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Introduction 

Human locomotion on sand requires a higher gross metabolic 

cost than over hard terrain, however, to date, little has been done 

to quantify these energetic differences in the laboratory setting 

[1]. Typically, this metabolic penalty is attributed to the 

dissipation of mechanical power into the sand itself during 

stance, and the added metabolic power required by the muscle-

tendon units (MTU’s) in human leg to overcome this extra power 

requirement [1,2]. As such, this study begins to quantify the 

energetic effects of locomotion in sand through the use of a 

comparative hopping study as a simplification of bouncing gait. 

It has been shown that energy consumption of human hopping on 

hard ground follows a U-shaped relationship, with an energetic 

minimum between 2.5-2.8 Hz [3]. Due to the nonlinear, non-

newtownian behaviour of sand, it has been observed that sand 

causes varying amounts of power dissipation depending on the 

applied ground reaction forces, the speed, and area of impact. 

Thus, we hypothesize that hopping in sand will also yield some 

ideal metabolic minimum over a specific range of frequencies, at 

which sand hopping energy costs are minimized.  

 

Methods 

Two male participants (mean ± SD, age = 21.5 ± 0.7 yr, height = 

1.82 ± 0.07 m, mass = 80 ± 17 kg) completed two sessions of 4 

trails, one on hard ground and one on. Participants were asked to 

hop to a metronome at four different frequencies (2.2, 2.5, 2.8, 

and 3.2 Hz), to preferred heights. Gross metabolic power was 

measured using indirect calorimetry, while hopping frequency 

and center of mass position were measured using motion capture. 

Each trial lasted 4.5 minutes, with each ground condition tested 

on a separate day in order to to minimize fatigue effects due to 

the physically demanding nature of the protocol. Metabolic data 

were averaged over the last minute of each trial. The order of 

conditions and frequencies was randomized. Hard ground 

hopping was perfomed over a split belt instrumented treadmill, 

and sand hopping was performed over a custom built sand pit. 

The sand pit uses dry, loose packed poppy seeds as simulated 

sand, and allows for self-leveling through a combination of pivot 

enabled shaker panels that push the sand back toward the middle 

of the testbed, and airflow to maintain a constant sand depth.  

 

Results and Discussion 

We found a U-shaped metabolic curve for the hard ground trials, 

in agreement with literature (Figure 1; [3]). A quadratic fit to the 

metabolic data revealed a minimum in metabolic power at 2.7 Hz. 

This agrees with the findings of Farris et al.  which showed that 

intermediate hopping frequencies values between 2.5-2.8 Hz 

allow for the lowest level of metabolic power.  

 

Analogous to the hard ground trials, we also found that hopping 

on sand followed a similar U-shaped curve, with a minimum 

value of approximately 2.8 Hz. Participants reported increased 

difficulty in trials at 2.2 Hz due to the additional time  allowing 

for sinkage and power dissipation into the sand before the next 

flight phase. Participants also reported increased difficulty at 3.2 

Hz due to difficulty in achieving a flight phase, since their stance 

time decreased relative to the sinkage time of the foot surface into 

the granular substrate. This sinkage time was found to be a 

constant 0.11± 0.14s across frequencies. 

 

Additionally, we found that the fitted sand metabolic curve 

displayed a constant offset of approximately 50.1 ± 12% from 

hard ground.  This is consistent with the initial findings of 

Lejeune et al, who reported approximate energy expenditure 

increases of 60% for running on a sand track [1]. Flight time 

remained consistent across ground conditions for each frequency, 

(SD ±0.092s), indicating that hop height from rest across 

conditions was fairly consistent. Thus, the offset may be due to 

increased muscle activation to overcome excess dissipation while 

maintaining comparable flight times across variable terrain. 

 

Significance 

This experimental protocol is the first frequency-based analysis 

of the comparative energetics of hopping for sand and hard 

ground. It outlines the first step toward the development of a 

generalized energetic relationship for bouncing gait over 

complex media. Through this study we begin to develop a more 

complete understanding of the metabolic effects of locomotion 

over complex, non-linear substrates. These insights can now be 

leveraged to design wearable devices that are better suited to 

“real-world” use over challenging terrain. 
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Figure 1: Graph showing metabolic power (W/kg) and frequency 

relationship for hopping in hard ground and sand. We found a 

consistent relative increase in metabolic power of 50.1 ± 12% across 

participants for frequencies from 2.2 Hz to 3.2 Hz 


