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The plantarflexor moment arm of the Achilles tendon determines the mechanical advantage of the triceps
surae and also indirectly affects muscle force generation by setting the amount of muscle-tendon short-
ening per unit of ankle joint rotation. The Achilles tendon moment arm may be determined geometrically
from an axis (or center) of joint rotation and the line of action of the tendon force, but such moment arms
may be sensitive to the location of the joint axis. Using motion analysis to track an ultrasound probe over-
lying the Achilles tendon along with markers on the shank and foot, we measured Achilles tendon
moment arm during loaded and unloaded dynamic plantarflexion motions in 15 healthy subjects.
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A?h<ilel es tendon Three representations of the axis or center of rotation of the ankle were considered: (1) a functional axis,
Ultrasound defined by motions of the foot and shank; (2) a transmalleolar axis; and (3) a transmalleolar midpoint.

Moment arms about the functional axis were larger than those found using the transmalleolar axis
and transmalleolar midpoint (all p < 0.001). Moment arms computed with the functional axis increased
with plantarflexion angle (all p < 0.001), and increased with loading in the most plantarflexed position
(p<0.001) but these patterns were not observed when either using a transmalleolar axis or transmalle-
olar midpoint. Functional axis moment arms were similar to those estimated previously using magnetic
resonance imaging, suggesting that using a functional axis for ultrasound-based geometric estimates of
Achilles tendon moment arm is an improvement over landmark-based methods.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The plantarflexor moment arm of the Achilles tendon affects
plantarflexor function through its combined influence on both
leverage and muscle fiber length and shortening velocity, both of
which affect muscle force generation. The plantarflexion moment
arm of the Achilles tendon (ATma) determines the mechanical
advantage of the triceps surae relative to the ground reaction force
during the latter part of stance phase in activities requiring trans-
mission of calf muscle forces (Carrier et al., 1994). In addition,
ATma determines the extent of muscle fiber shortening for a given
ankle joint rotation (Lieber and Ward, 2011), and thus affects plan-
tarflexor muscle operating points on the muscle force-length and
force-velocity curves. Because ATma determines plantarflexor
muscle moment and force generation, it is a critical determinant
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of the mechanics of push-off during gait (Rasske et al., 2017;
Takahashi et al., 2016).

ATma may be found experimentally as a geometric distance on
a two-dimensional (2D) magnetic resonance (MR) image of the
ankle joint (Baxter and Piazza, 2014; Maganaris et al., 1998;
Rugg et al., 1990). In the 2D geometric method, the center of rota-
tion (CoR) between the tibia and talus is found from images of the
ankle made with the ankle in different positions, and the ATma is
taken to be the shortest distance from the CoR to the midline of
the Achilles tendon. ATma have also been found from three-
dimensional (3D) MR images of the ankle complex, either using
dynamic cine-MR (Sheehan, 2012) or static images (Clarke et al.,
2015).

Ultrasound imaging of the Achilles tendon has also been
employed to make estimates of ATma. Muscle moment arm may
be found from measurements of tendon excursion and joint angle
(Storace and Wolf, 1979), and many investigators have used this
tendon excursion method to determine ATma (e.g. Fath et al,
2010; Ito et al., 2000; Spoor and van Leeuwen, 1992). The tendon
excursion method does not require the location of a CoR, but does
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assume that all tendon excursion is attributable to joint rotation
rather than tendon stretch and relaxation that are difficult to quan-
tify in vivo (Olszewski et al., 2015). For this reason, the tendon
excursion method as currently implemented may not be appropri-
ate for quantifying ATma during functional activities. Manal et al.
(2010) described a hybrid method combining dynamic ultrasound
imaging of the Achilles tendon with 3D tracking of the markers
placed on the foot, the tibia, and the ultrasound probe. The Achilles
tendon was located from ultrasound images while the motion data
were used to identify and track the CoR, which was taken to be the
midpoint between the medial and lateral malleoli. The ATma was
then estimated throughout the motion by finding the shortest 3D
distance between the CoR and the tendon midline. The combina-
tion of ultrasound imaging and motion tracking employed in this
way allows for dynamic assessment of ATma during weight-
bearing tasks such as walking (Rasske et al., 2017).

Results from studies using the hybrid method have produced
ATma estimates that differ from those in MR-based studies, poten-
tially due to errors in the location of the CoR. In both 2D and 3D MR
studies, ATma has been found to be 8-15 mm larger during muscle
contraction (Hashizume et al., 2014; Maganaris et al., 2000). Differ-
ences in ATma between conditions of maximum voluntary contrac-
tion and rest (Manal et al., 2013) and between stance and swing
phase during walking (Rasske et al., 2017), however, have been
found to be substantially smaller when hybrid methods have been
used. MR-based estimates of ATma have also consistently shown
ATma to increase with plantarflexion angle (Hashizume et al.,
2012; Maganaris, 2004; Sheehan, 2012), a trend that has not been
evident when hybrid methods that assume a transmalleolar mid-
point CoR have been used (Franz et al., 2018; Manal et al., 2013;
Rasske et al., 2017).

Previous efforts to assess ATma geometrically using ultrasound
have specified the CoR as the transmalleolar midpoint (Manal et al.,
2013; Rasske et al., 2017). While studies of relative bone motions
have found that the CoR is well approximated by a transmalleolar
midpoint (Siston et al., 2005), others have revealed differences
between the landmark-based transmalleolar axis and the axis of
tibiotalar rotation (Lundberg et al., 1989; Lundberg and Svensson,
1993; Sammarco, 1977). A rotation axis derived from marker-
based tracking of the relative motion of the foot and shank might
better represent the true axis of tibiotalar rotation and thus permit
better estimates of ATma.

The purpose of this study was to investigate differences in
ATma determined using the ultrasound-motion analysis approach
subject to three different methods for approximating the axis or
center of ankle rotation. Specifically, we sought to compare ATma
results from experiments in which a ‘functional axis’ is computed
from measured ankle motion to results from the same trials in
which the axis or center of rotation is determined using markers
placed on the malleoli. The three representations of the ankle axis
or center of rotation considered were: (1) functional axis (FA) iden-
tified using finite helical axis decomposition of the relative
motions of the foot and shank; (2) transmalleolar axis of rotation
(TA) through markers placed over the medial and lateral malleoli;
and (3) the midpoint between the malleolar markers (TM). We
hypothesized that: (i) ATma from FA will be larger than those esti-
mated using TA or TM; (ii) a larger change in ATma will be seen
with plantarflexion angle using FA than with TM or TA; and (iii)
ATma computed with FA will increase with loading to a greater
extent than will ATma computed with TM or TA.

2. Methods

Fifteen healthy young adults (8 F, 7 M; age: 26 + 2 y; height:
1.70 £ 0.07 m; mass: 71 + 12 kg) were recruited to participate in

the study. The protocol was approved by the Institutional Review
Board of The Pennsylvania State University, with informed consent
obtained prior to data collection for each participant.

Calibration: In order to locate the tendon within the laboratory
frame of reference, a static transformation between a reference
frame defined by markers attached to the ultrasound probe frame
and a frame aligned with the planar ultrasound image was found
using a calibration procedure prior to data collection for each sub-
ject. Briefly, three cylindrical rod phantoms were imaged underwa-
ter using a 60mm linear ultrasound probe (Telemed
HL9.0/60/128Z-2; Lithuania). Retroreflective markers rigidly
attached to either end of each rod and four markers attached to
the ultrasound probe determined the locations of the rods and
the probe in the laboratory reference frame. The centers of the
intersections of each rod with the imaging plane were identified
and used to create a homogeneous transformation between the
probe and image frames. Further details of this calibration proce-
dure are provided in the supplemental materials.

Motion trials: Following probe calibration, 12 mm-diameter
retroreflective markers were attached with double-sided tape on
the right lower limb over both malleoli and both femoral epi-
condyles. Two four-marker clusters on molded plastic plates were
affixed to the anterior shank and the dorsum of the foot using
double-sided tape and elastic wrap (3M Coban; St. Paul, MN).
The Achilles tendon was imaged with the middle of the ultrasound
probe placed vertically at the level of the malleoli and with the
probe oriented to maximize the appearance of the tendon in the
image (Fig. 1). The probe was secured in place with a neoprene
brace and foam support to minimize the motion of the probe rela-
tive to the leg (Fig. 2). Participants performed standing toe raises in
time to a metronome at 0.5 Hz. Ultrasound images, with 30 mm
depth and at a frequency of 7 MHz with a dynamic range of
62 dB, were collected over three toe-raise cycles at a rate of
approximately 60 frames per second, while marker coordinates
were sampled at 100 Hz using eight Eagle cameras (Motion Analy-
sis Corp.; Santa Rosa, CA). The above task was repeated three times,
after which participants were asked to perform unloaded cyclical
plantar- and dorsi-flexion motions at the same frequency while
standing on the left leg with the right foot raised from the floor
and extended in front; this motion was also repeated three times.
These tasks were chosen to produce ranges of motion that were
similar between the loaded and unloaded tasks and also similar
to that of walking, without many of the attendant motions of the
rest of the body that would occur during walking itself.

The ultrasound beamformer (Telemed LogicScan 128; Lithua-
nia) produced a 5 V square-wave analog signal during image sam-
pling. This signal was recorded using a data acquisition board
(National Instruments PCle-6259; Austin, TX) and Cortex software
(Motion Analysis Corp.; Santa Rosa, CA) on the motion analysis sys-
tem computer. The rising edge of this signal (plus an
experimentally-determined time-delay) was used in subsequent
analysis to synchronize the ultrasound images to the motion cap-
ture data.

ATma calculation: Ultrasound images of the Achilles tendon and
marker locations were analyzed using a custom-written MATLAB
(Mathworks Inc., Natick, MA) script. The superficial and deep ten-
don borders were located in each grayscale ultrasound image by
first applying the histeq() histogram equalization transformation
in MATLAB with two bins to obtain a black-and-white image. Bor-
ders parallel to the image margins between white and black
regions were then found automatically by marching in the deep
and superficial directions from an initial user-identified starting
point in the center of the tendon. The tendon force line of action
was taken to be the tendon midline that was midway between
these two borders. The transmalleolar axis (TA) was defined as
the line passing through the medial and lateral malleoli markers,
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Fig. 1. Schematic illustration of ultrasound probe placement over the Achilles tendon, with a sample ultrasound image showing the Achilles tendon within the white box.
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Fig. 2. Illustrations of the reflective markers attached to the skin of a subject along with the ultrasound probe affixed over the Achilles tendon using a custom probe-holder.
Clusters of reflective markers were secured to the dorsum of the foot and the anterior shank, and individual markers were placed over the lateral and medial malleoli (LM and
MM) and lateral and medial femoral epicondyles (LE and ME). An anterior view is shown on the left and a posterolateral view on the right.

while the coordinates of the transmalleolar midpoint (TM) were Butterworth filter with a cut-off frequency of 10 Hz. The coordi-
found as the spatial mean of the two malleoli. nates of the foot and shank cluster markers were used to com-

The foot and shank coordinate systems were established fol- pute homogeneous transformations between the foot and shank
lowing ISB recommendations (Wu et al., 2002). All marker coordi- segment coordinate systems using a least-squares fitting tech-

nates were filtered using a bidirectional 4th order low-pass nique (Challis, 1995).
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Finite helical axes were computed, at each time frame, using the
shank-to-foot transformations from 25 frames (0.25 s) before and
25 frames after that time frame (Spoor and Veldpaus, 1980). As
axes computed from skin-mounted markers are sensitive to noise
when the magnitude of rotation is small, any helical axis for which
the absolute value of the rotation about the axis was less than
0.2 rad was discarded (Woltring et al., 1985). A single axis repre-
senting the confluence (i.e, the “mean”) of all the remaining helical
axes was found using a previously described procedure (Lewis
et al., 2006) and this axis was termed the “functional” axis (FA).

For the methods that made use of an axis of rotation (FA and TA)
rather than a point center of rotation, ATma was computed by first

finding the moment of a unit force ? along the tendon line of
action about an arbitrary point P on the axis of rotation:

IT/I"):P—Q>><T> (l)

where Wl) is the vector pointing from P to an arbitrary point Q on
the tendon line of action. Taking P’ to be a second point on the axis
of rotation and U to be a unit vector along PP, the moment of the
unit tendon force about the axis was computed as the projection of

M, onto U
My = (PQ  T) )

Finally, ATma was found by shifting the terms in this scalar tri-
ple product and taking the absolute value to account for uncer-
tainty in the direction of U along the axis of rotation:

ATma = ‘ITQ> (ﬁ x ?)’ 3)

For the TM method, the shortest distance from the transmalle-
olar midpoint to the line of action of the Achilles tendon was com-
puted and taken to be the ATma. Ankle joint angles were computed
using ZXY Cardan decomposition (with Z being medial-lateral; X
anterior-posterior; and Y superior-inferior) of the rotation matrices
between the shank and foot coordinate systems at each time
frame. Second-order polynomials were fit to plots of ATma versus
plantarflexion-dorsiflexion angle and interpolations of these poly-
nomials were used to estimate moment arms at 5° increments
from +10° (dorsiflexion) to —20° (plantarflexion).

Statistical Analysis: A three-way repeated-measures ANOVA
determined differences in ATma between methods (TA, TM, FA),
loading conditions (loaded and unloaded) and ankle angle (+10°,
+5°, 0°, —5°, —10°, —15°, and —20°) in SPSS (v23, IBM, USA) with
the level of statistical significance set at o =0.05. When ANOVA
indicated significance, simple effects post hoc analyses were con-
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ducted using a Bonferroni correction for multiple comparisons.
Pairwise Pearson’s correlations were computed between ATma
assessed in neutral ankle position in both loading conditions to
identify associations between ATma computed using the three
methods.

3. Results

Mean ATma found using FA were significantly larger (all
p <0.001) than those from TA (mean differences of 14.0 mm and
9.5 mm for loaded and unloaded conditions, respectively) and TM
(mean differences of 11.0 mm and 6.3 mm), while TM moment
arms were larger than TA for loaded (mean difference of 3.0 mm,
p=0.011) and unloaded (mean difference of 3.2 mm, p = 0.006),
Fig. 3). These patterns of differences were found across all joint
angles examined (p = 0.024). The difference was most evident at
20° plantarflexion, for which FA values were 29% larger than TA
values, and 24% larger than TM values, on average (Fig. 3).

When ATma was determined using the FA, a dependence on
loading condition was observed. ATma from FA at maximum plan-
tarflexion (20°) were on average 7.8 mm larger when loaded than
when unloaded (p <0.001). This significant difference remained
for most comparisons but the effect was attenuated at smaller
plantar flexion angles (all p < 0.07). As the ankle moved into dorsi-
flexion, however, no significant differences between loaded and
unloaded ATma were observed for the FA method (all p > 0.05).

Loaded TA moment arms were marginally but not significantly
larger (difference of 0.3 mm) than unloaded (p = 0.523). Within-
angle comparisons revealed that loaded TA moment arms were
not significantly different at any angle (all p > 0.278). There was
a significant difference between TM moment arms measured at
the two loading conditions at only the most plantarflexed position;
loaded TM moment arms were 1.27 mm larger than unloaded
(p =0.046), but at no other angles were the differences significant.

ATma from FA in the loaded condition were found to increase in
magnitude from 10° dorsiflexion to 20° plantarflexion (Table 1).
When unloaded, ATma increased from neutral position to 20° plan-
tarflexion. While some small but significant differences across joint
angles were found for the TA and TM methods, the relationship
between ATma and joint angle was less pronounced for TA and
TM than for FA.

Pairwise Pearson’s correlations between FA, TA and TM in an
unloaded neutral position revealed significant relationships in each
case (Fig. 4). Using standards set forth by Cohen (1988), TA and TM
were strongly correlated (1° = 0.853, p < 0.001) while strong corre-
lations were also found between FA and TM (r? = 0.689, p < 0.001),
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Fig. 3. Achilles tendon moment arms calculated with a ‘functional’ ankle rotation axis (FA, filled circles), a transmalleolar rotation axis (TA, open circles), or a transmalleolar
midpoint (TM, open squares) in loaded (A) and unloaded (B) conditions, plotted versus ankle angle. Plantarflexion angles are negative and dorsiflexion angles are positive.

Error bars indicate standard deviation (n = 15).
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Table 1

Average differences between ATma values estimated at 20° plantarflexion, neutral, and 10° dorsiflexion for each loading condition found with each of the three methods (FA, TA,
and TM). P-values are for Bonferroni-corrected post hoc mean comparisons between angles, with significant differences (p < 0.05) highlighted in bold type.

FA loaded FA unloaded TA loaded

TA unloaded TM loaded TM unloaded

Angle Mean P-value  Mean P-value  Mean
comparison difference difference difference
(mm) (mm) (mm)

P-value  Mean

P-value  Mean P-value Mean P-value
difference difference difference

(mm) (mm) (mm)

20° PF-10° DF ~ 12.752 <0.001 5.099 0.008 0.983
20° PF-0° 7177 <0.001 3.426 0.001 0.615
0-10° DF 5.575 <0.001 1.673 0.207 0.368

1.000 —0.696 1.000 1.255 1.000
1.000 —0.628 1.000 0.842 1.000
1.000 —0.068 1.000 0.413 1.000

—0.989 1.000
—0.775 1.000
-0.215 1.000

0 10 20 30 40 50 60
TA (mm)

Fig. 4. Pairwise Pearson’s correlations of Achilles tendon moment arm in neutral
(0°) position and in the unloaded condition. Correlations were made between
moment arms measured using different methods: (A) FA and TA (r?=0.474,
p=0.005), (B) FA and TM (r? = 0.689, p < 0.001), and (C) TA and TM (r?=0. 853,
p <0.001). Lines of agreement (y = x) are displayed with gray dashes.

and FA and TA (r? = 0.474, p = 0.005). These correlations became
slightly weaker for ATma measured in neutral position for the
loaded condition (see supplementary Fig. S3 for these plots).

4. Discussion

Our estimates of ATma measured using an ultrasound-motion
tracking hybrid method differed substantially when computed
with an FA as compared those found using TA or TM representa-
tions of ankle joint axis or center of rotation (Fig. 3). Specifically,
ATma from FA were larger, varied with plantarflexion angle more
(such that ATma were larger in plantarflexion) and increased with
loading to a greater extent. Estimates of ATma that approximated
the ankle using anatomical landmarks (i.e., TA or TM) did not vary
appreciably with ankle joint angle or loading condition. Because
the estimated position of the Achilles tendon was constant across

the FA, TA, and TM methods, differences in ATma directly reflect
differences in ankle axis position determined by those three
methods.

To better understand why ATma computed with FA changed
with joint angle and those computed with TA did not, we repre-
sented ATma as the product of two factors: (1) the shortest dis-
tance D (distance along the mutual perpendicular) between the
tendon axis and each joint axis; and (2) a factor of sin , where
is the angle between the tendon axis and the joint axis:

ATma =Dsinf (4)

Values of D and sin B for a representative subject are shown in
Fig. 5. The shortest distance between the tendon and the FA varies
considerably for both loaded and unloaded conditions, increasing
with plantarflexion (Fig. 5A). However, the shortest distance
between the tendon and TA varies considerably less, and shows a
small increase with dorsiflexion. The angular differences between
the tendon axis and either joint axis are small; the tendon is nearly
perpendicular to both FA and TA (sin B nearly unity) throughout
the range of motion (Fig. 5B). Variation in D over the range of
motion for FA is due to the obliquity of the FA axis; this is evident
in a three-dimensional plot of the FA, TA, and tendon axes in dor-
siflexion and plantarflexion for this representative subject that we
have included in the supplementary material (Fig. S4).

Our findings suggest that ATma estimated using FA provide a
closer approximation of ATma estimated using MR-based geomet-
ric methods (Fig. 6). ATma that increased with plantarflexion were
observed when using FA, a pattern similar to that previously
reported in 2D MR studies (Fath et al., 2010; Hashizume et al,,
2012; Maganaris et al., 1998; Rugg et al., 1990). The same pattern
was not observed when using TA or TM, commensurate with pre-
viously published results using a similar method (Manal et al.,
2013; Rasske et al., 2017). The results from previous studies pre-
sented in Fig. 6 along with the results of the present study suggest
that ATma measured using techniques in which the center or axis
of rotation is located based on ankle motion are larger than ATma
measured using a center or axis of rotation defined by the malleoli.
It is important to note, however, that comparisons of ATma magni-
tude across investigations must be interpreted with caution
because ATma differences may be attributable in part to differ-
ences among participant groups such as body size.

Loading condition influenced ATma computed with FA (Fig. 3),
in agreement with findings from MR studies. We found a 10%
increase in FA moment arm for our loaded condition as compared
to unloaded across all joint angles. Maganaris et al. (1998) reported
a 22-27% increase in ATma from MR between rest and maximal
voluntary contraction (MVC) of the triceps surae, which they
attributed to a change in tendon orientation due to muscle bulging
with contraction. Hashizume et al. (2014) reported an approxi-
mately 15% increase in ATma with 30% of maximum effort. The
toe-raise activity we used for our loaded condition likely did not
produce maximal contractions, suggesting that our findings are
in line with these previous studies. As in previous studies using
the TM method, we measured only a small change (0.2%) in ATma
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Fig. 5. (A) The shortest distance D between the functional axis (FA, thick lines) or
transmalleolar axis (TA, thin lines) and the Achilles tendon for both loaded (solid)
and unloaded (dashed) conditions for individual trials of a representative subject.
(B) The sine of the angle (B) between these same axes. Variation in ATma with joint
angle seen for FA but not TA was primarily attributable to variation in D with joint
angle.
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Fig. 6. Loaded Achilles tendon moment arms found using a functional axis (FA, red),
transmalleolar axis (TA, green), and a transmalleolar midpoint (TM, blue), plotted
versus ankle angle. As in Fig. 3, plantarflexion angles are negative and dorsiflexion
angles are positive. Moment arm values from previous studies, computed using
ultrasound/motion capture (1 and 2), 2D MRI (3- 6), and 3D MRI (7 and 8), are
plotted in gray.

between loaded and unloaded conditions. Manal et al. (2013)
noted a 3.5% difference between MVC and passive conditions when
using the TM method.

The functional axis (FA) and the transmalleolar axis and mid-
point (TA and TM) were in roughly the same location for each par-
ticipant, so it was perhaps unsurprising that the ATma estimated in

neutral ankle position derived using these three methods were
strongly correlated with one another (Fig. 4). Only a little more
than half the variance in FA moment arm was explained by TM
or TA, however, suggesting that ATma found using FA were not
simply scaled-up versions of their TM and TA counterparts. The
bone kinematic measurements of Lundberg et al. (1989) showed
TM to be a good approximation of the intersection of the tibiotalar
axes of rotation derived throughout the range of ankle motion. It
may be that variation in rotation axis orientation not captured
when TM is used affects ATma estimates in important ways. Sim-
ilarly, the findings of Lundberg et al. (1989) show that the ankle
plantarflexion axis of rotation is similar to TA in the transverse
plane, but when projected onto the sagittal plane, substantial dif-
ferences in axis inclination with TA were observed. The findings
of Lundberg et al. (1989) are in agreement with other studies of
bone kinematics (Isman and Inman, 1969; Lundberg, 1989;
Sammarco et al., 1973).

Certain limitations affected this study, including the assump-
tion that the Achilles tendon force line of action is located midway
between the superficial and deep tendon borders. We computed FA
from clusters of markers mounted on the tibia and the dorsum of
the foot. As such, it is likely that the tibia-to-foot transformations
included motions other than ankle motions, including talocal-
caneal motion, tarsal and tarsometatarsal joint motion, and skin
movement relative to the bones. The confounding effects of some
of these extraneous motions could have been avoided if we had
placed our foot cluster on the heel, but we found it difficult to do
so without interfering with the ultrasound probe cluster. Foot
deformation with foot loading may be substantial (Leardini et al.,
2007; Xiong et al., 2009), and it is possible that the observed differ-
ences in ATma between loading conditions for FA are an artefact of
such foot deformation rather than differences in rotation axes. It is
possible that inconsistency in the placement of the probe relative
to the tendon could have contributed to variability in our moment
arm estimates. When we tested the same subjects on different
days, however, the differences in moment arm were typically 1-
2 mm, a level of repeatability that we deemed acceptable relative
to the differences in moment arm noted between the two methods
and across our subjects.

The FA we used was a single fixed axis but studies of bone kine-
matics show that the axis of tibiotalar rotation moves throughout
the range of ankle motion (Lundberg, 1989; Lundberg et al., 1989).
We chose a fixed axis in the present study so that we could make a
more direct comparison to the fixed transmalleolar axis (TA).
Future work will build on the present study by considering the
effects of using a moving instantaneous helical axis on estimates
of ATma, as has been done in previous 3D MR studies (Sheehan,
2012, 2010).

Representing ankle joint axis of rotation with a functional axis
derived from relative motions of the foot and shank produced
ATma that increased in magnitude with plantarflexion and loading,
and was larger than those obtained from anatomical landmarks.
ATma estimated using anatomical landmark representations of
the ankle (TA and TM) failed to show substantial variation with
either joint angle or loading condition.
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