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Abstract—When designing musculoskeletal models for forward
simulation studies, a tradeoff must be made between biological
fidelity and computational efficiency. A method is proposed
that optimizes the coordinates of via points of muscle paths,
used in relatively simple musculoskeletal models, such that the
muscle moment arms match those of more complex models
and experimentally measured moment arms. For this purpose,
the via points of the Gait2392 model are optimized to match
muscle moment arms of the Rajagopal2015 model and other
experimentally obtained muscle moment arms. The results show
that muscles that can be represented by straight lines, can be
optimized well. More complex muscles that contribute to multi-
degree of freedom movements, are still improved, but to a
less extent. The main benefit of the optimized model, is that
the compatution time of human motion simulation is greatly
improved, making it a viable option to pre-train neuromuscular
controllers, which can be further fine-tuned with the more
complex models. To further improve musculoskeletal models in
general, more data on muscle moment arms is needed, especially
for muscles that contribute to multiple joints and movements in
multiple planes of motion.
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I. INTRODUCTION

There is a vast interest in simulating human motion with
musculoskeletal models, because it provides a non-invasive
method to quantify certain metrics of human motion that can
not be measured in vivo. These metrics include, but are not
limited to, muscle force, muscle activation and joint contact
forces. One important design choice that influences the
biological fidelity of a musculoskeletal model, is the method
with which the geometry of the muscle path is defined. The
geometry of the muscle path determines the length of the
muscle moment arm, which in turn determines the moment a
muscle force exerts around a joint. Furthermore, the geometry
of the muscle path also determines the velocity with which
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the muscle length changes as a function of joint angular
velocity, which in turn influences the maximal force of the
muscle through the force-velocity relationship [1].

The methods used to define muscle path geometry can
be divided into two categories: the finite element models
and the wired models. Finite element models are the most
biologically accurate, and can represent the true geometric
muscle deformations very well [2]. The wired models can be
implemented in different ways:

1) Muscles can be modelled as straight lines from origin
to insertion [3]]. For some muscles this might be a
good enough choice, but in some cases it is not. Take
for example rectus femoris with its origins on anterior
inferior iliac spine and ilium above acetabulum; and its
insertion on the tibial tuberosity via patellar ligament. If
the path of this muscle is modelled with a straight line,
and the knee joint is rotated from extension to flexion,
the muscle path will pass through anatomical structures
and will end up posterior to the knee joint. This will
cause rectus femoris to exert a flexion moment around
the knee. For these types of situations the muscle ought
to wrap around diverse anatomical structures.

2) Muscle paths can also be divided into multiple segments
by adding via points, where the muscle force is trans-
fered from via point to via point. An example is given
in Fig. [Th, where psoas is modelled with five points
to prevent the muscle from passing through anatomical
structures. The upper three points are fixed in the coor-
dinate frame of the pelvis and the fourth and fifth points
are fixed in the coordinate frame of femur. Since the via
points are fixed in the coordinate frames of the segments,
the change in muscle length as a function of joint angle
is defined solely by the displacement of the via points
that span the joint. As a result, the line of action of
the muscle force, and therefore also the moment arm, is
also defined by the same via points. One of the major
drawbacks of using via points, is that via points can
cross each other during joint rotation. This problem is
visualized in the right image of Fig. [T, where the hip
is rotated at 70° hip flexion, which is still well within
the range of motion of the hip. The implication of this
is that psoas now exerts an extension moment around
the hip, which is biologically incorrect. Another major
drawback of the use of via points, is that the relative
change in muscle length is overestimated during axial
rotations, especially if these via points are modelled
closely together. A solution would be to manually tune
the via points, such that these problems do not occur.



However, besides the fact that this is quite cumbersome,
one has to take into account that the muscle moment
arm can be highly sensitive to the position of the two
via points that span the joint. Another solution would be
to replace one of the via points with a conditional via
point. Conditional via points are modelled such that they
appear or disappear depending on the joint angle. The
problem with conditional via points however, is that they
disrupt the continuity of muscle parameters during joint
movement, which in turn affects the biological fidelity
of the musculoskeletal model and the fluidity of the
simulated movement.

3) One way to resolve the issues that arise from using
via points, is to add wrapping surfaces, which are
spherical, ellipsoidal or cylindrical surfaces that are
placed around the joint. Muscles are constrained to not
pass through these surfaces, as seen in Fig. [Tp.

a) Muscle path with via points

0° hip flexion
I

70° hip flexion /

b) Muscle path with wrapping surface
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|

70° hip flexion /’

Fig. (1) a) Psoas muscle path with via points at 0° and 70°
hip flexion. b) Psoas muscle path that wraps around a wrapping
surface at 0° and 70° hip flexion.

Finite element muscle models and wrapping surfaces are
techniques that add a lot of computational complexity to
musculoskeletal models. One could argue that regardless of
the computational complexity, musculoskeletal models should
always represent the biological musculoskeletal system as

accurately as possible. Unfortunately, this is impractical for
many simulation studies. This is especially true for forward
simulation studies, where the model’s equations of motion are
integrated forward in time to generate a motion that results
from given forces. These forces are not known beforehand.
Instead, a neuromuscular controller must be optimized to
produce a set of forces that generate a specific movement.
The optimization of the neuromuscular controller can require
hundreds or thousands of iterations that all need to be
simulated [4]]. For these types of studies, researchers often
resort to the more simple musculoskeletal models, where the
muscle paths are defined with straight lines and via points, at
the cost of reducing biological fidelity.

The goal of my research is to propose a method which
increases the biological fidelity of lower body musculoskeletal
models that are used in forward simulation studies. This is
done by optimizing the position of the via points, such that
the muscle moment arms assimilate the muscle moment arms
of more complex models. Furthermore, the method is devised
in such a way, that muscle moment arm data of the more
complex models can be replaced by experimental data that is
published in literature. During my literature study, I collected
and organized the available moment arm data of 55 muscles
around the ankle, knee and hip joint, from 31 articles, which
resulted in 211 data files that describe the relations between
muscle moment arms and joint angles. However, not all 2D
moment arms of the 55 muscles are available. For example,
bi-articular semimembranosus spans the hip joint, which can
be seen as a 3 degree of freedom joint, and the knee joint,
which can be seen as a 1 degree of freedom joint. In an
ideal situation, we want the knee flexion, hip flexion, hip
adduction and hip rotation moment arm of semimembranosus
for all possible combinations of joint angles. Unfortunately,
experimental data for semimembranosus is not complete and
only available for the knee flexion moment arm as a function
of knee flexion angle [5]-[9], and the hip flexion moment arm
as a function of hip flexion angle [5]. Furthermore, there are
seven different measuring methods used to determine muscle
moment arm length. This is done both in vivo and in vitro,
and on different types of populations, ranging from children
to elderly cadavers, resulting in inconsistent measurement
results. However, the users of the proposed method can
choose which experimental data fits their model best and
use this data as the target for the optimization. For example,
researchers that want to create a model that represents
elderly people, might want to use available experimental data
measured on elderly cadavers for the optimization.

II. METHODS

The Gait2392 model, a model which uses solely via points,
is optimized to match muscle moment arm data of the Ra-
jagopal2015 model. For most muscles, muscle moment arm
data of the Rajagopal2015 falls within the range of experimen-
tal data which I collected during my literature study. For some
muscles, the muscle moment arms of the Rajagopal2015 model
do not match available experimental data. This was true for



Gait2392 knee flexion moment arm
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Fig. (2) a) Knee flexion muscle moment arms of the Gait2392 model, showing discontinuity due to conditional via points in
muscle moment arms at 25° 32° and 19° knee flexion angle for gracilis, semitendinosus and semimembranosus respectively.
b) Knee flexion muscle moment arms of the Gait2392 model where the conditional via points are removed.

sartorius knee flexion moment arms and knee flexion moment
arms of the vastus muscles and rectus femoris. For sartorius
knee flexion moment arms, experimental data obtained by
Buford, et al. (1997) [6] was used as the target data. For the
vastus muscles and rectus femoris, experimental measurements
by Eijden, et al. (1987) [10] of patellar tendon moment arms
was used as the target data. For these muscles, experimental
data on muscle moment arms is combined with data from the
Rajagopal2015 model for optimization, such that the Gait2392
model is optimized to match the experimental data as well.
The Gait2392 model is a 23 degrees of freedom muscu-
loskeletal model, which features 92 musculotendon actuators
to represent 76 muscles in the lower extremities and torso. The
lower extremity joint definitions are adopted from Delp et al.
(1990) [11], low back joint and anthropometry are adopted
from Anderson and Pandy (1999) [12], and a planar knee
model is adopted from Yamaguchi and Zajac (1989) [13[]. One
of the main criticisms on this model, is that the muscle param-
eters and the muscle path geometry is based on experimental
measurements of a single subject, which was collected as part
of a study by Chand, et al. (2012) [14]]. Important to note is
that the experimental data included with the Gait2392 model is
based on a different subject than the one reported in the paper
by Chand, et al. (2012) [[14]]. This diminishes the scientific
reliability of the Gait2392 model, even though it has been
widely used for both educational and research purposes [[15]-
[18]].
The Rajagopal2015 model, created by Rajagopal, et al.

(2016) [19], is a 37 degrees of freedom model with 80
musculotendon units that actuate the lower limbs and 17
torque actuators that actuate to upper body. In their paper and
their supplementary material, Rajagopal, et al. (2016) show
that the muscle moment arms closely match those found by
experimental measurements. This is largely confirmed by the
eperimental data I collected during my literature review. For
most muscles, they were able to match the muscle moment
arms to available experimental data well by using wrapping
surfaces. However, computation time of moment arm data
takes around 80x longer compared to the Gait2392 model.
This makes the Rajagopal2015 model much less attractive for
forward simulation studies, compared to the Gait2392 model.

The first step towards optimizing the via points of the
Gait2392 model, is to remove the conditional via points, which
in turn eliminates the discontinuity in the muscle parameters
during joint rotations. These discontinuities can be seen when
we plot the muscle moment arms as a function of joint angle

TABLE (I) Range of motion for which the muscle moment
arms are optimized per degree of freedom.

Degree of freedom Range of motion in degrees

Ankle plantar-/dorsiflexion [—40, 30]
Ankle e-/inversion [—20, 20]
Knee flexion/extension [—110,10]
Hip extension/flexion [—20, 120]
Hip ab-/adduction [—40, 20]
Hip exo-/endorotation [—20, 20]
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Surface plots of 2D moment arms of gracilis as a function of knee and hip flexion angles for both the unoptimized Gait2392
model (without conditional via points) and the Rajagopal2015 model. 2D knee flexion moment arm data from Buford, et al.
(1997) as a function of knee flexion angles is shown at 0° hip flexion, 0° hip extension and 0° knee flexion. Knee flexion

angles are defined as negative angles and hip flexion angles are defined as positive values.

for muscles that are modelled with conditional via points.
In Fig. Zh. this can be observed at 25° 32° and 19° knee
flexion for gracilis, semitendinosus and semimembranosus
respectively. Fig. Zb. shows the moment arm data of the model
after removal of the conditional via points.

After removal of the conditional via points, the 3D coordi-
nates of the via points need to be adjusted. In order to tune
the via points of the Gait2392 model, an optimizer is used
where the objective is to minimize the difference between
the muscle moment arms of the Gait2392 model and the
Rajagopal2015 model within the natural range of motion of
the joints. The ranges of motion for each degree of freedom
are presented in Table [l Naturally, only the muscles that
are included in both models are optimized. These muscles
are presented in Table [l For each muscle the 2D moment
arms are computed at all combinations of joint angles that
influence the length of the muscle, with intervals of 10°. This

means that, for example, for gracilis four 2D moment arms are
computed for 6825 joint configurations at all combinations of
hip flexion, hip adduction, hip rotation and knee flexion angles,
resulting in a total of 27300 data points. Surface plots of 2D
moment arms of gracilis as a function of knee and hip flexion
angles are shown in Fig. 3] for both the unoptimized Gait2392
model (without conditional via points) and the Rajagopal2015
model. Exeperimentally available knee flexion moment arm
data, measured by Buford, et al. (1997) |]§|], of gracilis is also
plotted. The objective of the optimization can be defined as
minimizing the sum of squared errors between the computed
moment arms of the Gait2392 model and the Rajagopal2015
model. For knee flexion moment arms of sartorius, we use the
experimental data as the target data. The six parameters that
are optimized are the x, y, z coordinates of the two via points
that span the joint(s).

There are two hyperparameters of the optimization scheme.



TABLE (II) The via points of muscles that are included in both the Gait2392 and the Rajagopal2015 model are optimized.
Gluteus maximus, gluteus medius, gluteus minimus and adductor magnus are divided into three components to better represent
the wide origin and insertion of the muscle on the bone structures. For a clearer overview, the muscles are categorized by the
degrees of freedom of the musculoskeletal model that have on effect on the length of the muscles. The ’bi-articular femur’
category encompasses the muscles that span both the hip and the knee joint. The ’bi-articular tibia’ category encompasses the
muscles that span the knee and the ankle joint.

Category Muscle Gait2392  Rajagopal2015

Mono-articular hip Gluteus maximus 1
Gluteus maximus 2
Gluteus maximus 3
Gluteus medius 1
Gluteus medius 2
Gluteus medius 3
Gluteus minimus 1
Gluteus minimus 2
Gluteus minimus 3
Adductor longus
Adductor brevis
Adductor magnus 1
Adductor magnus 2
Adductor magnus 3
Pectineus
Quadratus femoris
Gemellus
Piriformis
Tliacus
Psoas
Mono-articular knee Vastus medialis
Vastus lateralis
Vastus intermedius
Biceps femoris short head
Mono-articular ankle Soleus
Tibialis posterior
Flexor digitorum
Felxor hallucis
Tibialis anterior
Peroneus brevis
Peroneus longus
Peroneus tertius
Extensor digitorum
Extensor hallucis
Bi-articular femur Semimembranosus
Semitendinosus
Biceps femoris long head
Sartorius
Tensor fascia latae
Gracilis
Rectus femoris
Bi-articular tibia Gastrocnemius medialis
Gastrocnemius lateralis
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Firstly, the user can determine how much the via points of
the optimized model can deviate from the original model.
It is possible that the optimization scheme finds optimal
solutions for the via points that have a negative effect on other
muscle parameters, such as muscle length and optimal fiber
length. Furthermore, the optimal via points may disrupt the
visual fidelity of the musculoskeletal model as well. Therefore,
each via point is constrained to remain within 2.5 cm of
the original via point. The second hyperparameter, which is
only of influence when experimental data is used for the
optimization, is a weight that determines how much emphasis
must be put on the experimental data in relation to the model
data. For example, if we look at Fig. Bld, we see that the
number of data points that represents the experimental data is
underrepresented in comparison to the data points computed
from the Rajagopal2015 model, i.e. knee flexion moment arm
is computed only as a function of knee flexion angle, while the
other degrees of freedom are kept at 0°. This means that only
13 of the 27300 data points are represented by experimental
data. The tuning of this weight is done manually for each of
the muscles for which this is relevant.

The optimization is implemented in Python. The API
of the OpenSim software package is used to compute the
moment arms and to adjust the coordinates of the via points of
the model. The optimization method of choice is the Nelder-
Mead method [20], included in the SciPy optimization li-
brary, which is a non-differentiable optimization method that
uses the simplex algorithm [21]. The main benefit of using a
non-differentiable optimization method, is that the Python
script can be easily modified to load and optimize other
models, without needing to know how the joint kinematics
are modelled.

III. RESULTS

The results of the optimization are presented in Table [T}
The scores pre- and post-optimization are presented as:

Vv SSD

n

Score =

ey

where SSD is the sum of squared differences in moment arm
length between the Gait2392 and the Rajagopal2015 model,
and n is the number of moment arms that are computed
for each muscle. In other words, it is the average difference
in moment arm length. The most noticeable observation is
that the muscles that contribute to practically one degree of
freedom (even if they span a multi-degree-of-freedom joint),
such as glutues minimus, gluteus medius and adductor brevis,
are easily optimized. Optimization of muscles that exert
significant moments on more than one degree of freedom tend
to improve relatively worse. In the following subsections,
examples of both cases will be presented in more detail.

A. Gluteus medius and gluteus minimus

The average difference of gluteus medius and gluteus min-
imus moment arms, beween the Rajagopal2015 and Gait2392
model, after optimization, is reduced to 0. Gluteus medius

Gluteus minimus 1 moment arms

a) Hip adduction moment arm

moment arm (mm)

moment arm (mm)

Fig. (4) == Rajagopal2015, == Gait2392,

= = (Gait2392 optimized. a) Hip abduction moment arm as a
function of hip ab-/adduction and hip rotation angles. b) Hip
exorotation moment arm as a function of hip ab-/adduction
and hip rotation angles. Hip abduction and exorotation angles
are defined as negative values. Hip adduction and endorotation
angles are defined as positive angles.



TABLE (III) Average 2D muscle moment arms pre- and post-optimization. The scores are presented as ~ Sns L where SSD

is the sum of squared differences in moment arm length between the Gait2392 and the Rajagopal2015 model, and n is the
number of moment arms that are computed for each muscle.

Category Muscle Score pre-optimization (mm)  Score post-optimization (mm)
Mono-articular hip Gluteus maximus 1 13.56 10.49
Gluteus maximus 2 7.14 5.1
Gluteus maximus 3 6.4 3.16
Gluteus medius 1 5.39 0
Gluteus medius 2 3.46 0
Gluteus medius 3 3.16 0
Gluteus minimus 1 6.78 0
Gluteus minimus 2 5.66 0
Gluteus minimus 3 347 0
Adductor longus 6.78 3.32
Adductor brevis 11.22 1.73
Adductor magnus 1 - -
Adductor magnus 2 - -
Adductor magnus 3 3.32 1
Pectineus - -
Quadratus femoris - -
Gemellus - -
Piriformis 2.83 0
Tliacus 10.95 5.29
Psoas 13.38 4.47
Mono-articular knee Vastus medialis 15.84 3
Vastus lateralis 14.56 2.45
Vastus intermedius 15.52 2
Biceps femoris short head 8.25 3.16
Mono-articular ankle Soleus 2.65 2.45
Tibialis posterior 245 1
Flexor digitorum 2.65 1
Flexor hallucis 2 0
Tibialis anterior 2.65 0
Peroneus brevis 2.83 1
Peroneus longus 2.65 0
Peroneus tertius - -
Extensor digitorum 3.16 1.73
Extensor hallucis 3.46 2.24
Bi-articular femur Semimembranosus 3.74 1.41
Semitendinosus 4.58 2.65
Biceps femoris long head 5.66 1
Sartorius 9.22 5.9
Tensor fascia latae 9 6
Gracilis 5.57 3.74
Rectus femoris 7.75 3.61
Bi-articular tibia Gastrocnemius medialis 8.66 3.74
Gastrocnemius lateralis 7.14 2.45
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Fig. (5) a) Gluteus medius and gluteus minimus muscle paths
before optimization. b) Gluteus medius and gluteus minimus
muscle paths after optimization.

and gluteus minimus mainly exert an abduction and exorota-
tion moment around the hip. The abduction and exorotation
moment arms of gluteus minimus 1 are plotted in Fig. [] as
a function of hip ab-/adduction and hip rotation angles. From
these plots, it is clear that the optimization of the via points
worked well for these muscles. This is most likely due to the
fact that these muscles are relative short and can be represented
with a straight line muscle path, as shown in Fig. [5] Besides
the succes of the optimization, the visual fidelity remains good
as well.

B. Gluteus maximus

The average difference of gluteus maximus 1 moment arms,
beween the Rajagopal2015 and Gait2392 model, after opti-
mization, is reduced from 13.56 mm to 10.49 mm. This a rela-
tively small improvement, compared to other muscles. Gluteus
maximus mainly exerts an extension and exorotation moment
around the hip. The extension and exorotation moment arms
are plotted in Fig. @ as a function of hip extension/flexion and
hip rotation angles. From Fig. @, it is clear that during hip
flexion angles the differences in hip extension moment arms
become increasingly larger. The Rajagopal2015 model is able
to maintain a more constant moment arm because of the use
of wrapping surfaces. For testing purposes, the optimization
is also done whithout the positional constraints on the via
points, i.e. they are not constrained to remain within 2.5 cm
of the original via point. This reduced the difference between
the models to 7.4 mm. However, removal of the postional
constraints changes the trend of moment arms as a function of
hip joint angles, lengthens the muscle fiber lenght significantly
and reduces the visual fidelity of the model as well, as seen
in Fig. @d. It seems that the effect of wrapping surfaces can
not be captured well with via points.

C. Vastus muscles

The average difference of vastus medialis, vastus lateralis
and vastus intermedius is reduced by 81%, 83% and 87%
respectively. However, the visual fidelity of vastus intermedius

a) Rajagopal2015 b) Gait2392

¢) Gait2392 optimized d) Gait2392 optimized

unconstrained

Fig. (6) Gluteus maximus 1 muscle path of Rajagopal2015
and Gait2392

and vastus medialis is reduced after optimization, which is
seen in Fig. [Bb. Fortunately, this can be easily corrected by
adjusting the surrounding via points, since these via points
do not have any effect on the muscle moment arm. However,
the manual adjustments seen in Fig. 8k alter the length of the
muscle, which has to be accounted for by adjusting the optimal
fiber length and the tendon slack length.

D. Gracilis

Experimentally measured sartorius knee flexion moment
arms are longer than those included in the Rajagopal2015
model. Therefore, the knee flexion moment arm as a function
of knee flexion angle (all other degrees of freedom are kept
at 0°) is optimized to fit experimental data from Buford,
et al. (1997) [6], while moment arms for all other data
points are taken from the Rajagopal2015 model. We see that
indeed the optimization process optimizes the via points such
that the muscle moment arms matches the experimentally
obtained knee flexion moment arms more than data from Ra-
jagopal2015, while simultaneously improving hip flexion, hip
adduction and hip endorotation moment arms. Because only
13 of the 27300 data points are represented by experimental
data, the weights were set such that the differences between the
Gait2392 moment arms and the experimental data contribute
80% to the sum of squared differences.



Gluteus maximus 1 moment arms

a) Hip extension moment arm
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Fig. (7) == Rajagopal2015, = Gait2392,

= = (Gait2392 optimized, — = Gait2392 optimized with uncon-
strained via points. a) Hip flexion moment arm as a function
of hip extension/flexion and hip ab-/adduction angles. b) Hip
exorotation moment arm as a function of hip extension/flexion
and hip ab-/adduction angles. Hip flexion and adduction angles
are defined as positive values. Hip extension and abduction
angles are defined as negative angles.
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Fig. (8) Muscle paths of vastus laterlis, vastus intermedius
and vastus medialis.

IV. DISCUSSION

The results of this research show that the optimization
of the via points reduces the difference in muscle moment
arms between the Gait2392 and the Rajagopal2015 model.
Furthermore, it is shown that experimental moment arm data,
which is often measured in a single plane, can also be injected
into the optimization. Others can use the Python script and
the available data set on moment arms, which was created
during my literature study, to create computationally efficient
musculoskeletal models for their own purposes. Moment arm
calculations for the optimized Gait2392 model are around
80x faster than the Rajagopal2015 model, which makes a
significant difference when using the optimized Gait2392
model in forward simulation studies.

However, there are also some caveats with the validity of
the optimized model. First of all, not all muscles are improved
in terms of muscle moment arm length, and moreover, in terms
of the trend of the moment arm as a function of joint angle.
An example was given for gluteus maximus 1, where the
wrapping surface of the Rajagopal2015 model ensures that the
moment arm remains relatively constant, which could not be
captured with via points. Gluteus maximus is a large muscle,
with a large pennation angle, making it the main contributor to
hip extension moments [22]). If this muscle is not represented
well within a model, the biological fidelity is diminished
significantly. However, here we optimized the muscle moment
arm of gluteus maximus to match the data obtained from the
Rajagopal2015 model. To date, there is no experimental data
available on gluteus maximus moment arms as a function of
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Fig. (9) = Rajagopal2015, = Gait2392, ——— Experimental data from Buford, et al. (1997) []§|], = = Gait2392 optimized.
a) Hip flexion moment arm as a function of hip extension/flexion and hip ab-/adduction angles. b) Hip exorotation moment arm
as a function of hip extension/flexion and hip ab-/adduction angles. Hip flexion and adduction angles are defined as positive
values. Hip extension and abduction angles are defined as negative angles.

hip joint angles. Therefore, the accuracy of gluteus maximus
moment arms is undefined for any musculoskeletal model
made so far. This ties in with the next limitation: there is
not enough experimental data on muscle moment arms to
accurately define muscle paths. Existing experimental methods
give inconsistent results in terms of moment arm data. It is still
unknown how much of this inconsistency can be attributed
to the different measuring methods, to the errors induced
by the person(s) that executed the experiments, or to the
physiological differences of the subjects that participated in
these experiments. In order to create good musculoskeletal
models that represent the biological systems well, there is a
strong need to revisit the way we measure muscle moment
arms.

Another limitation of the proposed method is that after
optimization other muscle parameters, such as tendon slack
length and optimal fiber length, have to be retuned. This is
especially true for muscles that have to be manually tuned to

improve the visual fidelity of the model, as is the case with the
vastus muscles. However, in future work, this can be added to
the optimization scheme.

There are also some benefits to this method, and even to
this model. For example, when using forward simulations to
optimize a neuromuscular controller, one could first pre-train
the neuromuscular controller with the computationally efficient
model to obtain a set of controller parameters that can be
further fine-tuned using the more complex model. This can
still greatly increase the optimization time, which was the
purpose of this research to begin with. Furthermore, it would
be interesting to continue this research and add trunk and
upper extremity muscles using this same method, where the
coordinates of the via points are optimized to match existing,
more complex, models and experimental data. The more
complete the musculoskeletal model is, the more benefificial
it will be to have a computationally efficient model.
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