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Summary 

Lower-limb joint impedance is governed by inter-muscular 
length, velocity, and force-dependent feedback. These 
feedback pathways regulate the stiffness and damping 
properties of the lower-limb by modulating muscle activation. 
The network of length, velocity, and force-dependent feedback 
pathways is interconnected, widely distributed, and not well-
understood. Understanding the organization of this combined 
network will inform rehabilitation techniques for spinal cord 
injury. As a first step to understanding how these pathways are 
organized to reject perturbations, we developed a model of a 
cat hind limb and calculated the optimal distribution of 
homonymous length and velocity-dependent feedback to reject 
a force perturbation applied at the distal end of the limb during 
swing. The optimal solution resulted in the knee absorbing 
80.9% of the energy from the perturbation, while the hip and 
ankle absorbed 18.1 and 1.1% of the energy, respectively.  

Introduction 

Lower-limb joint impedance (i.e., stiffness and damping) 
arises from both mechanical and neural origins. The 
mechanical elements consist of connective tissues and 
muscles, which have both passive and active impedance 
properties. Length and force-dependent neural feedback 
influence impedance by modulating muscle activation. 
However, the role of neural feedback in shaping limb-joint 
impedance, especially in response to perturbations, is 
generally unknown, partly because feedback pathways are 
widely distributed. We developed an optimization framework 
that examines how the combined impedances from mechanical 
elements and homonymous length and velocity dependent 
neural feedback modulate the response of a cat hind limb to an 
endpoint perturbation during the swing phase. Based on how 
cats use their lower-limbs to absorb energy during the weight 
acceptance phase in  normal, level-ground walking [1], we 
hypothesized that the knee would absorb more energy from 
the perturbation than the hip or ankle.  

Methods 

We constructed a three-segment model of a cat hind limb in 
the swing phase in Simulink (Fig. 1A), with realistic lengths 
and masses [2], and a rotational spring and damper at each 
joint to represent length and velocity feedback. The initial 
configuration was set as the beginning of the weight 
acceptance phase (E2), and a vertical force equivalent to 
dropping the hind limb from its own fully extended height 
(131 N), was applied to the endpoint of the foot over 0.025 s 
[1].  

We optimized joint stiffness and damping to minimize the 
integrated sum of normalized kinematic (squared joint 

excursions) and energetic (squared joint torques) costs over 
time.  

Results and Discussion 

The optimal solution was a compliant hip, a compliant but 
viscous ankle, and a knee with greater stiffness than the other 
two joints (Fig. 1A). The hip had the highest excursion out of 
all the joints, and the joint excursions decreased with reduced 
segment density (Fig. 1B). However, the highest torque 
magnitude occurred at the ankle due to its viscosity (Fig. 1B). 

 
Figure 1: (A) Three-segment hind limb model with optimal stiffness 

and damping parameters at the hip (red), knee (blue), and ankle 
(black). (B) Joint angles, torques, and powers over time in the 
optimal solution. The endpoint force was applied at 5 seconds. 

The joint powers indicate how the perturbation energy was 
absorbed (Fig. 1B). The endpoint force imparted 9.8 J to the 
system. The hip absorbed 18.1% of the energy, the knee 
80.9%, and the ankle 1.1%. The total cost of the optimal 
solution was dominated by energetic cost. 

Conclusions 

The optimal set of joint impedance values (mechanical + 
neural) had a highly compliant hip and a viscous ankle that 
moved less than one degree. As hypothesized, the knee 
absorbed most of the energy from the perturbation. However, 
the joint kinematics deviated significantly from those observed 
during weight acceptance in a cat [1]. Perhaps, optimal 
solutions derived from simulations with more realistic 
heteronymous feedback topology will better re-distribute 
motion across the joints while preserving the energy 
absorption profile found here.  
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