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Summary 

Animals easily navigate complex terrain and can rapidly and 

safely reject unexpected perturbations. However, the 

underlying mechanism at the muscle-tendon level of this 

behaviour is unclear. To study this, we attach a real muscle-

tendon unit to a novel bio-robotic interface that emulates 

interaction with a mass in gravity to generate stable hopping. 

We then suddenly perturb the height of the ground. We find that 

the drop in the height of the ground causes an automatic shift in 

the phase of muscle activation with respect to time of ground 

contact. This causes the muscle to shorten, while the tendon 

stretches and rapidly absorbs the energy of the fall. The muscle 

subsequently slowly re-lengthens and safely dissipates the 

excess energy from the drop at shorter lengths and lower 

mechanical power outputs. These results demonstrate in the 

presence of series elasticity, feedforward control strategies can 

impart robustness during dynamic locomotion tasks. 

Introduction 

The fields of legged robotics and locomotion neuromechanics 

typically assume robust motion requires closed loop feedback 

control. However, as animals get larger, their reflex signals 

need to travel farther distances causing delays of up to 50% of 

stance phase [1]. These delays limit the effectiveness of closed 

loop feedback control, especially during dynamic locomotion. 

Previous studies have shown that animals can navigate complex 

and uneven terrain using purely feedforward (i.e., clock-based 

muscle activation) strategies [2]. However, the underlying 

muscle-tendon level mechanisms that generate this behaviour 

are unclear. Thus, we use a novel bio-robotic interface [3] to 

study hopping in a simple single joint context and we pose the 

question: How do muscle contractile dynamics in the context of 

series elasticity enable robust feedforward perturbation 

rejection to a change in ground height?  We hypothesize that 

the drop in ground height causes an automatic phase shift that 

puts the muscle-tendon unit in a suitable context to rapidly and 

safely reject perturbations.  

Methods 

We attached the plantaris longus muscle-tendon unit from a 

single American Bullfrog (Lithobates catesbeianus) to a novel 

biorobotic interface that emulates interaction with a virtual 

mass in gravity (Fig. 1A). We cyclically stimulated the muscle 

to generate hopping [3]. Once the hopping settled to a stable 

cycle, we suddenly dropped the height of the ground by one of 

three heights (0.01m, 0.05m and 0.1m). We used an 

instrumented ergometer to measure the force and length 

changes of the muscle-tendon unit, and sonomicrometry to 

track the length of muscle fascicles. 

Results and Discussion 

The drop in ground advances the phase of activation with 

respect to ground contact by 33% of a hop cycle (Fig. 1A). 

Thus, the muscle contracts while the mass is still in the air, and 

the tendon initially lengthens rapidly absorbing the energy 

injected by the fall despite concurrent muscle shortening. Then, 

the muscle slowly re-lengthens safely dissipating the excess 

energy of the drop over at shorter lengths and lower mechanical 

powers (Fig. 1B). Thus, in support of our hypothesis, the 

automatic phase shift that results from the change in ground 

height puts the muscle-tendon unit in a suitable context to 

rapidly and safely reject perturbations. 

Conclusions 

Future studies using this framework will aim to examine the 

relative importance morphology in shaping the relative 

importance of feedforward vs. feedback control mechanisms 

under unsteady conditions. 
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 Figure 1: (A) Biorobotic interface setup. The muscle-tendon unit is cyclically stimulated with a feedforward signal to generate hopping and we 

suddenly dropped the height of the ground. The phase of activation with respect to ground contact was advanced by 33% of stance time (B) the muscle 

contracts while the mass is still in the air, and the tendon initially lengthens rapidly absorbing the energy injected by the fall despite concurrent muscle 

shortening. Then, the muscle slowly re-lengthens safely dissipating the excess energy of the drop over at shorter lengths and lower mechanical powers. 


