
 
 

 

  

Abstract— Stroke disease is one of the major killer diseases 
worldwide and most of the survivors will end with certain level 
of impairment.  They commonly are wheelchair bounded and 
require scheduled rehabilitation exercise to regain their 
walking capability or mobility. This paper presents the design 
of elliptical stepping exercise ergometer for functional electrical 
stimulation (FES) assisted exercise. The concept of wheel-
chaired cycling and elliptical stepping had been adapted in 
producing the ergometer design. The dynamic simulation has 
been performed on Visual Nastran 4D and Matlab Simulink to 
evaluate the performance of the exercise that includes the 
exercise ergometer, humanoid model and quadriceps muscle 
model. In the simulation work, the paretic leg (left side) is 
driven via FES-assisted while the non-paretic leg (right side) is 
driven via controlled knee joint torque. The result shows that 
the FES-assisted elliptical stepping exercises with voluntary 
non-paretic movement contribute better cadence speed control. 
Further improvement on the controller design is required to 
make sure suitable FES pattern can be delivered and better 
cadence speed control can be achieved in simulation 
environment as well as real implementation. 

I. INTRODUCTION 
URRENT trend shows the stroke disease as one of the 
major killer worldwide after heart disease and cancer. 

According to UMDNJ [1], 15 % of stroke disease victims 
die shortly after stroke and the rest 75% are survivors with 
different level of impairment. The most common effect of 
stroke disease is weakness or paralysis on one side of the 
body which is called hemiparesis or hemiplegia and it may 
affect the face, an arm, a leg or all three areas, and can range 
from mild weakness to total loss of movement [2]. 
Rehabilitation process helps the stroke patients getting back 
to their normal life by achieving the best level of 
independence [3]. Studies in [4] and [5] agreed that physical 
exercise training has potential to encourage the function 
regaining and prevent recurrent stroke. There is a strong 
consensus among rehabilitation experts that the most 
important element in any rehabilitation program is carefully 
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directed, well-focused and repetitive practice [8]. On the 
other side, studies in [6] and [7] have mentioned that 
degradation of muscle mass is the consequences of 
inactivity, poor fitness and physical performance capacity 
after stroke. The muscle mass degradation can cause the 
muscles losing its strength and experience rapid muscle 
fatigue during movement. With this reason, structured 
rehabilitation exercise need to be planned which can suit to 
the patient’s functional loss condition. This is important to 
maintain the muscle activity, to encourage the recovery to 
occur and to avoid degradation of muscle mass due to 
inactivity.  

Functional electrical stimulation (FES) to restore 
movement in paralyzes or weak individuals have been 
regarded for decades as feasible way of rehabilitation. As 
each decade brings new innovations in electronics and 
microprocessor, better and more controlled systems become 
possible [9]. Since the first application introduced by 
Liberson [10] for foot drop, the application of FES has 
evolved until this decade and the research on it is still 
significant with the introduction of new ideas in term of the 
way it is implemented. FES has also been implemented in 
many ways of exercise technique mainly for spinal cord 
injuries (SCI) and stroke rehabilitation such as ankle 
movement [11],[12] rowing exercise [13],[14] and cycling 
exercise [15]-[17].  

Most of stroke survivors are wheelchair bounded and 
restricts their activities especially in performing scheduled 
rehabilitation exercise using specified ergometer. The 
difficulty includes the transfer from wheelchair to the 
ergometer. Wheelchair accessed ergometer is seemed to be 
the solution and product such as berkelbike and RT-300 are 
the available commercial product for cycling exercise. Gait 
like exercise movement such as elliptical stepping offers 
good benefit in rehabilitation. The design of elliptical 
stepping exercise provides over wide range of exercise 
intensity while minimizing the potential for lower extremity 
injuries [18]. Previous findings reported that elliptical 
stepping resulted better muscle activity compared to cycling 
[19],[20] and better heart rate and oxygen consumption 
compared to walking, biking, stepping and running [18].  

This paper presents the new design of wheel-chaired 
elliptical stepping exercise ergometer and the performance 
evaluations. With this ergometer, subject (stroke patient) can 
perform the exercise directly from wheelchair and avoid the 
difficulty of body transfer from wheelchair to ergometer 
seat. Upper and lower body also can cooperate when 
performing upper body assisted elliptical stepping exercise 
on this ergometer. The findings in this paper can support the 
implementation of this proposed exercise ergometer for 
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stroke rehabilitation with further investigation will be 
focused on improving the exercise technique and FES 
control strategy.  

II. METHODOLOGY 

A. Ergometer Design Concept 

The concept of wheel-chaired cycling and elliptical 
stepping were adapted in the design of wheel-chaired 
elliptical stepping exercise ergometer. The elliptical stepping 
movement is totally driven by both legs with an optional arm 
handle for arm assistant during exercise. Flywheel of 8Kg in 
weight is fitted at the crank arm shaft and act as rotational 
energy storage to deliver extra energy when it rotates. 
Bolund et al. [21] described that depending on the inertia 
and speed of the rotating mass, a given amount of kinetic 
energy is stored as rotational energy. This energy can be 
used to maintain the exercise movement at the dead spot. 
Dead spot is generally located at 0° and 180° of crank arm 
position and is defined as the point of transition between 
applying extension moment and flexion moment [22]. In the 
design, the flywheel was suspended by a bearing to allow it 
to move smoothly at low friction. Crank arm was designed 
to have 16cm in length which will result with 32cm of 
stepping length. This small stepping length is considered fit 
with most of the subject’s body height when performing the 
exercise from wheelchair. The mechanism of the wheel-
chaired elliptical stepping exercise is illustrated in Fig. 1. 

 
Fig. 1.  The mechanism of wheel-chaired elliptical stepping exercise 
 
The symbol denotes the important parameters which 
comprise of length and angle of the component in the 
mechanism and can be detailed as follows:  
 
h : elliptical stepping height 
w : elliptical stepping length 
 
The size of the elliptical stepping is varies according to the 
parameter l1, ,l2 , and l3 and the step length and height of the 
elliptical stepping is denotes by h and w which can be 
determined as follows: 

( )3
1

2 2l
l
lh =                                       (1) 

and 

32lw =                                             (2) 
where, 
l1 : ergometer stepping arm length 
l2 : foot position on the ergometer stepping arm 
l3 : ergometer crank arm length 

 
In the implementation of closed-loop control, feedback 
parameter is very important in order to deliver the 
information from the output to the input of the system. 
Hence, three feedback parameters are involved in the study 
which denotes by: 
 
α : knee joint angle 
β : hip joint angle 
θ : flywheel position angle 
 

The flywheel position angle, θ is collected through sensor 
interface and feed into the developed controller in Matlab 
Simulink. In this simulation work, θ is collected directly 
from the angular position meter that is used in the 
simulation. The flywheel position angle is used to determine 
the correct leg position for stimulation. θ is also converted 
into the cadence speed, θ’ in term of revolution per minute 
(rpm). Both parameters, θ and θ’ are very important to make 
sure the developed control system in the control platform (in 
this case matlab simulink) received sufficient information in 
order to produce appropriate control signal. The concept of 
FES-assisted exercise with voluntary non-paretic movement 
is proposed in the exercise movement control. Hence, 
controlled knee joint torque is applied to the non-paretic leg 
(right side) to mimic the voluntarily movement, whereas the 
paretic leg (left side) is driven by controlled FES.  

The simulation model of the elliptical stepping exercise 
which include the exercise ergometer, humanoid and 
wheelchair model was developed on Visual Nastran 4D and 
linked to Matlab Simulink for the purpose of control. Detail 
explanation on the model development and validation 
analysis was presented in [23]. The developed model is 
shown in Fig. 2. Further improvement has been made to the 
model by incorporating the muscle model to the left leg to 
mimic the paretic side of stroke patient. For this purpose, 
quadriceps muscle model has been developed based on 
algorithm developed by Reiner and Fuhr [24]. The two 
muscles involved in quadriceps that are rectus femoris and 
vasti muscle have been developed. The contraction of rectus 
femoris will cause knee extension movement and hip flexion 
movement, whereas contraction of vasti will only cause knee 
extension. Hence, the sum output torque, T from the 
stimulation of quadriceps muscle is knee joint torque and hip 
joint torque. Detail on the muscle model development and 
the simulation test was presented in [25]. The method of 
movement control of the left leg with muscle model is 
shown in the block diagram of Fig. 3. 

The muscle model requires two inputs that are stimulation 
frequency (f) and stimulation pulse width (d), and will 



 
 

 

produce joint torque at the output. The quadriceps muscle 
model is linked to the left knee and hip joint to represent the 
paretic leg of stroke patient. Fixed pattern of FES is set to 
200µs of pulse width and 30Hz of frequency. The FES is 
delivered between 0° to 180° of the crank arm position when 
error of the cadence speed is positive. For this model, the 
desired cadence speed is set to 30 rpm. Since the right leg is 
acted as non-paretic leg, hence no muscle model linked to it. 
The movement of the right knee joint is controlled by 
Proportional Derivative (PD) controller and cadence speed 
error is used as the controller input.  Based on trial and error 
study, the PD gain is set to 5.2 for kp and 0.01 for kd. At this 
control gain, smooth cadence of the elliptical stepping 
movement has been achieved. 

 

 
 

Fig. 2. Simulation model of wheel-chaired elliptical stepping exercise 
 
 

 
 

Fig. 3. Block diagram of left leg movement control with muscle model 
 

III. SIMULATION RESULT 
Fig. 4 shows the simulation result which comprise of knee 

joint torque, flywheel position angle and cadence speed 
error. At positive error of cadence speed, FES is applied to 
the quadriceps muscle of the left leg between 0º to 180º of 
crank arm position. The same applies to the right leg 
however no quadriceps muscle model linked to it. Noted that 
the movement is starts by left leg, thus if referred to the 
flywheel position angle, left leg will drive the movement at 
flywheel position angle of 0° to 180°, whereas right leg will 
drive the movement at flywheel position angle of 180° to 

360°.  
Fig. 4(a) shows the knee joint torque produced at both left 

and right knee for two cycles of elliptical stepping 
movement. The left knee joint torque is the result of 
stimulating the quadriceps muscle with FES at 200µs of 
pulse width and 30Hz of frequency. The maximum left knee 
joint torque required to perform the movement was recorded 
at 16.3Nm. The right knee joint torque is the result of 
applying controlled torque directly to the right knee joint (to 
mimic the voluntary movement of non-paretic leg). Since the 
control signal is amplified from the cadence speed error, the 
right knee joint torque that is proportional to the applied 
control signal was slightly higher at the beginning of 
stimulation and slowly decreased when the cadence speed 
error gets reduced. The maximum right knee joint torque 
required to perform the movement was recorded at 
26.23Nm. This amount of torque is considered low if 
compared to the maximum of 50Nm to perform the 
movement of rowing [26] that was simulated the same way. 
This indicates that the wheel-chaired elliptical stepping 
exercise require much lower knee joint torque if compared to 
rowing exercise. Furthermore, elliptical stepping also 
activated all the lower extremity body segments of the 
subject that may benefit in term of rehabilitation as what 
obtained in rowing exercise.   

Fig. 4(b) shows the flywheel position angle resulted from 
the movement driven by the left and right knee joint torque. 
Noted that, the flywheel position angle will increase linearly 
when smooth cadence speed control is achieved. The dotted 
line separates between the left leg driven (0° to 180°) and 
the right leg driven (180° to 360°) of the movement. 
Comparing both legs, better cadence speed control was 
obtained when the movement is driven by the right leg. This 
can be observed in Fig. 4(c) where the average absolute error 
was 11 rpm and 2.4 rpm for the movement driven by left and 
right leg respectively.  

Fig. 5 shows the cadence speed error when the quadriceps 
muscle of the left leg is stimulated with different pulse width 
and frequency of FES.  As can be observed, increasing the 
frequency doesn’t much effect to the torque production and 
cadence speed error. This in line with Reiner [27] that 
described the muscle force saturated when stimulating with 
frequency above 30Hz. However, adjusting the pulse width 
has significant effect to the torque production. The cadence 
speed error has drastically increased which indicates that the 
left knee has produced high torque that caused overshoot 
during the movement. Since the muscle property is very 
unique from one subject to another, implementation of 
appropriate control strategy is very important to ensure the 
delivered FES always suited to the subject’s muscle. 
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 Fig. 4. Simulation response for desired cadence speed = 30rpm, pulse 
width=200us, frequency=30Hz (a) Knee joint torque (b) Flywheel position 
angle (c) Cadence speed error 
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IV. CONCLUSION 
The present study has described the design of wheel-

chaired elliptical stepping exercise ergometer and the 
simulation of the exercise with humanoid model and 
quadriceps muscle model. The result shows the importance 
of controlling the FES that involves pulse width and 
frequency to cater the nonlinearity of the muscle in order to 
obtain the smooth exercise movement. In FES-assisted 
exercise movement, the result also shows the importance of 
coordination between non-paretic and paretic leg in order to 
achieve smooth exercise movement.  

The nonlinearity of the muscle can cause the amount of 
torque varies as time increase. This mainly contributed by 
the muscle fatigue for a long stimulation period. Electrically 
stimulated muscle may suffer rapid muscle fatigue compared 
to voluntary muscle contraction. This situation is not 
avoidable but can be reduced by ensuring low FES intensity 
and short period of stimulation time are used to perform the 
desired movement. Stroke rehabilitation exercise concept 
that is represented in this work can ensure the above solution 
to be achieved. The future aim in this work is to investigate 
the new control strategies to appropriately control the FES 
and hence improve the efficiency of the exercise technique. 
Validation of the design on the healthy subject and stroke 
patient also will be performed as an effort towards the 
clinically acceptance of the system. 
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