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Introduction: The ankle joint complex, which is comprised of the tibiotalar and subtalar joints, is a key linkage 
that allows the lower limb to interact with the ground. Clinically, movement of the ankle joint complex is 
described such that dorsiflexion/plantarflexion (DF/PF) occurs at the tibiotalar joint and inversion/eversion 
(Inv/Ev) occurs at the subtalar joint [1]. Standard gait models, however, typically include movement only at the 
tibiotalar joint, thereby simplifying the system through the elimination of the subtalar joint. By comparing the 
standard model to anatomical and pathological models, we can analyze the role of coupled joint motion at the 
ankle and inform future ankle models. Therefore, the goal of this study was to compare ankle kinematics across 
the standard, anatomical, and pathological models. The anatomical model mimicked in vivo ankle biomechanics 
by including motion at both the tibiotalar and subtalar joints, while the pathological model mimicked tibiotalar 
arthrodesis, a surgical procedure that eliminates the tibiotalar joint through fusion. The tibiotalar arthrodesis 
model served as the antithesis of the standard model to elucidate the role of subtalar kinematics.  
 
Materials and Methods: A generic subject model (OpenSim v. 3.3., Gait2354 [2, 3]) was adapted to simulate the 
three approaches for modelling the ankle joint complex. Specifically, the standard model included only tibiotalar 
joint motion, the anatomical model included both tibiotalar and subtalar joint motion, and the pathological model 
included only subtalar joint motion. Using skin-marker data from a walking trial provided by OpenSim [2], we 
ran inverse kinematics to calculate joint angles. OpenSim calculates joint angles as rotations about joint axes of 
rotations, which were not equivalent across the models. Therefore, we used a transformation matrix in MATLAB 
to define all joint angles in a standardized coordinate system aligned with the anatomical planes. To normalize the 
gait cycle (i.e., convert time to percent gait cycle), ground reaction force data and inverse kinematics were used to 
identify heel strikes; consecutive heel-strikes with the same foot defined 0% and 100% of the gait cycle. Root 
mean square error (RMSE) was calculated in MATLAB to quantify 
differences between models. Reported results focus on subtalar Inv/Ev 
and tibiotalar DF/PF, the primary movement directions at each joint.  
 
Results and Discussion: Subtalar joint angles in the standard model and 
tibiotalar joint angles in the pathological model were constant (Fig. 1). 
This is expected because motion was eliminated at these joints; these 
values are non-zero due to the transformation to a standardized 
coordinate system. At the subtalar joint, Inv/Ev joint angles for the 
pathological and anatomical models differ substantially (Fig. 1A). 
Importantly, the joint angles have different signs for nearly 30% of the 
gait cycle, indicating the subtalar joint is moving in opposite directions 
in each model. At the tibiotalar joint, DF/PF joint angles for the 
anatomical and standard models follow similar trends (Fig 1B). The 
similarity is illustrated by an RMSE of 2.7 degrees between these 
models. Interestingly, the anatomical model has the largest DF/PF angle, 
despite motion at the subtalar joint. This suggests there is a 
complimentary relationship between the tibiotalar and subtalar joints, 
which amplifies total joint motion. The standard and pathological models used in this study do not capture this 
complimentarily effect, highlighting the importance of carefully selecting kinematic models during gait analysis. 
  
Conclusion: This modeling study highlights two key hypotheses to inform future experiments. The first is that 
fusing the tibiotalar joint (pathological model) will result in opposite subtalar joint motion during the transition 
from stance to swing.  The second is that using a simplified ankle model (standard model) will result in data that 
underestimates both tibiotalar and subtalar motion. Future studies using experimental skin-marker and dual-
fluoroscopy data [4] will test these hypotheses, thereby exploring the predictive accuracy of the described models. 
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Figure 1. Plotted subtalar and tibiotalar 
joint angles about their primary axes of 
rotation per normalized percent stance.    


