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Abstract

The purpose of this study was to develop a functional electrical stimulation (FES) system based
on the motor driving concept for use by spinal cord injury patients participating in the FES
Cycling competition at the Cybathlon 2016. The proposed FES system consists of a low-power
control system, a precise processor unit, and a 4-channel stimulation unit. Self-adhesive carbon
conductive electrodes were utilized for stimulation. A 26-year-old SCI patient was qualified to
participate in the competition. The pilot patient underwent training for 16 months, which
included experience with FES stimulation, performing FES cycling, and reducing spasticity, to
practice using the FES system. In addition, using surface electromyography (EMG) during
cycling, the muscle activation pattern for generating the stimulation profile was applied and
resulted in good performance. The best FES cycling performance the pilot achieved was 1000
meters translation with the cycling system during twelve minutes of using the FES system. The
pilot achieved an 1000 meters translation mobility within an average of 16 minutes of cycling.
Nevertheless, the system must be further investigated regarding muscle fatigue and other
factors that may affect the stimulation conditions.
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The number of spinal cord injury (SCI) patients is
growing each year. The main causes of the injury are
vehicle crashes, followed by falls and acts of violence.*
SClI results in various adverse effects,? including loss of
walking ability, impaired postural control, loss of
muscle strength, limit activity daily livings (ADLS)
function, all of which initiate disability and long-term
complications.® Although many SCI research groups are
continuously working to develop novel treatments, such
as prostheses and alternative medications, that may
support nerve cell rejuvenation,’ or improve the
function of the nerves that persist after a SCI,® the
recovery outcomes were still not satisfied. Thus, current
interventions for SCI primarily focus on preventing
further injury and empowering people with SCI to
recover.® Designing assistive technologies that meet the
requirements of being suitably sufficient, cosmetically
pleasing, and cost effective remains a challenge. As
there is a need for improved rehabilitation technology,
more research and development in this field is required
to improve the quality of life of these patients.” For
example, allowing patients to engage in activities
depends on matching and fitting the wheelchair design.
Regarding assistive technologies, FES is a powerful tool
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for augmenting the rehabilitation outcomes of SCI
patients.>® FES technology significantly advanced thus
far in the development of rehabilitation technologies
and improving our understanding of the muscle-nerve
relationship.’® However, applications of implementing
FES devices into individual rehabilitation therapies for
these patients still has some limitations.” FES
technologies have major applications in various
therapies, including drop foot stimulation,*? gait training
combined with FES,** and even upper-limb or lower-
limb rehabilitation.**** In some paraplegic patients, FES
have been extensively considered as a tool to restore
walking function, although implementing such devices
is practically difficult because there are numerous
degrees of freedom related to walking.'® Hence FES
cycling was developed for these patients, and its
advantages can be preserved for extended periods of
time using trained muscles."” In addition, previous
studies have shown significant relationships between
EMG signals and FES during cycling.®*? These studies
revealed the contribution of stimulation voltage and
patterns, which can be supplementary applied for
practical use, although the conditions of muscle fatigue
need to be further investigated. Regarding FES
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Fig 1. An Overview of the Proposed FES System
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cycling,?% many studies have shown the importance of

the effective application of FES cycling including the
effects of muscle size, strength and function as well as
cardiovascular and bone changes. In practice, FES
cycling and other FES exercises such as FES rowing
involve the use of surface electrodes, intensive training,
determining stimulation limitations, and implanted
stimulators. In this paper, a FES cycling stimulator and
a stimulation technique are proposed for practical use by
a patient competing in the Cybathlon 2016. EMG
patterns were studied for implementation to generate
individual stimulation patterns. As an inexpensive
system design, the device can be feasibly mass

produced. In addition, pilot information, bike
information, electrical stimulation, training technique,
and performance were evaluated. Some information
here presented was submitted to IFESS Conference
2016 and have been accepted for oral presentation
duringin the Special Session "FES Cycling".

Pilot information and FES System

Design of the Proposed FES Device

In this work, we designed a functional electrical
stimulation device that can be efficiently used for
controlling a recumbent bike. The FES device was
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designed to deliver non-uniform stimulation according

to the patterns of muscle contraction during cycling.

Over the past decade, many studies of EMG patterns

have been reported.?* According to previous studies,”®

the normalized cycling patterns were related to the

EMG power recorded from different muscles. This

EMG study was designed to explore cycling patterns

during use of a recumbent bike, which were then used

as a default activation sequence. Five healthy
participants were asked to perform bicycling, and their

EMGs were recorded (more details below). The study

focused on finding the relationship between EMG

power and cycling phrases. Another important feature of
our system is the circuit design. In general, optimal FES
circuits should have small components, and low input

voltage is required.?” In this project, we assembled a

customized circuit based on a previous design.®?° An

overview of the proposed system is shown in Figure 1.

The FES device consists of three parts, as follows:

1) The voltage generator: This component generates
voltages each channel from 5 V to 45 V. The power
management component was composed of 3 parts.
The first part is a step-down voltage regulator used
to maintain a 5 V supply, which delivers power to
the peripheral component. The second part is a 5-45
V adjustable step-up regulator used to supply the
stimulation module. During cycling, we analyzed the
duration of the stimulation pulse from the absolute
power of the EMG in each phase of cycling. In the
initial phase, the pulse duration would last longer
than in other phases in order to accumulate muscle
forces. In the Cybathlon competition, we deployed a
dynamic duration ranging from 200 to 600 ps. The
output voltage can be adjusted by a knob located at
the hand grips on both sides.

2) The processor unit: This unit generates the pulse
sequences  for  stimulation. The  processor
manipulates the stimulation  waveform by
configuring parameters, including frequency, duty
cycle and output voltage. This dynamic waveform is
based on a biphasic square wave. The frequency of

Fig 3. FES-integrated Recumbent Bike
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the waveform is related to the cycling period, since a
muscle contracts at different forces in different
phases of cycling. The bandwidth of the stimulation
frequency is 20-50 Hz.

3) The stimulation module: The last module, a voltage
control  stimulator, incorporates  4-channel
stimulation with user-configurable settings that
include frequency, duty cycle, and voltage. For
safety considerations, each channel generates a
maximum current of 80 mA for a 560 Q load
combined with voltage surge and current leakage
protection. In addition, to determine the stimulation
pattern, the root-mean-square (RMS) of the EMG
signal was utilized to justify the cycling patterns.
The RMS values of EMGs recorded from the
quadriceps and hamstring of both the left and right
legs were computed, and then a thresholding method
was used to generate the stimulation pattern. The
example of the default activation sequence is shown
in Figure 2. The parameters of each channel,
including pulse width and amplitude, can be
separately tuned for different muscle targets and
cycling phases.

Regarding the stimulation system, 2 inx4 in self-
adhesive carbon conductive pads were used as
electrodes due to the large muscle areas. The electrodes
were placed on the rectus femoris and hamstring on
both sides. The stimulation system is an open-loop user-
selective system that includes both automatic control
and manual control. For automatic control, the
stimulation patterns referred to in the previous study are
automatically generated using subject-specific cycling
phrases, which require individual calibration and fine
tuning before use. Inversely, for manual control, the
user must activate a trigger located on the hand grips to
generate the stimulation pulse independently on each
side. Therefore, the user must first undergo a training
session to familiarize him/herself with the system.

Selected Recumbent Bike
The major concerns regarding selection of the bike are

Fig 4. The First FES Cycling Test
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weight and embarkation. In this regard, we selected a
bike frame made of aluminum alloys, with an average
weight of 18.4 kg and a 120-kg rider weight limit. The
bike included 27 adjustable speeds with 9 back cogs and
3 front chain rings. The wheels were Kenda K-193
wheels sized 20” x 1.25 700c x 32c. The pilot seat was
constructed of fiber-reinforced plastics (FRP). Figure 3
illustrates the recumbent with the training equipment.
During training and competition, we used the lowest
force of gear driving. Moreover, after the final rehearsal
of the Cybathlon in June 2015 at Zurich, Switzerland,
we re-designed the pedals to hold pilot’s legs for safety.
An aluminum composite plate, which can be tightened
by a strip, was used to modify the bike. It should be
noted that there was no instrumentation device attached
to the bike.

Pilot Details

In Thailand, there are many nonprofit organizations
dedicated to caring for people with disabilities. Disabled
patients from these organizations were willing to be
subjects in this research. Three criteria were used to
select a participant: intention of the subject to practice
and be disciplined, a level of injury that completely
meets the criteria for participation in the Cybathlon
competition, and muscle spasticity. The muscle must be
contracted enough to lift their limbs when stimulated by
the FES device. The selected pilot was a 26-year-old
man with T4-level lesion. His weight and height are 165
cm and 62 kg, respectively. He was recruited 3 years
ago at the Redemptorist Foundation for People with
Disabilities (RFPD), Thailand. He had been using a
wheelchair for more than 5 years and was in a healthy
condition. The pilot entirely passed the special medical
examination according to the Cybathlon criteria. It
should be noted that during the competition, the pilot is
allowed to use only the FES without any devices to
monitor vital signs.

FES Training Protocol

The pilot practiced using the FES system in four
training phases. The first phases focused on familiarity
of using the FES system. Initially, the pilot was
assigned to daily stimulation of the main muscles, i.e.,
the rectus femoris and hamstrings, at the lowest voltage
level that was able to lift the limbs up and hold them
raised for 5 seconds; the muscles then rested for 10
seconds, and the procedure was repeated. This session
lasted until fatigue occurred, which was evaluated by a
physician. The training was immediately stopped if
fatigue occurred. After finishing the session, the
physician helped the patient to perform stretching
exercises to reduce spasticity. Training was begun in
2015 January and lasted 6 months. The primary
limitation of training was time constraints, as the pilot
could only train once per week due to his family
obligations and transportation. The second training
phase aimed to allow the pilot to perform cycling using
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the FES device. The pilot was trained to cycle in a
recumbent position. For the pilot’s safety, a cycling
stand was used for practicing, as shown in Figure 4. In
this stage, we found that the pilot had a clonus condition
which occasionally obstructed the training. As his ankle
was sometimes in a dorsiflexion position, he sometimes
exhibited involuntary muscle contraction. Whenever a
clonus condition occurred, the stimulation was
terminated because it affected the cycling rhythm. His
muscles could not be stimulated until his clonus was
recovered. The third training phase comprised analyzing
the EMG power to optimize the stimulus voltage for
muscle contraction during cycling. Two experiments
were conducted in five healthy participants. First, the
EMG activity of muscle contractions of the rectus
femoris and hamstrings was recorded during cycling.
EMG activity was recorded using a BIOPAC MP36
system (BIOPAC Systems, USA) with a gain of 1000
and a sampling frequency of 1 kHz. Analog signal
preprocessing of the EMG signals included a 10-500 Hz
bandpass filter and a 50 Hz notch filter. The rules of the
Cybathlon competition state that the pilot must perform
cycling for 750 meters within 8 minutes. Therefore,
participants were assigned to cycle for 8 minutes and
maintain a cycling speed of 60 rpm according to the
minimum speed of the bike at the lowest driving gear.
EMG recording was begun after the participant reached
a speed of 60 rpm. The results were converted to EMG
RMS amplitude, and then a thresholding method was
used to obtain the FES patterns for a default activation
sequence, as shown in Figure 2. A second experiment
was conducted to find the optimal stimulation voltage
level that is suited for the best cycling performance.
Both stimulation electrodes and recording electrodes
were placed over the hamstring and quadriceps muscles
on the participants. The stimulation voltage was
manually adjusted starting from 10 V and increased to
30 V in steps of 1 V. If the participants felt
uncomfortable at any point during the voltage
stimulation, the stimulation was terminated. However,
the high-voltage stimulation pulses still interfere with
the EMG recording, resulting in signal saturation. To
reduce the interference, we used an adaptive algorithm
based on a Gram-Schmidt prediction error filter (GS-
PEF).*® The EMG RMS was subsequently calculated as
a function of the stimulation voltage. The voltage that
yielded 80% of the maximum RMS was used as the
default stimulation voltage. As a result, the stimulation
voltage is relative to the individual; for example, the
pilot required stimulation voltages of 28 V and 33 V for
the left and right quadriceps and 30 V and 33 V for the
left and right hamstring, respectively. Other stimulation
characteristics were defined according to previous
studies that evaluated EMG patterns during cycling.>?
The final training phase was incorporated to strengthen
the muscles and reduce spasticity and to find the
optimal approach to minimize the possibility of clonus.
The pilot patient was assigned to daily physical exercise
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Fig 5. Pilot Performing in the Cybathlon

using FES to stimulate his muscles to lift up a sand bag,
which was stopped when he felt his muscle was going to
fatigue.

Performance

We propose flexible stimulation patterns for which
parameters can be tuned and individualized for specific
users. However, there are marked differences between
healthy subjects and the paraplegia cases that need to be
further investigated, e.g., proper stimulation voltage and
pulse width.17 Furthermore, fatigue is a major concern
for long-term use of FES.3** After more than 16
months of practice in recumbent cycling using the 4-
channel FES device, the best performance achieved by
the pilot was cycling 1000 meters in translation in
twelve minutes. The average cycling speed was 1000
meters of translation in 16 minutes. Unfortunately, the
pilot exhibited unpredictable clonus in the Cybathlon.
Although we dedicated marked efforts to addressing the
issue, it was ultimately not well managed.

Concluding Remarks

The use of EMG patterns in FES cycling stimulation
was proposed herein. This approach was implemented
in an SCI patient and yielded a good result. It should be
noted that the fatiguing condition needs to be further
investigated to obtain the appropriate stimulation
voltage and pattern. During the practice session, the
pilot exhibited satisfactory performance, although he
was not successful in the competition. Nonetheless, the
developed 4-channel FES device was compact, efficient,
and stable. Collaboration with other teams present at the
first Cybathlon FES Cycling competition and beyond
will provide further hints and tips.*“° In the future, we
plan to implement more stimulation channels that would
increase flexibility and improve performance for
individual usage while incorporating a user-friendly,
aesthetic, easy to handle design.

List of acronyms

ADLs — Activity Daily Livings
EMG - Electromyography
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FES — Functional Electrical Stimulation

FRP — fiber-reinforced plastics

RMS — root-mean-square

RFPD — Redemptorist Foundation for People with
Disabilities

SCI — Spinal Cord Injury
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