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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 attached a real muscle-

tendon unit to a novel bio-robotic interface that emulates 

interaction with a mass in gravity to generate stable feedforward 

hopping. We then suddenly drop the height of the ground. We 

show that real muscle-tendon units can rapidly and safely reject 

perturbations within two hops across a large range of drop 

heights. This shows muscle-tendon units are robust against 

perturbations that span an order of magnitude in drop height 

during cyclic tasks without relying on closed loop feedback. 

Introduction 

Legged locomotion research has primarily been focused on 

studying steady state behaviours on flat ground and at constant 

speeds. However, humans – and animals in general – do not 

locomote in a flat world. Previous studies of uneven terrain 

locomotion have shown that purely feedforward strategies (i.e., 

clock-based muscle activations) are able to reject 

environmental perturbations. However, these studies were in 

freely moving whole animals with multiple joints [1] or 

multiple legs [2]. Therefore, it is unclear if this stability arises 

from joint level features or fundamental intrinsic properties of 

muscles. Thus we use a novel bio-robotic interface [3] to study 

hopping in a simple single joint context and we pose the 

question: Can purely feedforward driven hopping strategies 

rapidly and safely recover from a broad range of perturbations? 

Based on previous modelling studies [4], we hypothesize that 

muscle-tendon units will require larger number of cycles to 

dissipate energy with increased drop height while maintaining 

muscle lengths within a safe operating range. 

Methods 

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 measured the amount of energy dissipated in the  

 

 

first three steps after the perturbation and normalized it by the 

additional potential energy injected into the system due to the 

drop. 

Results and Discussion 

Excess energy from the drop in ground height was rapidly 

dissipated within two hops (p0 and p+1) across an order of 

magnitude of drop heights (Fig. 1B). Contrary to expectations,  

a larger proportion of the injected energy is dissipated in the 

first cycle after the drop as drop height increased – 

demonstrating that muscle-tendon units get better at dissipating 

energy with increasing heights. Muscle fascicle were shorter 

during the perturbed cycle compared to cycles prior to the 

perturbation indicating safe operation.  

Conclusions 

Contrary to models that use Hill-type muscle tendon units in 

silico, we found that biological muscle-tendon units in vitro can 

rapidly and safely reject perturbations across an order of 

magnitude range of drop heights. Given that in our preparation 

the neural control signals were invariant, implicating that 

intrinsic muscle properties enable this behaviour. Studying the 

mechanical properties of real muscles in unsteady conditions 

will allow for the development of wearable and legged robots 

with lower bandwidth control and better stability properties. 
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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 (B) As drop height increased, a larger proportion of the energy injected by the drop is 

dissipated in the first cycle (p0) after the drop. All of the injected energy is rejected within two cycles for all drop heights. 



 

 

 


