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SUMMARY 
Robotic exoskeletons can assist plantarflexion by means of 
pneumatic actuators. Most experiments make use of 
exoskeletons with proportional myoelectric control (P.M.C.), 
which is believed to cause the greatest reduction in 
metabolic power. An ankle-foot exoskeleton controlled by 
switches in the heel (footswitch control) was developed in 
our lab. We hypothesized that this active exoskeleton 
(powered) could lower the metabolic cost of both level and 
uphill (15%) walking compared to walking with an inactive 
exoskeleton (unpowered).  
A 16% reduction (0.70 W kg-1) in net metabolic power was 
found between powered and unpowered (level) walking 
during a habituation trial. During uphill walking the active 
exoskeleton caused a reduction of 13% (1.46W kg-1) in net 
metabolic power. Subjects were metabolically adapted after  
17.5 min of walking with the exoskeleton, which is faster 
than in other experiments using P.M.C. Furthermore we 
found reductions in metabolic power after only 2 min of 
exoskeleton walking. Because of the simplicity of an 
exoskeleton with footswitch control and the fast reductions 
in metabolic power, this type of exoskeleton is supposed to 
have an opportunity to become a useful tool in locomotion 
research, and possibly as a mobility aid. 
 
INTRODUCTION 
An active ankle-foot exoskeleton consists of a shell around 
the lower leg and can be powered by compliant pneumatic 
actuators, acting like artificial muscles (Figure 1). These 
active ‘robotic’ exoskeletons can assist and/or resist plantar- 
and/or dorsiflexion in a stationary setting.  
Walking with inactive exoskeletons causes an increase in 
metabolic cost because of altered kinematics and/or the 
additional weight at the lower limbs [1]. Recent experiments 
demonstrate that assisting plantarflexion with an active 
exoskeleton can lower this metabolic cost [1-4]. Untill now 
the reported reductions do not entirely compensate for the 
additional weight and the altered kinematics, so walking 
with standard shoes is still more efficient [1].  
  
Most experiments with exoskeletons make use of 
proportional myoelectric control (P.M.C) to activate 
pneumatic muscles based on m. soleus electromyography [2-
4, 5, 6]. In this method the control of the pneumatic muscles 
depends on the motor commands of the subjects. These types 
of exoskeletons have the limitation that they need a motor 
habituation period of probably more than 90 minutes [3] but 
the advantage of relatively normal joint kinematics [5]. 

A less investigated control method is 
footswitch control, where temporal gait 
parameters of the subjects control the 
actuation timing of the pneumatic muscles 
by means of heelswitches in the shoes.  
The lab of movement sciences at Ghent 
University developed an active ankle-foot 
exoskeleton with footswitch control. We 
wanted to test how subjects adapt to this 
type of exoskeleton over a period of 24 
minutes [6].  
We hypothesized that (1) our exoskeleton 
needs less adaptation time compared to 

P.M.C., because there is less interaction between  the 
exoskeleton and the subject. The subject has little means to 
modify the exoskeleton power, he only has to adapt to the 
new situation. Further we hypothesized (2) that our active 
exoskeleton could lower metabolic cost in both level and 
uphill walking compared to walking with inactive 
exoskeletons.  
 
METHODS 
Five female subjects (age=21yr; weight=60.6±5.3kg; leg 
length=85±1.5cm) participated in the experiment. Written 
informed consent, approved by the ethical committee of the 
Ghent University hospital, was given by all participants.  
Subjects were fitted with bilateral exoskeletons which could 
assist plantarflexion by means of McKibben pneumatic 
muscles (3.5 bar) at the dorsal side of the exoskeleton. The 
bilateral exoskeletons were similar to those used in other 
experiments on ankle-foot exoskeletons [1-7]. The 
exoskeletons fit in sport shoes with built-in footswitches 
(IP67, Herga Electric). Based on the signals from the heel 
switches, a computer program (Labview, National 
Instruments)  triggered the onset and offset  of the pneumatic 
muscles by means of a feedforward algorithm. Subjects 
performed several conditions with 3 minutes rest in between 
(Table 1). During the experiment, conditions were presented 
in a pseudo-random order.  
 
Table 1: Conditions with duration, onset and offset of the 
actuation of the pneumatic muscles. 
 
Trial 

Duration 
(min) 

Onset  
(% stride) 

Offset  
(% stride) 

Rest 4 / / 
Unpowered Level 4 / / 
Unpowered Uphill 4 / / 
Powered Level 24 43 63 
Powered Uphill 4 36 63 
Shoes Level 4 / / 

Figure 1: 
The ankle-
foot 
exoskeleton  

 



In the rest trial standing rest metabolism was measured. For 
all other trials subjects were asked to walk with active 
(powered), inactive (unpowered) or without (shoes) 
exoskeletons on a 15% elevated (uphill) or level (level) 
treadmill at a dimensionless speed of 0.47 (=1.4ms-1 for a leg 
length of 0.9m) [8]. 
 
During the entire session O2 consumption and CO2 
production were recorded (Oxycon Pro, Jaeger GMBH). 
Metabolic power per kg body weight for each trial was 
estimated by means of the VO2 and VCO2 of the 2 last 
minutes [9], diminished with resting metabolic power to 
estimate net metabolic power.  
For non-parametric statistical analysis PASW Statistics 18 
was used. More subjects are necessary to do parametrical 
statistical analysis and these will be tested in Jan-Feb 2011. 
 
RESULTS AND DISCUSSION 
Our active ankle-foot exoskeleton with footswitch control 
reduced metabolic power when compared with a passive 
exoskeleton in both level and uphill walking (Figure 1).  
In the habituation trial a reduction of 10% in net metabolic 
power was found between powered and unpowered walking 
after only 2 min but this difference was not significant 
(p=0.138).  
Based on quadratic regression, it was estimated that 
metabolic power reached steady state which indicates that 
subjects were metabolically adapted at 17.5 min. Metabolic 
power after 17.5 min showed a significant reduction of 16% 
(0.70 W kg-1) compared to unpowered walking (p<0.05). It 
is possible that a longer habituation period would cause a 
further reduction in metabolic power, but this is not likely as 
a stagnation was found in the last minutes of the habituation 
(min 17.5 - 24).  
During uphill walking at a 15% inclination the powered 
exoskeleton induced a reduction of 13% in net metabolic 
power or a reduction of 1.46W kg-1 compared to unpowered 
walking (p<0.05). It is possible that a longer trial for uphill 
walking would induce greater reductions.   
 
Cain et al. [5] suggested that P.M.C. may lead to a lower 
metabolic cost of transport than footswitch control. We 
found similar or even greater reductions in metabolic power 
in comparison with experiments with P.M.C. in both level 
and uphill walking [1-4]. The reductions in metabolic power  
suggest that an exoskeleton with footswitch control can be a 
useful tool to study locomotion and physiology.  
Although Gordon and Ferris [6] suggest that after 24 min 
ankle kinematics are adapted, other studies found habituation 
periods up to 90 min, before a reduction in net metabolic 
power was found for a similar exoskeleton and similar 
conditions [1-4]. Sawicki and Ferris [3] found no reduction 
in metabolic power after 30 min of habituation. 
 
With our exoskeleton, reductions in metabolic power were 
found after 2 minutes of exoskeleton walking. Because of 
the simplicity of an exoskeleton with footswitch control and 
the fast reductions in metabolic power, this is supposed to 
have an opportunity to become a mobility aid. 

 
Figure 1: Metabolic power for all conditions. Powered Level 
(17.5-24 min) is the mean metabolic power for that period. 
Bar graphs show the mean and error bars show ± 1 standard 
error of the mean (SEM). N=5 
 
CONCLUSIONS 
As suggested in our first hypothesis, our simple exoskeleton 
with footswitch control needs less adaptation time compared 
to other studies using P.M.C. We also found lower metabolic 
power for active exoskeletons compared to inactive 
exoskeletons as suggested in our second hypothesis. In the 
future more subjects will be tested in order to obtain 
sufficient statistical power and to get more insight in the 
physiology of exoskeleton walking.  
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