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Abstract — Musculo-tendon forces and joint reaction forces are typically estimated using a
two-step method, computing first the musculo-tendon forces by a static optimization
procedure and then deducing the joint reaction forces from the force equilibrium. However,
this method does not allow studying the interactions between musculo-tendon forces and
joint reaction forces in establishing this equilibrium and the joint reaction forces are usually
overestimated. This study introduces a new 3D lower limb musculoskeletal model based on a
one-step static optimization procedure allowing simultaneous musculo-tendon, joint contact,
ligament and bone forces estimation during gait. It is postulated that this approach, by giving
access to the forces transmitted by these musculoskeletal structures at hip, tibiofemoral,
patellofemoral and ankle joints, modeled using anatomically consistent kinematic models,
should ease the validation of the model using joint contact forces measured with
instrumented prostheses. A blinded validation based on four datasets was made under two
different minimization conditions (i.e., C1 - only musculo-tendon forces are minimized, C2 —
musculo-tendon, joint contact, ligament and bone forces are minimized while focusing more
specifically on tibiofemoral joint contacts). The results show that the model is able to estimate
in most cases the correct timing of musculo-tendon forces during normal gait (i.e., the mean
coefficient of active/inactive state concordance between estimated musculo-tendon force and
measured EMG envelopes was C1: 65.87%, C2: 60.46%). The results also showed that the
model is potentially able to well estimate joint contact, ligament and bone forces and more
specifically medial (i.e., the mean RMSE between estimated joint contact force and in vivo
measurement was C1: 1.14BW, C2: 0.39BW) and lateral (i.e., C1: 0.65BW, C2: 0.28BW)
tibiofemoral contact forces during normal gait. However, the results remain highly influenced
by the optimization weights that can bring to somewhat aphysiological musculo-tendon
forces.

Keywords — Musculoskeletal modeling, musculo-tendon force, joint contact force, ligament

force, bone force, musculoskeletal structures interaction, static optimization, model validation



Introduction

Many musculoskeletal structures (e.g., bones, ligaments, muscles, tendons) are solicited
to perform a movement (Pandy and Andriacchi, 2010). The understanding of these structures
function and the interaction between them (Cleather and Bull, 2011; Collins and O’Connor,
1991; Pandy and Andriacchi, 2010) remains a challenge that could allow in the future
assisting clinicians in term of diagnosis and treatments in case of orthopaedic or neurologic
disorders. In vivo measurements of musculo-tendon, joint contact, ligament and bone forces
exist (Behrmann et al., 2012; Bergmann et al., 2001; Bey and Derwin, 2012; Beynnon and
Fleming, 1998; D'Lima et al., 2008; Lu et al., 1998), but the protocols are invasive and
inappropriate for a daily clinical use (Fleming and Beynnon, 2004). Consequently, 3D
musculoskeletal modeling of the lower limb has been proposed (Al Nazer et al., 2008;
Anderson and Pandy, 2001; Cleather and Bull, 2011; Crowninshield and Brand, 1981;
Fraysse et al.,, 2009; Glitsch and Baumann, 1997; Hu et al., 2013; Lenaerts et al., 2008;
Moissenet et al., 2012a; Pierrynowski and Morrison, 1985; Seireg and Arvikar, 1975;
Stansfield et al., 2003; Wehner et al., 2009) as an interesting alternative and several models
have been developed (Arnold et al., 2010; Delp et al., 1990; Klein Horsman et al., 2007).
These models allow solving the muscular redundancy problem and estimating the forces
transmitted by these musculoskeletal structures during a movement (Chéze et al., 2012;
Erdemir et al., 2007). However, the validation of these models is arduous (Lund et al., 2012).
Electromyographic (EMG) signals are often used to evaluate the estimated musculo-tendon
forces but only provide a qualitative (Dumas et al., 2012; Modenese et al., 2011; Neptune et
al., 2001; Selk Ghafari et al., 2009; Stansfield et al., 2003; Thelen and Anderson, 2006) or
semi-quantitative validation (Giroux et al.,, n.d.; Kaufman et al., 1991; Prilutsky and
Zatsiorsky, 2002). An alternative is to collect joint contact forces using instrumented
prostheses (Bergmann et al., 2001; Brand et al., 1994; D’Lima et al., 2008; Lin et al., 2010;
Stansfield et al., 2003). Indeed, since musculo-tendon forces have a primary role in the joint

contact force generation (Herzog et al., 2003), a pertinent estimation of joint contact forces



should be a reflection of the quality of the estimated musculo-tendon forces and
consequently it should provide a quantitative validation metric for the validation of
musculoskeletal models (Lund et al., 2012).

In such a context, it is necessary to ensure a good interaction between musculoskeletal
structures in the model in order to assess the quality of the estimated musculo-tendon forces
from the joint contact forces data. However, studies are often based on a traditional two-step
method (Cheze et al.,, 2012; Erdemir et al., 2007). First, the musculo-tendon forces are
computed using a static optimization procedure and, second, the joint reaction forces (i.e.,
joint contact and ligament forces) are deduced from the dynamics equation using the optimal
muscular solution. Even if this method complies with the forces equilibrium, it does not allow
studying the musculoskeletal structures interaction in establishing this equilibrium (Cleather
and Bull, 2011). Based on this observation, Lin et al. (Lin et al., 2010) proposed an
optimization procedure estimating simultaneously musculo-tendon and joint contact forces
using a deformable model of the knee. However, ligaments were omitted and the study was
limited to the knee joint that may bring a negative impact on the bi-articular musculo-tendon
forces estimation (Fraysse et al., 2009). Optimization based methods computing
simultaneously musculo-tendon, joint contact and knee ligaments forces have also been
proposed recently (Cleather and Bull, 2011; Hu et al., 2013). However, the estimated forces
were not validated.

The first aim of this study is to propose a 3D lower limb musculoskeletal model based on a
one-step static optimization procedure allowing simultaneous musculo-tendon, joint contact,
ligament and bone forces estimation during normal gait. It is postulated that this approach, by
giving access to the forces transmitted by these musculoskeletal structures at both hip,
tibiofemoral, patellofemoral and ankle joints, modeled using anatomically consistent
kinematic models (Di Gregorio et al., 2007; Feikes et al., 2003; Sancisi and Parenti-Castelli,
2011a), should ease the validation of the model using joint contact forces measured with

instrumented prostheses. The second aim is to perform a blinded model validation based on



the datasets provided for the “Grand Challenge Competition to Predict in Vivo Knee Loads”

organized by Fregly et al. (Fregly et al., 2012).

Material and methods

3D lower limb musculoskeletal model

A previously described (Dumas et al., 2012; Moissenet et al., 2012a) 3D lower limb
musculoskeletal model, consisting of pelvis, thigh, shank and foot segments and 43 muscular
lines of action, was extended by adding the patella to perform this study (Fig. 1). Hip,
tibiofemoral, patellofemoral and ankle joint kinematic models are all based on anatomical
considerations (Fig. 1). Hip joint is modeled by a spherical joint. Tibiofemoral joint is modeled
by a parallel mechanism made of 2 sphere-on-plane contacts (i.e., medial and lateral) and 3
isometric ligaments (i.e., anterior cruciate ligament — ACL, posterior cruciate ligament — PCL
and medial collateral ligament — MCL) (Feikes et al., 2003). The choice of these ligament
combination was made for kinematic reasons in order to ensure a 1-DOF model (Ottoboni et
al., 2010; Sancisi and Parenti-Castelli, 2011b). Patellofemoral joint is modeled by a hinge
joint between the patella and the femur and an isometric ligament (i.e., the patellar ligament
— PT) between the patella and the tibia (Sancisi and Parenti-Castelli, 2011a). Ankle joint is
modeled by a parallel mechanism made of a spherical joint and 2 isometric ligaments
(between tibia and calcaneus — TiCaL and between fibula and calcaneus — CaFiL) (Di
Gregorio et al., 2007). In the same way as for the tibiofemoral joint, this ligament combination
is the one that most fittingly models the joint movement. Then, in order to compute muscular
lever arms, a widely-used generic musculoskeletal geometric model (Delp et al., 1990) was

adapted to our model (Fig. 1).



Computation framework

First, each segment position is defined using generalized coordinates (Dumas and Chéeze,
2007) that consist, for each segment I, in two position vectors (i.e., the proximal P and

distal D; joint centers) and two unitary direction vectors (i.e., W and W;) (Fig. 1):

.
Q :[“i Ip, Ip, Wi] 1)
These parameters correspond to a classic set of natural coordinates (Garcia de Jalon and
Bayo, 1994). Details of the segment parameters can be found in (Dumas and Cheze, 2007).

Second, the kinematic constraints ®“ and the associated Jacobian matrix K* are

defined for each joint. Since 12 parameters represent the 6 degrees-of-freedom of each
segment, rigid body constraints ®" have to be considered in addition to the kinematic
constraints with the associated Jacobian matrix K" (Duprey et al., 2010).

Third, a constrained multi-body optimization (Duprey et al., 2010; Moissenet et al., 2012a)

is performed in order to obtain consistent segments positions Q, velocities Q and

accelerations Q .

Fourth, the full dynamics equation of the lower limb is written. In contrast with the classical
approach, the dynamics equation of the whole kinematic chain is used here (Pennestri et al.,
2007), introducing the musculo-tendon forces and the Lagrange multipliers instead of motor

joint moments (Dumas et al., 2012; Moissenet et al., 2012a):

GQ+K'A=E+Lf (2)
where G is the generalized mass matrix, Q the consistent generalized accelerations,
K:[Kk Kr] the Jacobian matrix of both joint kinematic and rigid body constraints, A the

Lagrange multipliers, E the external forces, including both weight and ground reaction forces

and moments, L the generalized muscular lever arms and f the musculo-tendon forces.



Fifth, equation 2 gives a direct access to the unknowns only composed of the musculo-
tendon forces and the Lagrange multipliers corresponding straightforwardly to the joint
contact, ligament and bone forces (Moissenet et al., 2012a). At this level, the traditional two-
step method can be used (Moissenet et al., 2012a) when a parameter reduction (Garcia de
Jalon and Bayo, 1994) is introduced. This parameter reduction means that all the Lagrange
multipliers can be removed from equation 2. However, a selection of Lagrange multipliers
can also be introduced in the objective function with the partial parameter reduction

described below.
Partial parameter reduction and one-step optimization

The following linear system can be obtained from the dynamics equation 2:
f
[L K] K, ] |=GQ-E ®3)
}“2
where A, are the Lagrange multipliers that we want to introduce in the objective function, A,
all the other ones, K; and K, the associated Jacobian matrices. The second group of
Lagrange multipliers A, can be cancelled from equation 3 by projecting the system on the

kernel of K, using the projection matrix ZKZ :

2, Li-2, 'K\ -2, 'K, ), =72, " (GQ-E)
2, L-2, 'K\ =2, (GQ-E) (4)

f ..
T T _ T _
=z, [L K, ][)J_ZKZ (GQ-E)
where ZKZ is a matrix composed of the eigenvectors of the square matrix K,'K,

corresponding to the null eigenvalues. If necessary, Lagrange multipliers A, can be

computed a posteriori using the optimal solution [f xl]T (Moissenet et al., 2012a).



The unknowns [f kl]T , corresponding respectively to the musculo-tendon forces and the

selected joint contact, ligament and bone forces, are then introduced in a one-step
optimization procedure in order to solve the muscular redundancy problem. A typical static
optimization procedure is used and defined as follow (Dumas et al., 2012; Moissenet et al.,

2012a, 2012b):

mra-s] ]

SRS NG ®

M

where J is the objective function and W a diagonal matrix composed of the optimization

constraint to :

weights associated to the unknowns [f LI]T. When an optimization weight is not null, the

associated force is minimized and constrained to be positive. Otherwise, when the
optimization weight is null, the associated force is only constrained to be positive. The

optimization weights used for this study are described below.

Experimental dataset and estimations

In order to perform the blinded validation of this model, a set of estimations was
performed based on the datasets provided for the “Grand Challenge Competition to Predict
in Vivo Knee Loads” (Fregly et al., 2012). We present here the mean results for 5 normal gait
cycles for each of the four last competitions (subjectl: male/166cm/64.6kg, subject2:
male/172cm/67kg, subject3: female/167cm/78.4kg, subjectd: male/168cm/66.7kg). All
subjects have the particularity to have an instrumented knee prosthesis that allows
comparing the estimated and the measured medial and lateral knee contact forces during the

gait cycle. A full description of the datasets is provided by Fregly et al. (Fregly et al., 2012).



The RMS values of the recorded EMG signals were processed within a window of 25ms (De
Luca, 1997) to obtain the EMG envelopes.

Regarding the number of parameters to be minimized (i.e., musculo-tendon, joint contact,
ligament and bone forces), many combinations of optimization weights are possible. In order
to illustrate the impact of the optimization weights, two minimization conditions were
performed for each gait cycle of each subject. Condition 1 (i.e., C1) stands for the traditional

optimization strategy where only musculo-tendon forces are minimized. Under condition 2

(i.e., C2), all the musculo-tendon forces and Lagrange multipliers A, are minimized while

focusing more specifically on tibiofemoral joint contact forces since these forces are usually
overestimated (Fregly et al., 2012; Gerus et al., 2013). The optimization weights chosen for

each condition are given in Table 1.

Blinded model validation

A blinded validation was performed in order to evaluate the model’'s ability to estimate
musculo-tendon, joint contact and bone forces during normal gait.

First, the estimated musculo-tendon forces were compared to the subject's EMG
envelopes using the coefficient of concordance proposed by Dickerson et al. (Dickerson et
al., 2008) and recently extended to the gait analysis by Giroux et al. (Giroux et al., n.d.).
Briefly, this method uses active/inactive state concordance between the estimated musculo-
tendon forces and the EMG envelopes to compute a coefficient of concordance defined as
the percentage of concordance elements. For this study, muscles were defined active when
the mean value was above 20 percent of the maximum of the estimated musculo-tendon
force and of the EMG envelope, respectively (Pedersen et al., 1987) during each of the 7 gait
phases (Perry and Burnfield, 1992) (Fig. 2 & 5). A set of published EMG envelopes (Perry
and Burnfield, 1992) was processed similarly (Fig. 2 & 5) and stands for an asymptomatic

active/inactive state reference. This method allows a semi-quantitative validation regarding



the model’s ability to estimate musculo-tendon forces in concordance with the subject's EMG
envelopes and with asymptomatic reference as in previous studies (Modenese et al., 2011;
Stansfield et al., 2003).

Second, the estimated tibiofemoral contact forces (i.e., medial and lateral contact forces)
were compared to the measured tibiofemoral contact forces. For this, first and second force
peaks root mean square error (i.e., RMSE) and correlation coefficient (i.e., R? were
computed. This method allows a quantitative validation regarding the model's ability to
estimate tibiofemoral joint contacts forces.

Third, the estimated hip contact and femur axial forces were compared qualitatively to
measured data of the literature.

Only a selection of musculo-tendon, joint contact, ligament and bone forces are reported
in the results. The most important muscles during gait were kept and the muscles having
similar activities (e.g., vastus medialis and vastus lateralis) were removed. Moreover, only
the joint contact and bone forces for which in vivo measurements are available are
presented. For illustrative purpose, ACL and PCL forces are also reported. Additional results

are available in the Supplementary material.

Results

Under the condition C1, the estimated musculo-tendon forces patterns are in a good
agreement with most of the subject’s or the asymptomatic active/inactive states (Fig. 2). This
observation is confirmed by substantial coefficients of concordance (Table 2). However,
abnormal forces appear on gastrocnemius medialis during phase 1 (i.e., loading response)
and on gluteus maximus during phase 4 and 5 (i.e., pre-swing and initial swing). Vastus
medialis shows an abnormal force during all the stance phase. It also shows abnormal peaks
of force during phases 4 and 5 unlike the asymptomatic inactive state, but like the active

state of subjects 1, 3 and 4. Rectus femoris shows a force during almost the whole stance
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phase. The estimated tibiofemoral forces present a good correlation with implant
measurements (Table 2: 0.6588<R”*<0.9040) but are overestimated (Table 2:
0.4356 BW < RMSE < 13931 BW) with high errors at the second peak of force (Table 2:
11052 BW < Peak?2 < 3.6722BW). On the whole, the estimated medial and lateral
tibiofemoral contact forces have a similar pattern and amplitude with a second peak of force
higher than the first one (Fig. 3). The estimated hip contact and femur axial forces present
similarities with literature measurements (Lu et al., 1998; Stansfield et al., 2003). But again,
these forces are overestimated. Roughly, ACL and PCL forces produce one or two peaks of
force under 2 BW (Fig. 4).

Under the condition C2, the tibiofemoral contact forces are strongly improved (Table 2:
0.2187 BW < RMSE < 0.4981 BW) with lower errors at the second peak of force (Table 2:

0.0775 BW < Peak2 < 11144 BW). The correlation with implant measurements remains

unchanged (Table 2: 0.6599 < R?< 0.8896). The amplitudes of the hip contact force and
femur axial forces are reduced and in better agreement with the literature values. However,
the coefficients of concordance of estimated musculo-tendon forces are decreased (Table 2).
This is illustrated, in most of the cases, by the aphysiological extinction of the
semimembranosus and gastrocnemius medialis during stance phase, and by a decreased
force of the tibialis anterior during swing phase. It is interesting to observe that the decrease
of the gastrocnemii force is compensated by a force increase of the soleus. Nevertheless,
the vastus medialis force is decreased during stance phase since it only remains force peaks
at phases 1 and 4. Roughly, ACL and PCL forces patterns still present one or two peaks of

force but their amplitude is decreased and is now under 1 BW (Fig. 7).
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Discussion

3D musculoskeletal modeling is opening new possibilities in terms of movement
simulation and understanding of the interaction between the underlying structures (e.g.,
bones, ligaments, muscles, tendons). Moreover, the use of instrumented prostheses now
offers a unique chance to validate the models in terms of forces estimation during a
movement. For example, some datasets have been recently made available (Fregly et al.,
2012) to evaluate models during gait (Hast and Piazza, 2013; Lundberg et al., 2013; Manal
and Buchanan, 2013). This has motivated us to validate our model using these datasets.

Our first goal was to present our 3D lower limb musculoskeletal model. This model,
previously described by Dumas et al. (Dumas et al., 2012) and Moissenet et al. (Moissenet et
al.,, 2012a, 2012b), was updated by introducing the patella segment. A description of this
model was given to allow a good understanding of its composition. More details and
discussions can be found in the previous publications (Dumas et al., 2012; Duprey et al.,
2010; Moissenet et al., 2012a, 2012b). This model enables studying musculo-tendon,
detailed joint contact, ligament and bone forces at hip, tibiofemoral, patellofemoral and ankle
joints during gait thanks to an underlying computation framework based on the partial
parameter reduction method, introducing a selection of Lagrange multipliers (i.e., joint
contact, ligament and bone forces) in the optimization procedure. This method enables
defining a large range of optimization criteria for potential future clinical applications. The
second optimization condition presented here shows that the estimation is closer to the
implant measurements when joint contact forces, and more specifically tibiofemoral contact
forces, are minimized. However, when these forces are introduced in the optimization
procedure, some aphysiological results can arise, such as the extinction of the
gastrocnemius medialis and semimembranosus during the stance phase. Such result was
also reported on the gastrocnemii when simulating gait (Lin et al., 2010) and when testing
different objective functions during a vertical jumping simulation (Cleather and Bull, 2011).

Similarly, Modenese et al. (Modenese et al., 2011) have compared, for gait and stair

12



climbing, the minimization of the musculo-tendon forces using different powers in the
objective function. They show that the use of a unitary power provided aphysiological
musculo-tendon forces compared to EMG envelopes, but hip contact force was in better
agreement with in vivo measurements. All these results highlight an important limit of the
current musculoskeletal models and methods since it remains difficult to define an objective
function (e.g., minimization of the musculo-tendon forces appended with joint reactions
forces or not, with a power one or more), that provides simultaneously physiological
musculo-tendon forces and valid joint contact forces.

The second goal of this study was to perform a blinded model validation. A semi-
quantitative validation of the estimated musculo-tendon forces and a quantitative validation of
the estimated tibiofemoral joint contacts forces were completed by a qualitative evaluation of
hip contact force and femur axial force. On the one hand, the results show that the model is
able to estimate in most cases the correct pattern and timing of these forces, but the force
amplitude is highly influenced by the optimization weights. On the whole, the coefficients of
active/inactive state concordance obtained when comparing to the subject's EMG envelopes
or the asymptomatic EMG envelopes (Perry and Burnfield, 1992) were similar in terms of
value. Specifically, the estimated rectus femoris forces, under condition C1, show a peak of
force during terminal stance and preswing. These results, already reported by Modenese et
al. (Modenese et al.,, 2011), are in contrast with the subject's EMG envelopes, but in
accordance with those reported by Perry and Burnfield (Perry and Burnfield, 1992). It shows
that, since our model, in its current state, should only be used for asymptomatic subjects, the
timing of onset of estimated musculo-tendon forces can differ to the onset of EMG of a
subject presenting a gait disorder. In other words, when the subject's EMG envelopes highly
differ from the asymptomatic ones, the quality of musculo-tendon forces estimation seems
degrade. With that respect, only methods that quantitatively include EMG data in the
optimization process (Gerus et al., 2013; Manal and Buchanan, 2013) seem able to deal with
such issue. On the other hand, the second optimization condition shows that the model is

potentially able to well estimate medial and lateral tibiofemoral joint contacts forces during
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normal gait. Moreover, the lateral tibiofemoral compartment remains loaded during most of
the stance phase, as recorded by the implant, instead of previously reported results
(Moissenet et al., 2012a; Shelburne et al., 2006). Finally, the results suggest that the
musculoskeletal system, in order to minimize tibiofemoral joint contacts forces, tries first to
reduce the vastii, gastrocnemii and hamstrings forces during stance. This observation is
consistent with the repartition of the musculo-tendon forces contribution to the tibiofemoral
joint contacts forces previously described (Pandy and Andriacchi, 2010; Sritharan et al.,
2012). Indeed, it has been reported that these muscles have the highest contribution to the
resultant tibiofemoral contacts forces. However, it results in aphysiological musculo-tendon
forces.

Even if our model provides new opportunities for musculoskeletal estimations, this study
still possesses a number of limitations. First, the model is based on different scaled generic
models and so do not represent the real geometry of the subjects. It is well known that
musculoskeletal geometry affects the forces computation (Bonnefoy et al., 2009; Carbone et
al., 2012; Cleather and Bull, 2011) and that a solution is to combine medical imaging
techniques with musculoskeletal modeling to improve accuracy of the models (Arnold et al.,
2000; Scheys, 2005). Even if the present study uses basically generic models, it should be
noted that the joint kinematic models used for tibiofemoral, patellofemoral and ankle joints
may be easily adjusted to the patient's geometry using medical imaging. Second, the use of
an inverse dynamics based optimization procedure can bring perturbation as input of the
model with the well-known soft tissue artifacts. The results show that artifacts can appear on
musculo-tendon, joint contact and bone forces (Figs. 2-7) at heel strike and toe off events.
Third, the use of parallel mechanisms models for gait simulations can be discussed. Indeed,
these models have been developed based on in vitro unloaded knee movements and
consider ligaments as isometric structures. However, it has been shown that the kinematics
of tibiofemoral and patellofemoral joints are similar between loaded and unloaded conditions
during knee extension (Lu et al., 2008) and that the ligament lengthening is limited during

gait (Liu et al.,, 2011; Wu et al., 2010). Nevertheless, the isometric condition would have
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brought to pushing ligaments (i.e., negative force) if the associated Lagrange multiplier have
not been introduced in the optimization procedure. This issue has been previously reported
for the MCL force (Moissenet et al., 2012a) and can be avoided by introducing deformable
ligaments in our model (Gasparutto et al., 2012). Fourth, the choice of the musculoskeletal
geometric model may have a significant impact on the results. Indeed, the current model is
only composed of 43 muscular lines of action (Delp et al., 1990) that may not be enough to
describe accurately the mechanical effect of the muscles (Valente et al., 2012; Van der Helm
and Veenbaas, 1991). Models with additional muscular lines of action exist (Klein Horsman
et al.,, 2007) and may enlarge the optimization solution space. Last but not least, the
optimization weights were chosen in order to illustrate two specific strategies. As discussed
previously, they can have positive and negative impacts on the results. In the literature, the
inverse of squared average cross-sectional area of the muscles is classically used, but other
coefficients should also be introduced in order to modulate the minimization of each group of
force (i.e., musculo-tendon, joint contact, ligament and bone forces). Up to now, such
weighting has been arbitrary assigned (Cleather and Bull, 2011; Hu et al., 2013; Lin et al.,
2010; Raikova, 2009). However, because it could be an image of the motor control strategy,
the question of relative weights in the objective function should be investigated in the future.
For example, it should be possible to determine some optimal weights by using a two-level
optimization (Mombaur et al., 2009).

To conclude, our 3D lower limb musculoskeletal model is versatile, in the sense that
generic models implemented can be personalized and that it allows infinite optimization
criteria to model motor control strategies and interactions between underlying structures
(e.g., bones, ligaments, muscles, tendons). Moreover, the blinded model validation shows
the potential of this model to estimate both and simultaneously musculo-tendon, joint contact
and bone forces during normal gait. This demonstrates the value of the modeling and
computation framework proposed in this study. However some limitations remain and the
selection of optimization weights will be a huge challenge for the further development of our

model.
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Tables and figures captions:

Table 1: Lagrange multipliers introduced in the objective function (i.e., 7“1) and
corresponding optimization weights for both minimization conditions.

Table 2: Descriptive statistics under condition C1 (i.e., only musculo-tendon forces are
minimized) and condition C2 (i.e., musculo-tendon, joint contact, ligament and bone forces
are minimized while focusing more specifically on tibiofemoral joint contacts) model
estimations. The coefficient of concordance is defined as the percentage of active/inactive
state concordance elements between the estimated musculo-tendon forces (i.e., m-t f.) and
the measured EMG envelopes (subject and asymptomatic). Peakl and Peak2 are the
differences at first and second peak forces between the estimated tibiofemoral joint contact
forces and the in vivo measurements in bodyweights. RMSE is the root mean square error
over the gait cycle in bodyweights. R? is correlation coefficient over the gait cycle.

Figure 1: Musculoskeletal model: segment parameters (Dumas and Cheze, 2007) (i.e.,
Q. :[ui 5 Iy wi]T, all vectors expressed in the inertial coordinate system, ICS), joint

kinematic constraints (Duprey et al., 2010) (i.e., joint kinematic models of hip, tibiofemoral,
patellofemoral and ankle joints) and musculo-tendon geometry (Delp et al., 1990).

Figure 2: Comparison between a set of mean estimated musculo-tendon forces (i.e.,
gluteus maximus - Gmax, gluteus medius - Gmed, adductor magnus - Addmagnus, vastus
medialis - Vasmed, vastus lateralis - Vaslat, rectus femoris - RF, semimembranosus -
Semimem, biceps femoris long head - Bifem, tensor fascia lata - TFL, gastrocnemius
medialis - Gasmed, gastrocnemius lateralis - Gaslat, soleus - Soleus, tibialis anterior - Tibant
and peroneus longus - Peronl) and the corresponding active/inactive state (i.e., from the
subject and asymptomatic measured EMG envelopes) under condition C1 (i.e., only
musculo-tendon forces are minimized). The results are given in bodyweights over the gait

cycle for each of the subjects. Standard deviations (i.e., std) are given for the estimated
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forces. The toe off is indicated by a vertical dotted line. For additional results, please see the
Supplementary material.

Figure 3: Comparison between the mean estimated joint contact and bone forces and
the mean implant or mean literature measurements under condition C1 (i.e., only musculo-
tendon forces are minimized). The results are given in bodyweights over the gait cycle for
each of the subjects. Standard deviations (i.e., std) are given for the estimated forces and the
implant measures. The toe off is indicated by a vertical dotted line. For additional results,
please see the Supplementary material.

Figure 4: Mean estimated ligament forces under condition C1 (i.e., only musculo-tendon
forces are minimized). The results are given in bodyweights over the gait cycle for each of
the subjects. Standard deviations (i.e., std) are given for the estimated forces. The toe off is
indicated by a vertical dotted line. For additional results, please see the Supplementary
material.

Figure 5: Comparison between a set of mean estimated musculo-tendon forces (i.e.,
gluteus maximus - Gmax, gluteus medius - Gmed, adductor magnus - Addmagnus, vastus
medialis - Vasmed, vastus lateralis - Vaslat, rectus femoris - RF, semimembranosus -
Semimem, biceps femoris long head - Bifem, tensor fascia lata - TFL, gastrocnemius
medialis - Gasmed, gastrocnemius lateralis - Gaslat, soleus - Soleus, tibialis anterior - Tibant
and peroneus longus - Peronl) and the corresponding recorded muscular activity (i.e., from
EMG signals and from results reported by Perry and Burnfield (Perry and Burnfield, 1992))
under condition C2 (i.e., musculo-tendon, joint contact, ligament and bone forces are
minimized while focusing more specifically on tibiofemoral joint contacts). The results are
given in bodyweights over the gait cycle for each of the subjects. Standard deviations (i.e.,
std) are given for the estimated forces. The toe off is indicated by a vertical dotted line. For
additional results, please see the Supplementary material.

Figure 6: Comparison between the mean estimated joint contact and bone forces and
the mean implant or literature measures under condition C2 (i.e., musculo-tendon, joint

contact, ligament and bone forces are minimized while focusing more specifically on
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tibiofemoral joint contacts). The results are given in bodyweights over the gait cycle for each
of the subjects. Standard deviations (i.e., std) are given for the estimated forces and the
implant measures. The toe off is indicated by a vertical dotted line. For additional results,
please see the Supplementary material.

Figure 7: Mean estimated ligament forces under condition C2 (i.e., musculo-tendon,
joint contact, ligament and bone forces are minimized while focusing more specifically on
tibiofemoral joint contacts). The results are given in bodyweights over the gait cycle for each
of the subjects. Standard deviations (i.e., std) are given for the estimated forces. The toe off
is indicated by a vertical dotted line. For additional results, please see the Supplementary

material.
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Table 1:

Selected Associated
Lagrange optimization
multipliers A, weight
cli&cC2 C1 Cc2
Musculo-tendon / 1 1
forces
Hip 0 1e0
_ Medial 0 2e0
. tibiofemoral
Joint contact
Lateral
forces - 0 4e0
tibiofemoral
Patellofemoral 0 1le-6
Ankle 0 1e0
ACL 0 le-6
PCL 0 le-6
Ligament forces PT 0 le-6
TiCaL 0 le-6
CaFiL 0 1le-6
Bone forces Femur 0 le-6
Tibia 0 1le-6




Table 2:

Subject 1 Subject 2 Subject 3 Subject 4
C1 c2 C1 C2 C1 c2 C1 Cc2
& ¢ Coefficient of
S © concordance (%) 65.10 62.45 66.73 63.27 66.73 60.61 64.90 55.51
? S [EMG
=} c T .
= S Coefficient of
c concordance (%)
€ /(Perry and Burnfield, 60.61 62.45 60.20 65.31 58.98 58.57 63.67 60.00
1992)
€ § TBmed Peakl (BW) 0.2195 0.0652 1.0232 0.4561 -0.0162 -0.1478 0.2211 -0.0207
o2 Peak2 (BW) 2.4563 0.4861 21910 0.3451 3.6722 1.1144  3.5812  0.9833
© g RMSE (BW) 0.9113 0.3120 0.9436 0.3409 1.3931 0.4981 = 1.3085 0.4186
g 8 R? 0.7447 0.8896 0.9040 0.8769 0.7579 0.7915 - 0.6588 0.7777
GR=
‘c § TBlat Peakl (BW) 0.6108 0.3046 -0.1997 -0.5014 0.0077 -0.0708 0.1265 -0.0868
2 Peak2 (BW) 2.0102  0.3947 1.1052 -0.4678 1.6642 0.2049 2.4509 0.0775
= RMSE (BW) 0.7313 0.2187 0.4356 0.4317 0.6378  0.2412 0.8066 0.2450
R? 0.7714  0.7669 0.7412 0.6599  0.7842 0.7725 0.8064 0.7280
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Figure 1:
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Figure 2:

Musculo-tendon forces (BW) and recorded muscular activity
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Figure 4:
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Figure 5:

Musculo-tendon forces (BW) and recorded muscular activity
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