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Summary 

Designing wearable devices for use on deformable terrain is 

an ongoing engineering challenge. This is particularly 

apparent when we examine locomotion on dissipative surfaces 

such as sand or snow. These surfaces have complex, variable 

dynamics which lead to increased fatigue and metabolic cost 

during locomotion. We developed a modelling and simulation 

framework to examine the metabolic energy cost of hopping in 

sand, with and without a novel, unpowered exoskeletal device. 

Using this framework, we found that intermediate values of 

foot contact area and ankle joint stiffness minimize metabolic 

cost for hopping on sand. This opens up the possibility for a 

new class of wearable devices that can mitigate the metabolic 

penalty of moving in complex, dissipative terrain. 

Introduction 

The field of wearable robotics is advancing quickly, however, 

most devices still struggle in environments with complex 

terrain [1-3]. Perhaps, poor performance of wearable devices 

stems from mechatronic design that does not take into account 

the non-linear physics of interaction between the human-

machine system and the environment.  

Now is the time to combine knowledge from studies of 

locomotion on granular substrates [1,2], and insights from 

wearable devices designed to interact with the physiological 

properties of underlying musculoskeletal structures [3,4]. For 

example, the mechanisms underpinning the increased cost of 

moving in sand may be attributed to sinkage into the granular 

substrate, or inability to tune limb compliance in a dissipative 

environment. Here, we conduct a systematic parameter study 

in simulation to analyse whether an assistive device that can 

modulate foot contact area, CAexo, (to address sinkage) and/or 

joint stiffness, kexo, (to re-tune leg spring compliance) can 

restore locomotion performance to the solid ground 

equivalent. We hypothesize 1) that an increase in CAexo, 

reduces the metabolic cost of hopping across kexo values and 2) 

varying the kexo values produces an optimal intermediate 

stiffness that minimizes metabolic cost [4].  

Methods 

First, we established a baseline metabolic cost, using a 

muscle-tendon driven model of human hopping at 2.5Hz on 

solid ground to a height of 7.5cm [3]. Then to characterize the 

intrusion dynamics of sand [2], we performed an experiment 

using calibrated weights to characterize the force-dependent 

sinkage over a surface-area of 0.014 m2. We then incorporated 

the experimentally determined non-linear physics of foot-

ground contact in sand (sinkage) into the hopping simulation 

and established a baseline metabolic cost for hopping in sand. 

Next, we added a foot-ankle exoskeleton in parallel with the 

biological muscle-tendon unit in the hopping simulation (Fig. 

1a). Finally, we performed a parameter study by varying the 

exoskeleton contact area (CAexo) from 0.03m2 (~area of an 

adult’s foot) to 0.1m2 (~area of a snow shoe), and the 

exoskeleton joint stiffness (kexo) from 0 to 100% biological 

tendon stiffness (kt). For all combinations of CAexo and kexo, 

we used the model to evaluate the metabolic cost (W/kg) for 

hopping at 2.5Hz and 7.5cm. 

Results and Discussion 

 

Figure 1: (a) Model of muscle-tendon-exoskeleton system hopping 

on sand (b) metabolic cost vs. exoskeleton contact area (CAexo) and 

stiffness (kexo) 

The metabolic cost of hopping with no exoskeleton was 1.4 

W/kg for hard ground, and 2.2 W/kg for sand, a 57% increase. 

This underscores the need to develop a scheme to compensate 

for the metabolic penalty associated with moving in sand. As 

hypothesized, increasing CAexo for kexo= 0 (Fig. 1b, along the 

y-axis), systematically reduced the metabolic cost of hopping 

in sand to 1.42 W/kg for exoskeleton contact area equivalent 

to that of a snow shoe. Interestingly, we found an optimal 

CAexo-kexo combination (1.36 W/kg at 0.065m2 and 85%kt) 

that reduced the metabolic cost of hopping on sand by 38%, 

and restored the cost of hopping to that observed on solid 

ground. 

Conclusions 

Our model of a foot-ankle exoskeleton that combines added 

contact area between foot and ground with modified stiffness 

around the ankle joint indicates it should be possible to 

eliminate the penalty associated with energy dissipation during 

locomotion on granular substrates. Now, we are beginning to 

translate these ideas into physical prototypes that can be used 

to investigate human hopping in sand, with and without 

assistive devices. 
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