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1 INTRODUCTION

Exoskeletons supporting locomotion represent a rapidly growing field of research driven by 

technological advancements and their wide range of applications in industry, rehabilitation, and 

mobility assistance. The ankle joint is often prioritized in such designs due to its role in generating 

the highest torques during gait [1]. Nevertheless, achieving a natural biomechanical response 

through a nonlinear relationship between ankle kinematics and actuator torque remains a key 

challenge [2]. Passive and quasi-passive exoskeletons require the introduction of mechanical 

elements capable of producing nonlinear responses. Building on the work of [3], this project aims 

to develop a nonlinear torsional spring that better approximates the natural ankle angle-torque 

relationship. The proposed element is intended for integration into the quasi-passive ankle 

exoskeleton, Elite II, which aims to reduce the locomotion’s metabolic cost for both military and 

civilian applications [4]. 

2 ANALYTICAL MODEL  

The spring's mechanism of operation is based on the deformation of a beam by an external force. 

The difference between the actuator’s rotation angle (α) and the beam’s deformation angle (θ) 

creates a nonlinear reaction moment, while within the material’s elastic domain. Figure 1 

schematically shows this deformation, with (a,b) representing the 𝑥𝑦 coordinates of the actuator’s 

fixed point P, d as the height of the beam, c (not shown) as its depth, x as the coordinate of the 

force application point and s as the distance between P and the force application point. 

Figure 1 – (a) Schematic representation of the torsional spring; (b) Corresponding force diagram. 
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The proposed model is based on the equations for the calculation of the maximum deflection and 

slope at the end of a cantilever beam, which states: 

𝑦 = |
𝐹𝑥3

3𝐸𝐼
|      (1) 

𝜃 = |
𝐹𝑥2

2𝐸𝐼
|      (2) 

where 𝐸 represents Young’s modulus and I the moment of inertia of the beam. Considering the 

change of coordinates: 𝑥 = 𝑎 + 𝑏 sin (𝛼) and 𝑦 = 𝑏(1 − cos (𝛼)),  and that the �⃗�𝑡 is the only 

force producing torque, it follows: 

𝑀𝑒𝑥𝑝 =  𝐹𝑡 ∙ 𝑠 = 𝐹 ∙ sin (𝛼 − 𝜃) ∙ 𝑠    (3) 

In this model, parameters a, b, c, d, and the Young’s modulus are design variables influencing 

material selection. A MATLAB program was developed to optimize these parameters based on 

the geometric constraints of the exoskeleton’s actuation module. 

3 RESULTS AND CONCLUSIONS 

Based on the obtained optimized parameters, several CAD models were iteratively developed in 

SolidWorks and analysed through finite element simulations in ANSYS Workbench for rotations 

of 0 to 14º. This process led to modifications in the optimization program, namely the option to 

add more springs and the incorporation of maximum stress calculations at the fixed support. 

Figure 2(a) displays the maximum stress results for the simulation of the actuator rotation, while 

figure 2(b) shows the moment response. The results confirm the proposed spring's nonlinearity, 

supporting its potential application in the Elite II actuation module. 

Figure 2 – (a) Equivalent von-Mises stress distribution; (b) Moment response. 
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