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1 INTRODUCTION  

In a previous work, a controller was devised in order to model the dynamics of running athletes 

[1]. Such locomotion model is formulated as an explicit control of the ground reaction force in 

order to drive the contact force towards a compliant force that is able to stabilize the multibody 

system into a running gait. The controller poses a limitation, through which only a single contact 

point is able to be modelled (at the ball of the foot). The present work aims at overcoming this 

limitation by extending the control to multiple contact points, with the goal of modeling the 

dynamics of bipedal walking. Such a model is relevant to further the understanding of how the 

whole-body dynamics generate locomotion. It is envisioned that such a model may be employed 

to rectify pathologies in the simulation loop, in order to obtain solutions that further the design of 

assistive locomotion devices. 

The present work separates itself from other similar approaches [2] by allowing a free progression 

of the pressure center, which emerges here from the impedance behavior of stance, instead of a 

positional specification. To achieve this, a set of leg coordinates is introduced to describe and 

control the motion of the stance leg. Finally, it will be shown how these coordinates may be 

employed to describe a spring-mass template to model the external dynamics of walking. 

 

 
Figure 1. (a) Triangular leg coordinates. The 𝜑𝛼 coordinate is measured with respect to the torso orientation, which is 

not illustrated. (b) Triangular spring-mass model. Illustrated from simulation (Fig. 2). 

 

2 TRIANGULAR LEG COORDINATES 

It is here suggested to use a set of coordinates such as the one illustrated in Fig. 1(a). The choice 

of coordinates is performed in parallel with the choice of the impedance model (Fig. 1b). Here, 

the 𝜑𝑏 coordinate measures the distance between the hip and the ball of the foot, while 𝜑𝑐 

measures the distance between the hip and the calcaneus. Another coordinate, 𝜑𝛼, measures the 

angle between the torso and the segment connecting the hip and ball. This fully defines the leg’s 
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configuration. In particular, if the previous coordinates are gathered as 𝝋 = 𝝋(𝒒) and 𝒒 are the 

revolute joint coordinates of the leg, then �̇� = (𝜕𝝋/𝜕𝒒) �̇� and (𝜕𝝋/𝜕𝒒)−1 exists in a range of 

anatomically valid configurations. 

The advantage of this formulation is that an impedance control scheme can be easily employed 

over these coordinates, which is useful in the modeling of locomotion systems by means of a 

multibody system. This fact is owed to the kineto-static duality, which is to say that generalized 

forces, 𝝃𝜑, along the triangular set are related to joint torques, 𝝃𝑞, through 𝝃𝑞 = (𝜕𝝋/𝜕𝒒)⊤ 𝝃𝜑. 

To illustrate the deployment of the triangular leg coordinates, it is here presented a modified 

version of the spring-mass model/template for locomotion [3]. As illustrated in Fig. 1(b), each leg 

is modeled by a pair of springs, with stiffness 𝑘, constrained by the fixed length of the foot’s sole, 

denoted as ℓ𝑝. 

3 DISCUSSION AND CONCLUSION  

 

The present solution, illustrated in Fig. 2, presents a smooth progression of the pressure center 

and also a force profile which is similar to a walking gait. To note, the force profile shows an 

uncharacteristically low vertical force during midstance. Also, the force profile is not smooth 

(non-differentiable). The former issue may be overcome by exploring a wide range of stable 

solutions, while the latter may be solved by exploring alternate impedance models along the leg 

coordinates. That is, impedances which are not necessarily a constant stiffness. 

The present approach may be extended to three dimensions by inclusion of another length 

coordinate for stance and two additional coordinates for leg orientation. Again, an appropriate 

impedance template may be developed in parallel with the choice of coordinates. 

 

 
Figure 2. Stable periodic solution, with 𝑚 = 75 𝑘𝑔, 𝜑𝑐(0) = 𝜑𝑏(0) = 1 𝑚, 𝑘 = 9 × 103 [𝑁/𝑚] and ℓ𝑝 = 15 𝑐𝑚. 

(a) Force profile along 𝑥 (gray) and 𝑦 (black). (b) Pressure center, from calcaneus (𝜒 = 0) to ball (𝜒 = 1). 
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