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CONCLUSIONS AND FUTURE WORK

• “Physiological best guess” does not accomplish 
proportional coordination 

• Two potential reasons for this: 
• guess does not reflect musculoskeletal 

system 
• heteronymous length feedback and force 

feedback lead to kinematics observed in [1] 
• We hypothesize that adding feedback will 

increase proportional coordination
• Tradeoff between energy and stability with 

feedback 

• Limb joint impedance (i.e., stiffness and damping) 
arises from both mechanical and neural origins. 

• Length and force-dependent neural feedback influence 
impedance by modulating muscle activation. 

• Neural feedback pathways are heteronymous, 
asymmetric, and widely distributed. 

• Proportional coordination between the knee and ankle 
has been observed over many behaviors despite the 
non-uniform mass distribution.

• Purpose of this study: To establish a modeling and 
optimization framework to investigate the contributions 
of these feedback pathways to inertial compensation 
and multi-joint coordination 
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OPTIMIZATION: REFLEXES

REFERENCES
Figure 1. A schematic of our cat hindlimb model with the joint 
angles as defined in [1]. The “physiological best guess” 
parameters are on the left.

Q: How does sensory feedback contribute to joint 
level impedance and the coordination of multi-joint 
movement? 

H: Intermuscular force-dependent feedback is 
organized to compensate for the non-uniform mass 
distribution in the limb and inertial coupling between 
the limb segments.

• Proportional coordination most apparent during 
weight acceptance, or yield, phase of gait cycle in cats 
[1] 

• To study reflex topology that regulates this, developed 
a 3-segment model of cat hindlimb in Simulink 

• realistic lengths & masses [2] 
• used Simulink toolbox to calculate 

equations of motion  

• Targeting proportional coordination using the 
following cost: 
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• As a first step, we assigned estimates of joint 
viscoelastic parameters, with no feedback, based on 
cat hindlimb data

METHODS

• Joint angle excursions increase proximal -> 
distal, inversely correlated with segment 
density 
• Proportionality cost: 2.2893*10^-6 

• Significant changes in all joint torques 
• Energetic cost: 6.2565*10^-4

• Ankle absorbs most of the energy: 
• Hip: 1.6861*10^-4 J (0.29%) 
• Knee: 0.0044 J (7.42%) 
• Ankle: 0.0543 J (92.30%) 

• Whole limb stiffness: 2.5228 kN/m

• Force feedback regulates whole limb stiffness 
• Will minimize the following cost function to 

constrain whole limb stiffness: 
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where W is a large weight, 𝑝𝑝𝑎𝑎𝑘𝑘𝑙𝑙,𝑑𝑑𝑘𝑘𝑠𝑠 is the desired 
distance from the hip to end of foot at end of stance 

• K and B parameters constant throughout 
simulation 

• Only optimizing while force being applied (stance 
phase) 

• evaluating energetic cost over this 
period 

• Stability metric: settling time 
• Search algorithm: CMA-ES, code adapted from 

[3] 

• Single-joint (uni-articular) muscles 
• Symmetric two-joint (bi-articular) pathways 
• Asymmetric pathways & feedback between hip 

and ankle 
• Force feedback: constants proportional to joint 

torque 
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