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Summary 

This abstract presents methodology for modelling the energy 
storage and return properties of a semi-active variable-stiffness 
lower-limb prosthesis in the OpenSim musculoskeletal 
modelling platform. The prosthesis was modelled as a rigid 
hindfoot with an elastically hinged forefoot; stiffness was 
varied by changing the location of this hinge. Effective forefoot 
stiffness in the model was estimated by simulating deflection 
under a point load. Simulations reproduced experimental data 
for stiffness (R2 = 0.99) and displacement under a matched load 
(R2 > 0.99). This modelling approach is deemed satisfactory to 
capture the effects of variable stiffness in a dynamic gait model. 

Introduction  
One of the primary goals of a lower-limb prosthesis is to replace 
the coordinated energy absorption and propulsion properties of 
a lost limb. Energy storage and return (ESR) prostheses show 
promise for replacing this functionality. A recently-developed 
ESR foot, the Variable-Stiffness Foot (VSF) [1], was designed 
with an actuated keel support fulcrum to semi-actively control 
sagittal forefoot stiffness and thereby adapt to different 
activities with low power.  

Simulations based on computational musculoskeletal models 
are useful for evaluating potential biomechanical interventions 
such as implementing a novel ESR prosthesis. Further, 
simulations provide the ability to estimate values that cannot be 
measured in humans in vivo (e.g. energy consumption and force 
production of individual muscles). Recently, LaPré et al. (2018) 
augmented a musculoskeletal model to reflect the musculature 
and mass properties of a prosthesis user’s lower limb [2,3]. 
However, this model does not account for the ESR properties 
of the prosthetic foot. The purpose of this study was to model, 
validate, and incorporate the ESR properties of the VSF in a 
musculoskeletal model of a lower-limb prosthesis user.   

Methods 

A model of the VSF was developed using the OpenSim 
simulation platform [4]. The VSF model is comprised of a two 
segment foot: the hindfoot is attached to the distal end of a 
pylon via a weld joint and the forefoot is attached to the 
hindfoot via a pin joint. The anteroposterior location of the pin 
joint is variable by scaling the hindfoot and forefoot 
components, mimicking the movable keel support fulcrum 
position of the VSF. A linear generalized spring torque was 
applied to the joint in order to emulate the stiffness of the VSF.  

Five models were developed with joint positions 66, 87, 108, 
129, and 151 mm anterior to the most posterior aspect of the 
hindfoot. For the VSF, these positions correspond to stiffness 
values of 10, 14, 20, 25, and 30 N/mm. The hindfoot and 

forefoot geometries were coupled during the scaling process to 
maintain a consistent total foot length (229 mm) for all models. 

The OpenSim Forward Dynamics Tool was used to simulate a 
linearly increasing point load (0 – 700 N). Loads were applied 
30 mm proximal to the distal end of the forefoot, as in 
previously-reported static compression testing of the physical 
VSF prosthesis [1]. Stiffness (k) was calculated as the slope of 
the linear fit to the data above 200 N load [1], and displacement 
(D) was calculated at the midpoint of this range. The spring 
stiffness of the forefoot joint was optimized by manual 
adjustment to best match the overall stiffness characteristics of 
the VSF.  

Results and Discussion 

Simulated stiffness effectively reproduced experimental 
stiffness (R2 = 0.99, RMSE = 1.31 N/mm) (Figure 1). Simulated 
mid-range displacement also matched well (R2 > 0.99) with a 
slight offset from experimental displacement in each condition 
(RMSE = 1.08 mm). 

 
Figure 1: Load-displacement relationships for simulation (dashed) and 
experimental data (solid). Data are best fit ± 95% confidence interval. 

Displacement (D) offset = (Dexp – Dsim) for the load (
Fmax+	200

2 ). 

Conclusions 

Variable forefoot stiffness can be successfully modelled by 
changing joint location. Future efforts include incorporating the 
VSF model into gait simulations, validating the VSF model to 
simulate gait with different stiffnesses, and studying how 
variable stiffness can optimize gait and minimize energy 
consumption in different activities.  
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