo Achilles tendon
material properties (Kubo et al., 2002). The Neo-Hookean model used was within the range
of tendon material response previously observed (Kubo et al., 2002; Lichtwark and Wilson,
2005; Stenroth et al., 2012). Our material model was less stiff than the average for young
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women observed by Stenroth et al. (2012), but it was within the broad range of previously
reported tendon material responses (Kubo et al., 2002; Lichtwark and Wilson, 2005;
Maganaris and Paul, 2002; Stenroth et al., 2012; Zajac, 1989). Because we tuned our forces
to observed displacements, our result of high subtendon stretch, especially in the MG
subtendon, is not sensitive to the specific material stiffness chosen in this study. Future
incorporation of a transversely isotropic (Weiss et al., 1996) or biphasic (Yin and Elliott,
2004) material model may be used to model Achilles behavior in finer detail. We used an
assumption that the ankle axis of rotation was perpendicular to the sagittal plane, which
simplifies the kinematics of ankle motion that have been demonstrated previously (Lundberg
et al., 1989). Incorporation of more sophisticated ankle kinematics, potentially also
including inversion and eversion, may reveal more specific subtendon deformation patterns,
especially increased displacements in the MG subtendon. In this study, we defined a region
within the Achilles tendon model to be consistent with the region that was imaged using
ultrasound in Slane and Thelen (2014). In light of the 3D structure of the Achilles tendon, it
is likely that variations in ultrasound probe placement on the posterior ankle and
morphological variations of subtendons across subjects may alter the tendon deformation
patterns observed with ultrasound. In previous works, nonuniform deformations have been
consistently observed (Arndt et al., 2012; Franz et al., 2015; Slane and Thelen, 2014) in
spite of potential inter-subject variations and probe placement variations, implying that these
variations may not contribute much to variations in deformation. In the future, the 3D
computational models presented here could be used to explore the effect of anatomical
variation and probe placement variation on the observed deformation of the Achilles tendon.

We used UTE MRI and literature information about subtendon morphology to develop an
image-based model of the Achilles tendon. The imaging sequence used here is a 3D radial
UTE sequence that was tuned to promote high contrast between tendon, cortical bone, fat,
bursa, and muscle. UTE sequences may be used to image tissues with short T2* times. The
sequence used here worked well to distinguish the Achilles tendon from its neighboring
structures. Finite element models of the Achilles tendon have been used previously to
understand tendon loading (Shim et al., 2014) and the effects of surgery on the tendon (Von
Forell and Bowden, 2014). This is the first work to our knowledge to use UTE MRI to
inform Achilles model geometry. The UTE MR images did not have enough resolution to
distinguish the separate Achilles subtendons, which necessitated our use of literature
information to model these sub-structures. Future imaging and modeling approaches
incorporating the meso- and micro-scale structures of tendon may reveal additional insights
into the importance of these substructures.

This study may have implications to the aging tendon. Aging is reportedly related to a
reduction in length of the retrocalcaneal insertion of the Achilles (Kim et al., 2011), possibly
due to progressive ossification of the most distal regions of the insertion or calcaneal growth
that alters the relative location of tendon insertion. Aging also may reduce intra-tendon
sliding due to collagen cross-linking (Thorpe et al., 2013). Changes such as these would be
expected to reduce displacement nonuniformity between subtendons. Age-related muscle
weakening (Doherty, 2003) and changes to tendon stiffness (Narici et al., 2008; Stenroth et
al., 2012) would also affect the degree of nonuniformity in subtendon displacements. Future
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work may suggest if and how subtendon sliding is related to tendon aging and may indicate
if tendon health is related to the ability for sliding between subtendons.

The current work provides a foundation for how intra-tendon sliding, muscle forces, twisting
subtendons, and insertional morphology may influence the extent of displacement
nonuniformity within the Achilles tendon. Future modeling and experimental work are
needed to further explore these and other morphological features of the tendon and to
contextualize the mechanisms of differential muscle forces and intratendon sliding as
contributors to nonuniform Achilles deformation.
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nonuniform motion expected
more displacement in posterior portion
due to larger moment arm

nonuniform motion observed
less displacement
in posterior portion

Figure 1.
Ilustration of tissue displacements in Achilles tendon. Kinematics alone suggests greater

displacements in the posterior tendon during ankle dorsiflexion. In multiple experimental
observations, greater displacement was seen in the anterior tendon (Arndt et al., 2012; Franz
et al., 2015; Slane and Thelen, 2015, 2014). Figure adapted from Sobotta (1909).
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A.MR Images of Achilles tendon were segmented from B. 3D model of the Achilles tendon
the proximal free tendon through calcaneal insertion constructed from segmented images

sagittal image of foot and ankle  axial images medial view posterior view

achilles tendon |

— =
calcaneus

Figure2.
Summary of imaging and segmentation of external tendon geometry. A: Sagittal and axial

slices from 3D UTE-shTE images illustrate the location of the Achilles tendon and its
segmentation in axial slices. B: 3D reconstruction of the segmented images reveals whole
tendon shape from soleus myotendinous junction to retrocalcaneal insertion.

J Biomech. Author manuscript; available in PMC 2019 February 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Handsfield et al.

Page 15

A. superior view B. inferior view of free tendon
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C. longitudinal views of subtendon/tendon model
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D. proximal boundary conditions
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with stiffness boundary, k with applied pressure, P

Figure 3.
Illustration of the subtendons defined in the finite element model. A: Proximal view of

model displays subtendons associated with the soleus, medial gastrocnemius, and lateral
gastrocnemius muscles. B: distal view of the free tendon displays the location of the three
subtendons at this level, which are rotated relative to the locations in A. C: Longitudinal
views of the tendon reveal the twisted orientation of the subtendons. D: Passive and active
muscle forces were modeled as stiffness and pressure boundary conditions, respectively.
Passive simulations consisted of stiffness boundaries only while eccentric simulations
consisted of both stiffness and pressure boundaries.
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A. Schematic of Ultrasound B. Observed Tendon Motion C. Simulated Tendon Motion
Placement from Experiment from Ultrasound Tracking from Finite Element Model
plantarflexed

lateral nodal positions

dorsiflexed
nodal positions

Anterior
Posterior

Mid

% proximal

ultrasound
transducer

I's

distal

Figure 4.
Qualitative comparison of displacement profiles between experiment and finite element

model. A: In Slane and Thelen (2014), the Achilles tendon was imaged with ultrasound
while subjects went through cyclic ankle dorsiflexion (adapted from Sobotta (1909)). B:
With dorsiflexion, ultrasound imaging reveals nonuniform displacements—anterior tissue
displaced more than posterior tissue. (adapted from Slane and Thelen (2014)) C: In the FE
model, nodal displacements in the anterior region were greater than those in the posterior
region.

J Biomech. Author manuscript; available in PMC 2019 February 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Handsfield et al.

Page 17

Passive Condition Eccentric Condition
12 12
1 . Experiment . Experiment
E 11F

£ 10l . Model 10l Model
£ 91l 9l
€
g 8} 8t
o 7t 7t
s
5 6¢ 6t
2
a 5t 5+
T al 41
2.
o 3¢ 3t
X~
o 2t 2|
a

1t 11

. - " 0 - - -
Anterior Mid Posterior Anterior Mid Posterior
Tendon Region in Sagittal Plane Tendon Region in Sagittal Plane

Figureb.
Quantitative comparison of regional displacements between experiment and finite element

model. The peak distal displacements occurring in the anterior, middle, and posterior regions
are shown for ultrasound experiments (Slane and Thelen, 2014) and for the present finite
element model. For both passive and eccentric cases, finite element simulations predicted
regional displacements within one standard deviation of experimental results.
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Figure 6.

Relationships between simulated muscle forces, tissue displacements, and strains in FE
models. A: In the sliding model, distal displacements in the proximal free tendon decreased
with increasing muscle forces and equivalent strains increased with muscle force. Force-
strain relationships were similar between the gastrocnemius subtendons but differed in the
soleus subtendon. B: In the absence of sliding subtendons, differential displacements were
negligible and force-strain relationships were altered for all three subtendons.
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Figure7.
Displacement profiles across morphological variations of the Achilles tendon. A:The

reference Achilles model includes twisted subtendons, inter-subtendon sliding, and a
retrocalcaneal insertion. B: Without this insertion, the model displays nonuniform
displacements. C: Without twisted subtendons, the differential displacements in the free
tendon are slightly reduced. D: In the absence of sliding, differential displacements between
subtendons are negligible.
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Table 1

Maximum muscle forces on Achilles subtendon in FE model

Maximum Forces During Simulation (Passive Forces) [% of total]

Condition Soleus Subtendon MG Subtendon LG Subtendon

Passive (189 N [34%] (217 N) [39%] (149 N) [27%]
Eccentric 1157 N (111 N) [63%] 423 N (132 N) [23%] 263 N (118 N) [14%]

Page 20

Maximum muscle forces in the passive and eccentric models are tabulated. Total force in each subtendon are given in Newtons, passive force in

parentheses; percent of total Achilles force is given in brackets.
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