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Abstract 
Electrical stimulation delivered over the 
triceps surae of relaxed, seated, human 
subjects can generate contractions that arise 
in part via reflex pathways through the spinal 
cord. Such synaptic recruitment of 
motoneurons may be useful for FES. The 
present experiments compare the magnitude of 
this reflex-like contribution between sitting 
and standing. Eight able-bodied subjects 
participated. Stimulation (1 ms pulses) was 
delivered in 2 triangular patterns (~10-100-10 
Hz in 2 or 6 s) with subjects in 3 positions; 1. 
seated, knees bent (~900), 2. seated knees 
straight and 3. standing. Ankle torque and 
EMG were recorded. To assess the reflex 
contribution, comparisons were made between 
the torque 0.5 s after stimulus onset (Time 1) 
and that 0.5 s from the end of the stimulus 
train (Time 2). Both triangular patterns of 
stimulation resulted in significantly more 
torque at Time 2 than Time 1 for all three 
positions. However, there was no significant 
difference in the reflex contribution (Time 
2/Time 1) between any of the three positions. 
On average across the 3 positions the 2 and 6 s 
stimuli generated 4 and 18 times more torque 
at T2 than T1. These reflex-like contractions 
may be useful for FES assisted standing and 
walking.  

 

1. INTRODUCTION 
Electrical stimulation delivered over human 
nerve and muscle generates contractions by 
activating motor axons under the stimulating 
electrodes. However, stimulation using wider 
pulse widths (1 ms) and higher frequencies (100 
Hz) than typically used for FES can generate 
sustained contractions via reflex pathways 
through the spinal cord in able-bodied2,3 and 
spinal cord injured individuals6 We have 
proposed that recruiting motor units both 
directly, via motor axon stimulation, and 

indirectly, via spinal mechanisms, would be 
advantageous for FES. The synaptic 
recruitment of spinal motoneurons should 
adhere to Henneman’s size principle4. 
Contractions evoked by the combined 
mechanisms should recruit a heterogeneous 
population of muscle fibre types and result in 
contractions that are more fatigue resistant. If 
this spinal mechanism is to be utilised for FES 
during tasks such as standing and walking, it 
must be possible to evoke robust contractions of 
central origin in standing subjects. To date we 
have only studied this mechanism in seated 
subjects. It is well known that spinal reflexes 
are modulated by task and H-reflexes, which we 
believe contribute to the evoked reflexive 
contraction5, are inhibited between sitting, 
standing and walking7. The present experiments 
compare the extent to which the spinal “reflex” 
mechanism contributes to electrically-evoked 
contractions in seated and standing subjects.  

 

2. METHODS 
Eight able-bodied human subjects between 25-
42 years of age participated. The experiments 
were conducted at the Prince of Wales Medical 
Research Institute and were approved by the 
local Human Research Ethics Committee.   

2.1 Protocol 
Electrical stimulation was applied over the right 
triceps surae (TS) muscles and isometric plantar 
flexion torque and electromyographic (EMG) 
activity were recorded. For all trials, the right 
ankle was flexed to ~900 and the right foot was 
strapped to a footplate instrumented to measure 
plantarflexion torque. Muscle stimulation was 
delivered with subjects in three positions; 1. 
seated with knee bent (~900), 2. seated with 
knees straight (~1800); 3. standing with knees 
straight. For the seated trials, subjects were 
requested to remain relaxed at all times. For 
standing trials, straps around the hips and 
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shoulders provided support but subjects were 
otherwise asked to stand normally. Subjects 
performed maximum voluntary contractions 
(MVC) with knee bent and straight.   

2.2 Electrical stimulation 
Constant current stimulation was delivered 
through electrodes placed over TS using a 
Digitimer DS7AH stimulator. The cathode (~18 
cm x 3 cm) was placed over the middle of the 
gastrocnemius muscles and the anode (9 cm x 3 
cm) over soleus, ~5 cm below the 
gastrocnemius. Stimulus intensity was adjusted 
to evoke a peak force of 2-5 % MVC during a 
stimulus train of 5 pulses at 100 Hz. The 
stimulation was delivered in 2 triangular 
patterns linearly ramping up and down between 
10-100 Hz in 2 or 6 s. Subjects received 5 of 
each pattern at each position with a 10 s inter 
stimulus interval.  

2.3 Electromyography (EMG) 
EMG was recorded from the right soleus and 
tibialis anterior muscles using bipolar surface 
recording electrodes.   

2.4 Data collection and analysis 

Torque was sampled at 1000 Hz using Spike2 
software. EMG signals were sampled at 2000 
Hz and filtered (16-1000 Hz). 

To quantify the reflex contribution to the 
evoked contractions, the torque 0.5 s from the 
start of the stimulation (T1; see Figs 1 and 2), 
when peripheral mechanisms largely contribute, 
was compared to that 0.5 s from the end of the 
stimulation (T2), when both peripheral and 
central mechanisms contribute. This was based 
on experiments showing that torque at T1 and 
T2 are very similar in muscle rendered 
areflexive by an anesthetic nerve block3. 
Statistical analyses were performed on group 
data. Paired t-tests were used to test for 
differences in torque between T1 and T2. One-
way repeated measures analyses of variance 
were used to test for differences in the relative 
reflex contribution (T2/T1) between the three 
positions. Statistical significance was accepted 
at p<0.05. 
 

3. RESULTS 
In all three positions the triangular patterns of 
stimulation produced significantly more torque 
at T2, when the stimulus frequency was 
declining, compared to T1. This is shown in the 

response to a 6 s triangle for a single subject in 
Figure 1. In this subject there was an abrupt 
increase in force as the stimulation frequency 
approached 100 Hz (at arrow) and the force 
remained high even as the stimulus frequency 
declined. EMG and torque also remained after 
the simulation had ended. Similar residual 
activity was observed in 6/8 subjects. 

Data recorded in all three positions for a single 
subject are shown in Figure 2. The panels on 
the left show mean torque versus time and on 
the right show torque versus frequency for the 
same data. Contractions evoked by the 2 s 
stimulation were similar for the 3 positions and 
generated ~3 times more torque at T2 than T1. 
Torque during the 6s stimulus varied between 
positions and during standing generated ~9 
times more torque at T2 versus T1. However, 
this was not consistent between subjects.  

For the group, there was significantly more 
torque at T2 than T1 for both stimulus patterns 
and all positions (not shown). Averaged across 

Figure 2. Torque recorded from one subject during 
both stimulus patterns and all three positions.  Data 
were normalised to the torque at 0.5 s from the start 
of the stimulation for each position. Each line is the 
mean of the response to 5 stimulus trains. 
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the 3 positions there was an 11 and 12% MVC 
increase in torque for the 2 and 6 s stimulation, 
respectively. However, the relative torque 
increase between T1 and T2 (T2/T1) was not 
significantly different between the three 
positions (Figure 3). On average, the 2 and 6 s 
triangles resulted in ~4 and 18 times more 
torque at T2 than T1.  

4. DISCUSSION AND CONCLUSIONS 
These experiments suggest that electrical 
stimulation can be used to evoke contractions 
with a spinal contribution in both seated and 
standing subjects. This represents a necessary 
step towards establishing whether triggering 
these reflex-like contractions could be suitable 
for FES assisted standing or walking.  

In these experiments we estimate that in the 
latter half of the evoked contractions the central 
(i.e. reflex) contribution was between 4-18 
times that of the peripheral contribution (from 
motor axon stimulation). This was based on the 
ratio of the torque at T2 versus that at T1. Using 
T2/T1 may have led to a slight overestimation 
in the reflex contribution as even areflexive 
muscle shows some hysteresis1. However, a 6 s 
triangular stimulation delivered when the nerve 
was blocked proximal to the stimulation site to 
prevent any reflex contribution, resulted in only 
1.2 times more torque at T2 than T13. In the 
present study, any hysteresis due to peripheral 
muscle properties should be consistent across 
the three positions and thus differences in 
T2/T1 should reflect changes in central 
contribution only.  

These experiments suggest that these reflex-like 
contractions may be useful for FES assisted 
standing and walking. The centrally driven 
contractions should be more fatigue-resistant 
and require less battery power to sustain than 
those evoked by more conventional FES that 
rely primarily on motor axon stimulation. The 2 

s triangles, which we have not tested 
previously, have the appropriate timing required 
for walking, at least at slow speeds. However, 
there are still several questions that remain to be 
answered. The evoked contractions must 
generate a stable and predictable torque, both 
within and between stimulus trains. Thus far the 
evoked contractions are somewhat variable. 
Also, it must be possible to not only reliably 
turn-on but also turn-off the contractions and 
self-sustained activity that sometimes persists 
after the stimulation has ended.  

Stimulation using higher frequencies and wider 
pulse widths than conventional FES can be used 
to trigger contractions of both central and 
peripheral origin. The centrally-derived 
contractions may have several advantages for 
therapeutic and functional electrical 
stimulation. The present experiments 
demonstrate that these reflex-like contractions 
that have been recorded from seated subjects 
persist during standing.  
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Figure 3. Relative change in torque between T1 
(0.5s from start of stimulation) and T2 (0.5 s from 
end of stimulation) for each position averaged 
across all subjects (mean + SEM).  


