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SUMMARY 

Walking has a low metabolic cost due to the inverted 

pendulum movement over the extended stance leg which 

allows up to 70% mechanical energy conservation. The only 

phase where high concentric joint powers are required is the 

step-to-step transition. The ankle then serves to raise and 

accelerate the body centre of mass into the next pendulum arc. 

Different groups are trying to further reduce the metabolic cost 

of walking by means of powered exoskeletons but there is still 

no consensus on the optimal actuation algorithm.  

In this study we tested the effect of changing actuation onset 

timing of a plantarflexion assisting exoskeleton on metabolic 

power. Metabolic power showed a descending rising pattern 

with progressively later actuation onset with an optimum 

around the start of concentric endogenous ankle power as 

predicted by the walking model of Kuo.  

While the current exoskeleton was not portable and thereby 

limited in practical use there are indications that the observed 

optimal actuation timing could be universally valid for 

different plantarflexion assisting exoskeletons. 

 

INTRODUCTION 

At the preferred speed, walking has a low metabolic cost and 

therefore can easily be sustained for long durations. This can 

be attributed to the inverted pendulum movement that permits 

around 70% energy recovery [1]. Different groups are now 

developing exoskeletons in attempt to further reduce the 

metabolic cost of legged locomotion [2-4].  

Currently there is no consensus on the optimal control 

algorithm for a plantarflexion assisting exoskeleton. Our aim 

was to study the influence of control algorithm of a 

plantarflexion assisting exoskeleton on metabolic power by 

varying the onset of actuation through the stance phase.  

Due to the extended stance leg and ballistic swing leg 

behaviour [5] walking requires little muscular activity [6]. The 

only phase where high concentric power is reported is during 

push off [7]. The ankle plantarflexion then serves to reduce 

collision cost from contralateral heel contact [8] and to launch 

the total body centre off mass into the next pendular arc. 

Because of this, we expect optimal efficiency of actuation 

with onset just before contralateral heel contact as predicted 

from the model of Kuo [8].  

We expect that adding plantarflexion torque early in the single 

stance phase would provide little reduction in metabolic power 

because this would slow down the forward fall of the body 

over the stance foot and thereby perturb the inverted pendulum 

movement. On the other hand, we expect that adding 

plantarflexion torque at the end of the push off phase would 

cause little or no reduction because it makes no sense to add 

extra energy to an already ballistic movement and because of 

the limited available actuation time during the contact phase. 

As a result of these two hypotheses we expect the metabolic 

power to follow a U-shaped pattern for progressively later 

actuation onset.  

 

METHODS 

Eight able bodied subjects (♀, 23±3 yr, 1.70±0.10 m, 60±8 kg) 

walked at 1.38 m s
-1

 on treadmill wearing bilateral ankle foot 

exoskeletons powered with pneumatic muscles. A computer 

program (Labview) permitted to trigger the onset and end of 

actuation at predetermined percentages of the stride cycle by 

means of signals from heel switches (Herga). 

Actuation onset was set at different increments of the stride 

cycle (13, 23, 33, 43 and 53 %) in five randomized four 

minute conditions. Actuation ending was set at toe off (63%). 

For the reference condition subjects walked with the 

exoskeletons but without actuation.  

Following parameters were measured: 

 Net metabolic power: Steady state metabolic power minus 

resting metabolic power estimated from a computerized 

O2-CO2 analyser-flow meter (Jaeger Oxycon Pro). 

 Δ Net metabolic power: Net metabolic power in powered 

condition minus net metabolic power in unpowered 

condition. 

 Mean exoskeleton positive power: Mean concentric 

power delivered by the right exoskeleton measured from 

load cell data (ALD) combined with video based 

kinematics (Basler camera and Maxtraq software).  

 Performance index = - Δ net metabolic power x 0.25    [3]     

            2 x mean exoskeleton positive power 

This ratio reflects the efficiency by which the bilateral 

exoskeletons replace endogenous concentric muscle work.  

The overall effect of actuation onset was tested with repeated 

measures ANOVA. Differences versus unpowered condition 

were tested with a Tuckey honestly significant difference test. 

 

RESULTS AND DISCUSSION  

Metabolic power showed a U-shaped pattern as expected 

(figure 1a). We found an overall effect of actuation onset on  

Δ net metabolic power (p < 0.001). Significant reductions 

versus the unpowered condition were found ranging from 

11±2% (s.e.m) with actuation onset at 23% to 17±1% (s.e.m.) 

with actuation onset at 43% (p < 0.001). The highest reduction 

in net metabolic power could be predicted with actuation onset 



at 37±2% (s.e.m.) from third order polynomial interpolation of 

the actual conditions.  

Performance index ranged from 0.40±0.24 (s.e.m.) with 

actuation onset at 13% at to 1.33±0.38 (s.e.m.) with actuation 

onset at 43% (figure 1b). No overall effect of actuation onset 

on performance index was found (p = 0.097) probably due to 

the high variation in this parameter. Similar high variation was 

found in other studies [2,3]. While this seems unrealistic, 

observed performance index values higher than one could be 

explained if the assistance leads to a reduction in energy 

consumption in other than the assisted muscles e.g. due to a 

more efficient walking pattern as suggested by Norris et al. 

[2]. The optimal performance index was predicted with 

actuation onset at 42±4% (s.e.m.). This timing could be 

regarded as a guideline for portable applications where 

efficient use of limited energy is critical.  
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Figure 1: Δ Net metabolic power (a) and performance index 

(b) in different actuation onset conditions. T-bars indicate 

s.e.m. Dashed lines represent third order polynomial curve 

fits. Horizontal bars indicate the period of actuation in the 

condition with the corresponding greyscale. Double asterisk 

(**) indicate net metabolic power significantly lower than 

unpowered condition (p < 0.01). Black circles (●) and 

triangles (▲) represent mean results derived respectively from 

Sawicki and Ferris [3] and Norris et al. [2]. 

The highest reduction in metabolic power and the highest 

performance index were found with onset at 43% of the stride 

cycle. This timing corresponds approximately with the onset 

of endogenous concentric ankle power around 40% of the 

stride cycle [7]. This is much later than the onset of the 

endogenous plantarflexor activation which is known to occur 

around 15% of the stride cycle [9].  

From this point of view another frequently used exoskeleton 

steering method based on plantarflexor EMG seems less 

efficient. The fact that Norris et al. [2] found a higher decrease 

in metabolic cost (-13%) than Sawicki and Ferris [3] (-10%) 

despite a much smaller habituation time could be explained 

because they used push off actuation instead of proportional 

EMG control.  

While our exoskeleton is not portable and thereby limited in 

practical use we believe that the observed optimal actuation 

timing could be valid for other plantarflexion assisting 

devices. There are for example qualitative reports from 

prototype tests with transtibial prostheses mentioning that 

‘subjects report contralateral heel contact as the best time for 

adding power’ [10]. The fact that derived results from other 

studies [2,3] closely follow the observed relationship in 

metabolic power and performance index from our study 

(figure 1) also supports the hypothesis that these relationships 

could be universal. 

 

CONCLUSIONS  

We found a U-shaped pattern in metabolic power with 

progressively later onset of actuation. Results indicate optimal 

actuation when the onset coincides with the onset of 

concentric plantarflexion power just before contralateral heel 

contact. While the application of our exoskeleton was limited 

to scientific research there are indications that the observed 

optimal actuation timing could be universally valid for other 

exoskeletons and prostheses. 
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