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Introduction 

The growing research for comprehensive musculoskel-

etal models aims to improve joint definition. Parallel 

mechanisms [1] have been introduced in musculoskele-

tal models [2] to best mimic natural knee and ankle kin-

ematics, and to introduce an explicit representation of 

contact and ligament constraints. The impact of specific 

knee ligaments and the number of degrees of freedom 

defined for the ankle are to be examined. Using the 

TLEM 2.0 dataset [3], four models with similar kine-

matics but different joint constraints are developed and 

evaluated, pointing out the impact of each characteristic. 

 

Methods 

Parallel mechanisms were synthesized from the natural 

kinematics, obtained as the envelopes of bone positions 

and orientations that maximize the joint congruences 

[4]. The geometric parameters were optimized to best fit 

the kinematics while maintaining articular contact and 

isometric ligaments. Two mechanisms for the knee and 

two for the ankle have been synthesized, their combina-

tion giving the four models. The first knee mechanism 

includes two sphere-on-plane contacts and three liga-

ments (i.e. PCL, MCL, and LCL) for the tibiofemoral 

joint, a hinge joint and the patellar tendon for the patel-

lofemoral joint. The missing ACL complies with total 

knee arthroplasty, as in the data used for validation [5]. 

The second knee mechanism embeds ACL, MCL and 

PCL, as in the standard definition of knee parallel mech-

anism [1]. The first ankle mechanism shows 1-DoF and 

includes a spherical joint and two ligaments (i.e. TiCaL 

and CaFiL), while the second one shows 2-DoF by add-

ing a hinge on the subtalar joint. All constraints in the 

model are represented explicitly, so that the individual 

forces at the contacts and ligaments are computed and 

considered during the static optimization step. The 

lower limb model [3] comprises five segments (i.e. pel-

vis, thigh, patella, shank, foot), four joints (i.e. spherical 

for the hip, parallel mechanisms for the ankle and knee) 

and 163 muscle lines of action. The inverse kinematics 

step minimizes the sum of squared distances between 

modelled and measured skin markers. Then, the inverse 

dynamics step simultaneously minimizes the sum of 

squared musculotendon, joint contact and ligament 

forces [2]. They were restricted to a minimum value of 

0 to prevent ligaments and muscles from pushing. 

 

Results 

Gait trials (n = 4) from the Grand Challenge competition 

[5] were analysed. Marker trajectories are well 

replicated in all cases, but the two models with the 2-

DoF ankle mechanism get closer to a realistic position 

and estimate contact forces better (Fig.1). In addition, 

the model gives information on joint contact forces at 

the ankle and hip, and on ligament forces. 

 
Figure 1: Measured and computed tibiofemoral contact 

forces using different knee mechanisms and the same 2-

Dof ankle mechanism (Subject DM) 

 

 JW PS SC DM 

Medial 0.41-0.45 0.19-0.26 0.29-0.36 0.26-0.29 

Lateral 0.25-0.38 0.26-0.33 0.20-0.31 0.24-0.29 

Table 1: Ranges of rms errors between measured and 

computed tibiofemoral contact forces with the 4 models, 

over the 4 subjects (on each column) 

 

Discussion 

The development of models with explicit representation 

of joint constraints makes it possible to directly calculate 

and interpret the forces comprehensively. All four pro-

posed models predict contact forces (i.e. for scaled-ge-

neric models) and can be adapted to the outcomes that 

need to be investigated (e.g. healthy or prosthetic knee). 
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