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Abstract 

In this study we designed a Functional Electrical Stimulation (FES) trike for a female subject 

with spinal cord injury to exercise her lower limbs and improve her lower limb muscle condition 

for attending the 2016 Cybathlon FES bike competition. Our FES pilot was the only female 

participant, in the FES cycling competition and she rode for Team Phoenix from the Chinese 

University of Hong Kong. Due to the weakness of muscles in the lower limb of the subject, and 

due to scoliosis over her thoracolumbar aéra, the mechanical structure of the trike had to be 

tailor-made to ensure she sat on the bike in a safe and secure position. A six-phase angle-driven 

stimulation pattern was developed to stimulate quadriceps and hamstrings without gluteus 

muscles for contraction through four surface electrodes, thereby creating a cycling movement. 

To improve the cycling endurance and reduce the muscle fatigue, an on-off mode was developed 

for controlling the stimulation time that allowed the subject to cycle for 20s, then pause while the 

trike advanced without stimulation for 5s, followed by a subsequent 20 sec stimulation, to 

continue cycling. The pilot participated in the training procedure including training exercise at 

home, trike fitting in the trike by modifying the mechanical structure, and conducting the cycling 

exercise for six months. We observed significant improvements in the pilot’s lower limb 

condition. The on-off mode enabled our pilot to extend her cycling endurance effectively, from 1 

min to 2.5 mins and the distance from 62m to 100m. Over the eight minutes time limit, our team 

successfully finished 100 m in the Cybathlon FES. 
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 The Cybathlon is a unique competition, which aims to 

promote the research, development, and implementation 

of assistive technologies for people with disabilities or 

physical weakness to compete against each other in six 

disciplines which include the, Brain-Computer Interface 

(BCI) Race, Functional Electrical Stimulation (FES) 

Cycling Race, Powered Arm Prosthesis Race, Powered 

Leg Prosthesis Race, Powered Exoskeleton Race, and 

Powered Wheelchair Race.  

FES is a technique in which a stimulation device 

generates electrical pulses to skillfully stimulate the 

paralyzed muscles for timed contractions by placing 

electrodes over the skin or implanting them near the 

muscle motor points. Thus, people with spinal cord 

injury (SCI) can use an intelligent control device to 

accomplish certain tasks, such as standing, walking, and 

cycling.
1
 

This study designed a six-phase-angle driven FES trike 

with a subject-specific control algorithm for the female 

SCI subject to exercise her lower limb and improve her 

muscle condition. In additional to improving the cycling 

endurance and reduced muscle fatigue, the on-off mode 

was developed to optimize cycling performance for the 

Cybathlon FES cycling competition in Zurich on October 

8th, 2016 with Team Phoenix from the Chinese 

University of Hong Kong. 

FES pilot details 

Our pilot was a 20-year-old female SCI subject with 

thoracic spinal fracture and she was the only female 

participant in the FES cycling race during the 2016 

Cybathlon (Fig. 1). She was 50kg with 155cm who 

suffered a spinal cord decompression in March 2011 and 

posterior spinal fusion was deformed. She is categorized 

as an AISA A that has completely loss of motor and 



Enhancing Cycling Performance of Team Phoenix at 2016 Cybathlon 

Eur J Transl Myol 27 (4): 302-307 

- 303 - 

 

sensory functions below the T6-T7 injury level and 

scoliosis over the thoracolumbar area. Consent was 

obtained from the subject and the cycling system study 

was approved by the Joint Chinese University of Hong 

Kong-New Territories East Cluster (CUHK-NTEC) 

Clinical Research Ethics Committee (Ref. no: 

2016.093-T). 

Trike 

Throughout the preparation period before the Cybathlon, 

a commercial trike (ICE Adventure 26, UK) (Fig. 2) with 

the following  dimensions was used width 82.5cm, height 

80cm, length 190cm, and weight 18kg. The frame of the 

trike was made of 4130 chromoly steel cruciform and 

7005 series aluminum heat treated boom and rear section. 

For the wheels and tires, Spicer 56cm X 4cm and Tryker 

Tyre 40.6cm X 4cm were used for the rear and front tires 

respectively. An encoder was installed and chained to the 

gear of the crank that was used for obtaining the real-time 

crankset angle. The fixed 13:22 gear ratio was adopted 

that allowed the subject to cycle comfortably after our 

pilot testing with the subject.  

Functional Electrical Stimulation (FES) Device 

A modified portable four-channel programmable 

stimulator (FineCure Easy Walker, P2-9632, China) was 

integrated into the system and controlled by our designed 

algorithm. The stimulation parameters adjustable in the 

frequency range from 1Hz to 120Hz with the bandwidth 

between 100µs and 420µs. The intensity could be 

changed for providing a current amplitude from 0mA to 

100mA. The electrical pulses generated from the FES 

device were transmitted to the quadriceps and hamstrings 

of both legs, using surface electrodes (PALS, 

Neurostimulation Electrodes 5cm * 9cm) to trigger the 

muscle contraction.  

 

Challenges 

Because of the physical condition of the subject, the 

challenges during the development of the FES bike were: 

1) a mechanical structure design to fix the position the 

paralyzed lower limb; 2) a stimulation pattern to generate 

continuous cycling movement; and 3) an effective 

cycling mode to improve the endurance and reduce 

muscle fatigue. We also had to consider an issue related 

to the pilots comfort and personal needs. For example, 

the electrode placement, when designing the training 

protocol initially called for six muscle groups to be 

stimulated for cycling. However, our pilot had concerns 

in putting the electrodes on her gluteus muscle due to 

inconvenient access of this location and the need for help 

from others all the time. She preferred no electrodes on 

these muscles. Therefore, an additional challenge was to 

use only four muscle groups rather than six for 

stimulation during cycling. 

Mechanical Design 

The physical condition of the subject, who has scoliosis 

over the thoracolumbar area, restricted her from sitting in 

a straight posture and caused an unbalanced force 

delivery to the pedals. Therefore, reinforced ankle 

orthoses (Fig. 3) were designed for maintaining the legs 

in the sagittal plane in order to optimize the force applied 

to the pedal. An anatomically contoured shape hard-shell 

carbon fiber seat with a seatbelt was also used for 

preventing unwanted body movement of the pilot and 

maintaining her in a safe and secure position.  

Six-Phase-Angle-Driven Stimulation Pattern 

A six-phase-angle-driven stimulation pattern was 

designed to facilitate the subject cycling on the bike 

continuously. The initiation of the stimulation pattern 

was based on the real-time crank angle feedback from the 

encoder. The targeted muscles were stimulated to 

complete a sequence of cycling movement with a 

clockwise direction from 0°, the initial position of the 

 
 

Fig 2. Finalized outlook of the adapted Trike 
 

 

Fig 1. The SCI subject sitting on the modified trike 

during competition in the Cybathlon in October 

2016 
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crank arm. Fig. 4 showed that the first half of the 

stimulation pattern was phase 1, 2, and 3. In phase 1, the 

right quadriceps and left hamstrings were stimulated in 

order to drive the right pedal forward and the left pedal 

backward at the same time respectively when the crank 

angle was between 330° and 60°. After the crank angle 

was between 60° and 120°, the right quadriceps were 

stimulated only. This sequence kept pushing the right 

pedal forward to generate enough momentum for passing 

through Phase 3, during which no muscles stimulation 

was performed (e.g. phase 3 was considered a transition 

period). The second half of the stimulation pattern from 

150° to 360° was phase 4, 5, and 6 and is symmetric to 

the first half of the stimulation pattern, but with left 

quadriceps and right hamstrings instead.  

Cycling Modes  

Two cycling modes, continuous mode
2
, and on-off mode, 

were designed (Fig. 5) that find which mode was more 

suitable and effective to extend the cycling endurance 

and reduce muscle fatigue during cycling. We noticed 

that the optimal sequence was dependent on the physical 

condition of the muscles of the subject. For the 

continuous mode, the stimulation pulses were sent to the 

targeted muscles repeatedly to maintain a continuous 

cycling movement until muscle fatigue.  For the on-off 

mode, it was based on a typical cycling pattern from 

health subjects. The system enabled the subject to cycle 

for 20s with the rest for 5s and cycle again. During the 

rest period, both quadriceps and hamstring had no 

stimulation and provided a muscle recovery period. 

Meanwhile, the bike kept advancing sliding freely, and 

the right leg was positioned at 330° in phase 1 where was 

in the ready position to push the pedal for the next 

stimulation cycle. This provided sufficient recovery to 

reduce muscle fatigue. 

Training Procedure and Trike Development 

The training procedure is presented in time sequence 

including training at home, trike fitting, and cycling 

exercise. At the first stage, a training protocol was 

designed for the subject to conduct the training at home 

daily for two months, which aimed to improve the 

muscle condition, such as reduce the edema and muscle 

atrophy,
3-7 

and increase the muscle strength,
8,9

 of the 

subject for the cycling exercise. During the training, the 

right quadriceps and the left hamstrings were grouped as 

a pair, and the left quadriceps and the right hamstrings 

were grouped as the other pair. By using the FES device, 

these muscle groups were stimulated with 50Hz 

stimulation pulses and 360µs bandwidth in every 10s 

alternately. The stimulation intensity was adjusted until 

the subject performed the further extension and flexion 

of knee for 30˚ and 15˚ respectively from the initial 

resting position when the knee was hanging freely at 

knee angle at 90˚ (Fig. 6). These two angles were 

obtained to ensure sufficient muscle power to facilitate 

the cycling movement during FES. After training for two 

months, the muscle condition in both legs was 

significantly improved, such as larger and longer 

endurance, to push the pedal forward that enabled the 

cycling movement with the aid of FES. Meanwhile, our 

designed six-phase-angle-driven stimulation pattern was 

developed. During the trike fitting, the trike was placed 

on a stationary roller, and the subject sat on the trike to 

cycle several times by using our designed stimulation 

pattern with the same stimulation intensity as that while  

training at home. The crankset angle range for pushing 

forward and pulling backward of pedal were optimized. 

During this period, the complications caused by scoliosis 

over the thoracolumbar area provoked an unstable sitting 

posture. This affected the force applied to the pedal. 

Therefore, the reinforce ankle orthoses were installed on 

the trike crank arm to maintain the legs in the sagittal 

plane and fix the position of shank. An anatomically 

contoured shape hard-shell carbon fiber seat with a 

 
 

 

Fig 4. Six-phase-angle-driven stimulation pattern for 

stimulating the targeted muscles. 

 
 

Fig 3. The front view (left) and side view (right) of 

the reinforced ankle orthoses 
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seatbelt was also used for preventing any shift in body 

posture of the pilot and to keep her hip joint in the proper 

position. The FES trike was equipped, with a start/stop 

and emergency buttons on the left and right handles 

respectively. A rotary encoder for collecting real-time 

crank angle position with a 200Hz sampling frequency 

used. Two cycling modes were designed for the pilot for 

cycling exercise. The results showed that the on-off 

mode showed a better performance, which could 

effectively improve the cycling endurance and reduce the 

muscle fatigue. As a result, this mode was selected for 

the Cybathlon competition. 

Results and Discussion 

The pilot training exercises lasted for six months, during 

which her physical lower limb conditions was observed 

in terms of reduction of muscle atrophy for the right leg 

and reducing the edema in the left leg. By comparing 

both cycling modes, the continuous mode enabled the 

subject to cycle around for 1 minute for 62m before 

muscle fatigue. On the other hand, the on-off mode 

enabled the subject to cycle around 2.5 mins for 100m 

before muscle fatigue. The result showed the on-off 

mode was more efficient for enhancing the pilot’s 

cycling performance, such as extending the cycling 

duration, lengthening the travel distance, and reducing 

muscle fatigue. By comparing with other FES riders in 

the Cybathlon competition, the short cycling duration 

and travel distance observed with our pilot were due to 

the weakness of muscles in the lower limb and rapid 

muscle fatigue. Performance with our pilot was also 

limited by only stimulating four major muscle groups 

bilaterally, i.e. quadriceps and hamstrings, which limited 

the power generation to drive the trike forward. 

Therefore, higher stimulation intensity and longer 

duration were required to each muscle group that caused 

faster muscle fatigue and affected the competition 

performance. To improve the performance of cycling, 

future work would consider six muscle groups to be 

stimulated. Additionally, more convenient electrode 

placement for the gluteus muscles would help pilots 

benefit from the exercise with FES cycling. One 

possibility would be to integrate the electrodes into 

spandex cycling shorts. 

Concluding Remarks 

Using four muscle groups instead of six, it is feasible to 

generate cycling movement for SCI persons, but the 

higher stimulation intensities and longer period were 

needed which could create faster muscle fatigue. In order 

to partially overcome this restriction we have developed 

an On-Off mode that can delay muscle fatigue and 

extend the cycling duration. Collaboration with other 

teams present at the first Cybathlon FES Cycling 

competition and beyond will provide further hints and 

tips.
16-23

 

 

 

 
Fig 6. A sketch of the subject performing the 

extension and flexion of knee during initial 

setting of the stimulation intensity to muscles 

 

 

 
Fig 5. The biphasic waveform stimulation pattern during continuous mode (upper) 

and on-off mode (lower) 
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AISA A – American Spinal Injury Association (ASIA) 

Impairment Scale A 

FES – Functional Electrical Stimulation 

SCI – Spinal Cord Injury 
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