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Abstract Functional Electrical Stimulation (FES) is a tech-
nology to generate neural activity in an artificial way to
activate muscles. However, as reported by some researchers,
the human responses to FES are likely to be affected by
several factors, such as spasticity, muscle fatigue, nerve
habituation and so forth. Consequently, the function restora-
tion by FES is neither durable, nor stable. In order to realize
long-term and stable FES assistance, this study investigated
whether and why an Auxiliary Stimulation (AS) to the
Gastrocnemius, with current frequency ranged from 2000 to
6000 Hz, could alleviate the symptom of spasticity and muscle
fatigue caused by the stimulation to the Tibialis Anterior. We
have developed a portable auxiliary stimulator, and performed
experiments to verify its effectiveness. The results showed
that our approach enabled comparatively stable and durable
function restoration assistance. Moreover, for understanding
underlying neuromuscular processes elicited by the AS and its
qualitative nature, this study also measured the Hoffmann-
reflex (H-reflex) in soleus muscle before and after the AS, to
interpret the effect of the Auxiliary Stimulation.
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Introduction

Functional Electrical Stimulation (FES) is an effective way
to restore motor function for paralyzed people [1–3]. It can
not only improve patients’ cardiopulmonary function,
strengthen muscle and recruit partial movement function,
but also rebuild patients’ life confidence and help them
return to the society [2, 4]. Its therapeutic effects have been
proved by numbers of studies [1, 4].

However, the mechanism of FES motor function
generally differs from that of the normal motor action.
That is, FES motion begins with muscles of Type II (fast
fatigue and fast fatigue resistant), and then the small ones
(Type I: slow fatigue-resistant) with the increase of muscle
output power, while the normal motor action is conducted
in a reverse process. Therefore, muscle responses to FES
are likely to be affected by the factors such as spasticity [5,
6], abnormal muscle tonus, muscle fatigue, and nerve
habituation [7, 8, 9]. More seriously, lower limbs with
spasticity will constantly exhibit excessive excitement
while conducting FES [10], which aggravates the muscle
fatigue, thus reduces the durability and stability of the
function restoration. Therefore, in order to realize long-term
and stable FES assistance in daily living, it is of great
significance to explore appropriate approaches to cope with
those factors.

Recently, many treatments, including medical, surgical
methods, and electrical stimulation have been employed to
relieve the symptoms of spasticity, muscle fatigue, and
abnormal muscle tonus [11–13]. Among these treatments,
medical, surgical methods will cause muscle weakness [13],
whereas the electrical stimulation could reduce muscle
tonicity via the reduction of the stretching reflex, causing
lower spasticity and allowing a larger range of motion,
without weakening the muscles [14–16]. Although much
work has been done to date on the electrical stimulation for
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easing muscular activities, more studies are needed to make
clear whether kinds of auxiliary electrical stimulation could
be used with FES to improve its stability and durability and
understand the underlying neuromuscular processes elicited
by electrical stimulation.

The purpose of this study is to ascertain the effectiveness
of using a sub-threshold medium-frequency (2–6 KHz)
stimulation (called AS in the following sections) to assist
FES in restoring walking function. Moreover, in order to
understand the underlying neuromuscular processes elicited
by electrical stimulation and its qualitative nature, we have
measured the Hoffmann-reflex (H-reflex) in human soleus
muscle before and after the AS.

Methods and experiments

Auxiliary stimulation and FES devices

The stimulation device is based on Hitachi’s tiny H8 (H300
core) microprocessor. The device has one output channel. The
output signal is generated by using PWM port of the
microcontroller. The device is controlled by receiving control
commands from a host computer using serial communication
at 9600 Bauds. The stimulator is designed to operate on the
capacitance channel of the electrodes, limiting its operation to
the linear range. In this way, we can warrant reversible
operation and avoid detrimental chemical reactions. The
stimulator uses commercially available neuroelectrodes, with

an area of 32 cm2 for low current density. The stimulation
current source and the microprocessor-based controller for
wave form generation are optically isolated, and separately
powered by one of the two 9v alkaline batteries. Its diagram
was shown in Fig. 1. Using biphasic stimulation method, the
device requires less energy to provide the same effects as
other stimulation methods. By using biphasic stimulation we
can keep the current at a low level (less than 10 mA) and
avoid accumulation of charge to prevent tissue damage.

The FES device was a product of Compex Company
(www.compexsport.jp) [17].

Experiment 1

Subject

One paralyzed subject, female, 42 years old, with major
neuro muscular dysfunction and ankle plantar flexor
spasticity on the left lower-limb, which caused an asym-
metric hemiplegic gait, took part in the experiment. The
details of the experiments were explained to the subject
until she completely understood the experiments, then an
informed consent was signed, and all the experiments were
done under the monitoring of a medical doctor.

The description of experiment 1

The first experiment is to ascertain the effect of using a sub-
threshold medium-frequency (2–6 KHz) stimulation to
assist FES for restoring walking function.

To inspect the effect of AS, the following three subtests
were conducted.

The first subtest was performed to compare the effect of
different frequency of auxiliary stimulation. The positions
of electrodes for FES were decided empirically, aiming at
an assistance of lifting in the early swing phase, as shown
in Fig. 2. The simulation through these two pairs of
electrodes could lift the leg during walking very well,
however, would cause spasticity of gastrocnemius, which
results in the drop of overall performance. A sub-threshold
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auxiliary stimulation was applied between the bellies of two
sides of gastrocnemius, and the frequency changes with
three values 2000 Hz, 4000 Hz and 6000 Hz. There was
one session everyday. Before the auxiliary stimulation
(AS), a minimal level of FES was decided by gradually
increasing the stimulation level from 0, until a slight leg
lifting occurred. Then FES was stopped, the auxiliary
stimulation was conducted at point A (Fig. 2) to gastroc-
nemius for 15–20 min. The FES with the minimal level
recorded before the session was conducted at least 10 times,
then an ankle raising height was measured. All the experi-
ments were carried out at sitting position.

In the second subtest, the stimulation outputs were the
same with the first subtest, but the positions of the
electrodes of auxiliary stimulation were different. In this
subtest the surface electrodes for AS were posted on the
position A and B, as shown in the follow figure (Fig. 2). A
is higher than position B, the center of which is around the
Chenjin acupoint.

In the third subtest, in order to investigate the combined
effect of FES and the auxiliary function of AS on motor

function restoration, the AS with 4000 Hz on the position A
is performed simultaneously with FES, as shown in Fig. 2.

Experiment 2

In order to explore the underlying neuromuscular processes
elicited by auxiliary stimulation, the second experiment was
to measure the Hoffmann-reflex (H-reflex) in human soleus
muscle of subjects’ dominant leg (Fig. 3), before and after
the auxiliary stimulation for 15 min as Fig. 4 shows.

Subject

Fifteen subjects (25 to 35 years old, 172±10 cm high, with
weight 72±10 Kg, no distinction on gender, and with no
apparent sensory or motor impairment on limbs) participat-
ed in the experiment. To all the subjects a full explanation
was made about the contents and purpose of this experi-
ment, then an informed consent was written by each
subject.

Experiment description

In this experiment a pair of surface electrodes for
measurement of H-reflex were placed on the soleus muscle,
5 cm above Achilles. The electrical stimulus was sent to the
tibial nerve, which is located in the middle of knee as
shown in Fig. 3. Duration of the electrical stimulation
activity is 1 msec, one stimulation for every 5 s (output
frequency is 1/5 Hz). For measuring the H-reflex, the
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subjects were required to lie prone, and their lower limbs
were fixed to bedside by using a white medical belt [18,
19]. Stimulus intensity begins with just below the threshold
intensity of H-wave elicitation voltage, and then was
increased with the step of 1 voltage until obtaining the M-
wave maximum. The data acquisition and analysis were
done using a PC (Panasonic CF-8) where the software of
Biopac Student Lab PRO system was installed. To remove
noise of EMG and disturbance of electromagnetic, the
amplified (500times) H-reflex and M-wave were filtered by
a 10 Hz high filter and a 2000 Hz low-filter. A recruitment
curve can be obtained by gradually increasing the stimulus
intensity as shows in Fig. 5.

Results

Results of experiment 1

Figure 6 shows the ankle raising height of the first subtest.
As shown in Fig. 6, 4000 Hz was most long lasting and

effective. Compared with that, the raising height by
2000 Hz was not clear, sometimes, even lower than that
without AS. 6000 Hz stimulation sometimes led to a high
lifting, however, it was unstable in general.

Figure 7 shows the effect of different auxiliary stimula-
tion positions from the second subtest. The comparison of

Fig. 6 The result of the first subtest: with different frequency bands

Fig. 7 The result of the second subtest: comparing different electrode
positions
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Fig. 8 The result of experiment3 and a condition Includes AS or not

Fig. 9 Amplitude of Hmax before and after AS
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the height indicated that the position A is better, so that it is
clear that, the electrode position is important for the
auxiliary stimulation.

Usually, in the FES without the auxiliary stimulation, the
assistance of FES for walking function could last for 1 h,
however, in the third subtest as shown in Fig. 8, with
several rest intervals, the experiment lasted for 4 h, and
meanwhile, the assistive effectiveness of FES was main-
tained. The long lasting FES effect was also observed in the
other experiment. This shows the possibility that the
4000 Hz auxiliary stimulation has an active effectiveness

for alleviating muscle fatigue and spasticity and could
enable durable and stable FES assist.

Results of experiment 2

H-reflex is a monosynaptic reflex [20, 21]. It can be
induced by electrical stimulation of Ia fibers at the
intensities over the exciting thresholds [22, 23]. The
afferent portion of the H-wave begins at the point of
electric stimulation and results in action potentials travel-
ing along afferent fibers. M-wave was known as the
efferent arc that produces a response in the EMG.
Therefore, Hmax is a measure of maximal reflex activation
or, stated differently, is an estimate of the number of motor
neurons (MNs) that one is capable of activating in a given
state [20]. The Mmax represents activation of the entire
MNs pool [20], therefore, maximum muscle activation.
The Hmax is an indirect estimate of the number of MNs
being recruited and the Mmax represents the entire MN
pool, thus, Hmax/Mmax ratio can be interpreted as the
proportion of the entire MN pool capable of being
recruited [20], in turn, an evaluation for the statues of cell
excitability of the spinal cord, thus, used widely in clinic
experiments [21]. In this paper Hmax/Mmax was mainly
used to evaluate the use of AS, by comparing the index
values before and after AS.

Figures 9 and 10 showed Hmax and Mmax values before
and after AS. Hmax became lower after AS, but the Mmax

almost did not change before and after AS.

Fig. 10 Amplitude of Mmax before and after AS

Fig. 11 Statistic of Hmax/Mmax before and after AS
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Figure 11 showed that the Hmax/Mmax values, as an
evaluation of neurologic function and excitability of spinal
motor nerve, became lower after AS. Usually, the excess
excitability of spinal cord may cause spasticity and fatigue
prematurely. Results of the second experiment showed the
effect of AS, that is, the comparison of the amplitude before
and after AS indicated that AS can alter the value of H-
reflex. In other words, AS enables durable and stable FES
assist through bringing about a lower excitability of αMN
(that is, a lower Hmax/Mmax value).

Discussion

The results of the first experiment (in which motor function
restoration was combined with AS) indicated that medium
frequency stimulation can provide more durable and stable
FES assist. Therefore, it is expected that the negative effect
of FES may be reduced or eased by the method. However,
the mechanism is still uncertain. It has been reported that,
medium-frequency (3–5 KHz) biphasic electrical current
applied to peripheral nerves could block conduction of
action potentials [24, 25]. This nerve block may be
reversible once the stimulation was removed. However,
the mechanism of the nerve conduction block induced by
medium-frequency biphasic electrical current is unknown.
In addition, many researchers also have indicated that the
therapeutic electrical stimulation [13, 20] or vibratory
stimulation (VS) [21] on antagonist MN Excitability under
different frequencies for spastic patients could alter the
excitability of spinal motor nerves to improve walking. As
shown in Fig. 12, since the muscle activation elicited by
FES differs from that of the normal motor contraction, the
effect of FES is neither durable nor stable. Thus, in order to
realize a long-term and stable FES assist in daily living, it is
crucial to decrease the excess excitability of spinal nerves
and reduce the muscle fatigue.

As discussed, reducing or decreasing the excess
excitability of spinal MNs could enable more durable
and stable motor function, so it is very important to
find the relation between AS and the excitability of
spinal motor nerves. For understanding the underlying
neuromuscular processes elicited by the auxiliary stim-
ulation and its qualitative nature, in the second
experiment we measured the Hoffmann-reflex (H-reflex)
[18] in human soleus muscle, before and after the
auxiliary stimulation. The result of the second experiment
also showed their Hmax/Mmax, as an evaluation of
neurologic function and excitability of spinal motor nerve,
became lower after AS, which means lower excitability of
spinal action neurons. In addition, as mentioned previous-
ly, excessive excitability of spinal motor nerves would
cause a serious spasticity or premature fatigue. Thus,

using AS to alter the excitability of spinal motor nerve
could help FES to support a more durable motor function
restoration.

In order to use AS for FES in real time, the influence and
function of AS for short term should be also made clear,
therefore, in the next stage, the AS experiments should
focus on how AS influences the excitability of spinal action
neurons in real time.

Moreover, the exact action for excess excitability inhabi-
tation was not made clear. Fig. 13 shows several possible
factors [22].

More important, the degree of muscle fatigue and
spasticity will be changed with time. Therefore a dynamic
method that could measure, model and respond appropri-
ately to the muscle fatigue and spasticity in real time
becomes very important.

Conclusion

Through the present study, the effect of the auxiliary
stimulation on FES was made clear. With appropriate
simulation frequency (4000 Hz for the subject), and
suitable stimulation position, the AS could facilitate a
durable and stable FES. Regarding underlying mecha-
nism of the AS, measurement of H-Reflex before and
after the AS showed that, the AS assists FES through
reducing the excessive excitability of Motor Neurons.

In the near future, in order to establish an effective AS,
the parameters of AS, such as, stimulation frequency and
position should be tested with different walking function
impaired subjects. Moreover, the motor neurons and their
responses to AS should be further investigated to deepen
the understanding of underlying mechanism of AS.
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