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Abstract — This paper describes the development of an
adaptive control mechanism for FES-assisted indoor
rowing exercise (FES-rowing). The FES-rowing is intro-
duced as a total body exercise for rehabilitation of function
of lower body through the application of functional elec-
trical stimulation (FES). A model of the rowing ergometer
with humanoid is developed using the visual Nastran soft-
ware environment (vN4D). A fuzzy logic control (FLC)
scheme is designed in Matlab/Simulink and adapted online
by pre-training artificial neural network (ANN) to regulate
the muscle stimulation pulse width required to drive
FES-rowing. The ANN is used as an adaptation to the
system that is required to account for muscle fatigue. The
results signify that the adaptive control scheme is able to
achieve and maintain better tracking performance. This
study indicates that the adaptive control developed may
provide an effective mechanism for automatically regulat-
ing the stimulation pulse width for FES-rowing to over-
come muscle fatigue.

Keywords — Adaptive control; Fuzzy logic control; Arti-
ficial neural network; FES; Rowing exercise.

I. INTRODUCTION

FES-assisted indoor rowing exercise (FES-rowing) is
introduced as a physical activity through application of
FES to assist paralyzed lower body movement that is
combined with voluntary upper body movement [1-5]. It
is a hybrid FES activity for rehabilitation of function of
lower body for a person with spinal cord injury (SCI). It
is introduced as a high intensity, safe, affordable and
natural alternative total body exercise [6-8]. The devel-
opment of FES-assisted indoor rowing exercise has be-
come increasingly important as an alternative FES hy-
brid exercise. In FES-assisted indoor rowing exercise,
FES is applied to the muscles for extension and flexion
of hip, knee and ankle to perform the rowing exercise.
Suitable electrical stimulation to the muscle is required in
achieving a smooth and well coordinated rowing ma-
noeuvre.

FES has been shown to improve impaired function
and muscle deterioration in paralyzed limb of SCI pa-
tients. However, one of the major limitations is that the
stimulated muscles tend to fatigue very rapidly, which
limit the role of FES especially in rowing exercise [9].
Similar to other hybrid FES activity, the performance of
FES-rowing can be enhanced through the implementa-
tion of efficient control strategy. Davoodi et al. [2] and
Wheeler et al. [1] implemented the patient-driven control

of FES- rowing with fixed electrical stimulation intensi-
ties and only controlled the coordination of voluntary
upper body and FES generated movements. This may
result in early fatigue as patient tends to over stimulate
the muscles. Later in 2002, Davoodi et al. [10] imple-
ment automatic finite states control to regulate the
stimulation intensities and coordination of voluntary and
FES generated movements. This may introduce
over-stimulation to the paralyzed muscles and cause
early fatigue and limit the duration of exercise.

Many researchers investigated various control strate-
gies to address the variability and nonlinearities of the
musculoskeletal system, muscle conditioning and fatigue
in many different FES-activities [11-12]. One of the
possible methods is the use of closed-loop and adaptive
control technique that measures the output and alters the
muscle stimulation for better control. Veltink [13] pro-
posed an adaptive PID feedback control for cyclic
movement but the slow adaptation introduced high initial
error. Hatwell et al. [14] used a model-reference adap-
tive control for the same task, cyclic movement but
ended up with difficulties in modelling the nonlinearities
of musculoskeletal systems and even was limited to
small frequency range of movement. Chang et al. [15]
used adaptive neural network to track a cyclic move-
ment. The neural network was trained offline to learn the
inverse dynamics of the quadriceps muscle. The system
required substantial input/output data for the network to
be trained thoroughly during its off-line operation. Riess
and Abbas [16] investigated adaptive neural network
control to automatically adjust the stimulation patterns to
suit the needs of a particular user and reduce the effect of
muscle fatigue on the control system performance for
cyclic movement. Their simulation study showed the
ability of the controller to adapt a stimulation pattern for
different musculoskeletal system. To the author’s
knowledge, none of the researchers has implemented
such control strategies to reduce muscle fatigue in
FES-rowing.

This paper presents adaptive control for FES-rowing
in order to reduce the effect of the muscle fatigue by
adaptation of muscle stimulation pulse width required to
drive FES-rowing using fuzzy logic control (FLC)
adapted by pre-training artificial neural network (ANN).
The model of the FES-rowing was developed using the
visual Nastran software (vN4D) software environment
and link with the FLC and ANN that are implemented in
the Matlab/Simulink environment.


mailto:cop06zh@sheffield.ac.uk

Proceedings of 2009 CACS International Automatic Control Conference

National Taipei University of Technology, Taipei, Taiwan, Nov. 27-29, 2009

II. DESCRIPTION OF THE MODEL

A. FES-rowing model

The FES-rowing model developed comprises two
parts: rowing ergometer and humanoid model. They are
designed using the vN4D environment. The humanoid
model was developed using the anthropometric data
based on Winter’s work, and the details are provided in a
previous work [17]. The machine is designed based on
the modified indoor rowing machine that incorporates all
its basic parts. A new seating system was developed
which has high backrest to stabilize the trunk. The seat is
attached to a horizontal rail via sliding constraint for
smooth horizontal motion. A flywheel attached with
sprocket is designed to provide damper resistance for
pulling phase as shown in Fig. 1.

N

Py

Fig. 1. Indoor rowing machine with humanoid model.

B. Physiological based muscle model

In order to simulate FES, a physiological based mus-
cle model was constructed based on Riener and Fuhr’s
work [18]. The model describes the major properties of
muscle and segmental dynamics of human during
FES-rowing. Two groups of muscle for knee extension
(quadriceps) and flexion (hamstrings) are developed.
The muscle model developed is composed of three parts,
namely muscle activation, muscle contraction and body
segmental dynamics. The muscle activation model
comprises four main components: recruitment charac-
teristic, frequency characteristic, calcium dynamics and
muscle fatigue.

The muscle contraction accounts for the force-length
property, f, and force-velocity property, f, of the

muscle and scales the muscle activation, act by maxi-
mum isometric muscle force, F,,,. in order to obtain the

absolute muscle force. The active joint moment for each
muscle is then obtained from the product of moment arm
and muscle force. The passive muscle properties are di-
vided into two components: passive elastics, M, . and

ela,j

passive viscous joint moments, M . .. The specific pa-
vis,j

rameters of the muscle and independent parameters of
muscle and the performance of the developed muscle
model in indoor rowing exercise are described in [19].

III. IMPLEMENTATION OF CONTROL STRATEGY

A specific control strategy is required to regulate the
stimulated pulse width required by muscle model in or-
der to obtain smooth rowing manoeuvre. The block dia-
gram of the control system is illustrated in Fig. 2. This
adaptive control consists of fuzzy logic control (FLC)
feedback controller and artificial neural network (ANN)
which is designated as an adaptive neurofuzzy controller.
The plant to be controlled is represented by FES-rowing.
First, the supervised learning ANN is used to find the
input/output coincidence relations with minimum error
using a back propagation algorithm. The network is
trained in an offline mode. Once the network has been
successfully trained, it would be used directly to adjust
the FLC online. For a given desired reference trajectory
of FES-rowing, the ANN could calculate the required
weight to adjust the FLC to regulate the stimulation pulse
width required by the muscle model to drive the
FES-rowing.

Artificial
Neural Network

Ref Knee

@—> )

Fuzzy Logic
Controller

VNPlant

Knee Angle
FES Rowing

Fig. 2. Block diagram of adaptive neurofuzzy control system

A. Artificial neural network design

The ANN is a type of computation inspired by bio-
logical model. There are two phases involved in devel-
oping an ANN; learning and application. Learning is
accomplished before ANN is ready to be used. It can be
determined by a learning regime and can be different
from each other. ANN aims to modify the weights for
minimizing the response error. In this adaptive control,
backpropagation neural network is used as the training
method (see Fig. 3). Before training stage of the ANN,
sufficient data, consisting of four input and output pa-
rameters, is acquired by simulating the system at dif-
ferent muscle fitnesses in both of muscle; quadriceps and
hamstrings (see Fig. 4).

The stimulation pulse width required for each of the
muscle fitness parameter change is recorded as output
parameters of ANN. A total of 30 data sets were obtained
through this process for training purposes. It is essential
for the learning rate m, number of epochs (iteration),
hidden nodes (the number of neurons) and number of
hidden layers to be tuned in order to achieve rapid
learning during the teaching process. Several combina-
tions of these parameters can be applied to attain the
convergence of error and also the respective optimal
values.
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Fig. 3. Backpropagation ANN

Arfificial
Neural Network

vNPlant

Stimulation Muscle Fitness

Pulse Width FES Rowing

Fig. 4. Block diagram of ANN learning process

B. Fuzzy logic control design

In this study, four fuzzy logic controllers are designed
to control knee extensors and flexors for both legs. There
are four inputs selected for the controller, comprising the
error (difference between actual knee trajectory and ref-
erence knee trajectory), change of error and knee angular
velocity and acceleration. The error and change of error
are measured from the vN4D FES-rowing simulation
model. The outputs are the stimulation pulse widths for
quadriceps and hamstrings muscles. Five Gaussian type
equally distributed membership functions are used for
each input, error and change of error and the output as
described in previous work [20]. Fig. 5 shows the block
diagram of the FL.C designed for FES-rowing.

R& — GQ Knee Angle
Ref Akree | O WNPlant I @

Ang VKnee FLC Quadriceps o ml Kni?ngular
Ang AKnee _%9_ e

. FLC Hamstrings

Fig. 5. Block diagram of FLC without adaptation

C. Adaptive neurofuzzy description

The stimulation pulse width generated by FLC is ad-
justed by the ANN before transmission to the muscle.
The ANN is used to adaptively adjust the two output
scaling factor of the FLC. In the adaptive neurofuzzy
scheme, the fitness function of quadriceps and ham-
strings muscles (MFq and MFh) are measured and
processed by ANN model as input. When the trained

ANN observes a change in muscle fitness function, a new
weighted value of the ANN is calculated and submitted
to the FLC and the output of scaling factor is substituted
with the new weighted value. This new value is then
multiplied with the crisps value of FLC to obtain the
adapted stimulation pulse width to be transmitted to both
muscles. The weight adaptation is calculated in real-time
as the control algorithm develops suitable stimulation
pulse width.

IV. RESULT AND DISCUSSION

In the preprocessing phase, architecture identification
of ANN was evaluated using test data. In the learning and
training process, learning rate, the number of epochs and
number of neurons were tuned within 0.1 to 0.9, 2000 to
20000 and 2 to 52 respectively to determine the best
tuned set for optimal performance. Fig. 6 shows the in-
put-output of the model estimated by ANN. Gradient
descent training (traingd) was used as the learning rule
while sigmoid function was used as the transfer function
of activation function. During training sessions, the best
performance of model was achieved with optimum val-
ues of learning rate, number of epochs and number of
neurons as 0.3, 10000 and 52 respectively in one hidden
layer. These parameters gave satisfactory result for the
given test data.

1 T T T T T

=—Actual
== Predicted

[ I I ( L
o7 5 10 15 20 25 30

Data

Fig. 6. Actual and predicted output by ANN

In this study, the knee and elbow trajectories are
controlled (with predefined reference trajectories, Fig. 7)
to provide a consistent rowing sequence. In order to
evaluate the system performance, the FES-rowing is al-
lowed to drive for 15 complete cycles.
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Fig. 7. Knee and elbow reference trajectories
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Fig. 8. Knee trajectory with fuzzy logic control
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Fig. 9. Knee trajectory with adaptive neurofuzzy controller
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Fig. 10. Stimulated pulse width generated by the controller

Fig. 8 and Fig. 9 show the examples of knee trajecto-
ries from the simulation using the FLC alone and adap-
tive control evaluated on the FES-rowing performance. It
was noted that, the actual knee trajectory followed the
reference knee trajectory very well for the first 10 cycles
(cycle 1-5 and 11-15 shown in Fig. 8) when fuzzy logic
controller was used to regulate the stimulation pulse
width. The knee trajectory started to diverge and did not
track well after 11" cycle and became worth at 14™ and
15" cycles. This may be due to muscle fatigue. The
muscle fitness starts to significantly reduce after 11"
rowing cycles. Fig. 9 shows the performance of the
adaptive neurofuzzy controller implemented to over-
come this muscle fatigue for FES-rowing. It was noted
that the actual knee trajectory followed the reference
knee trajectory very well from the very first cycle till the
15" cycle (cycle 1-5 and 11-15 shown in Fig. 9). The
controller was able to adjust the regulated pulse width of
the FLC to compensate for muscle fatigue.

Fig. 10 shows the stimulation pulse width regulated by
both the FLC and adaptive neurofuzzy controllers. Fig.
10(a) shows the stimulation pulse width generated by

FLC. It can be seen that almost the same stimulation
pattern was generated by FLC for the 11" to 15" cycles
of FES-rowing although muscle fatigue had occurred.
The average quadriceps muscle stimulation pulse width
was recorded at 47.9usec and the average hamstrings
stimulation pulse width recorded was 138.4psec.

The stimulation pulse width generated by adaptive
neurofuzzy controller is shown in Fig. 10(b). It can be
seen that different stimulation pattern was generated by
the controller for all 5 FES-rowing cycles (11" to 15"
cycles) especially the quadriceps muscle stimulation
pulse width. The different stimulation pattern generated
may be related to different levels of muscle fatigue ob-
served by the ANN in the adaptive controller. The av-
erage quadriceps muscle stimulation pulse width was
recorded at 56.6usec and the average hamstrings stimu-
lation pulse width recorded was 105.4usec. Note that the
average stimulation pulse width generated by adaptive
neurofuzzy controller for hamstrings muscle was sig-
nificantly reduced compared to FLC by 33usec. But the
average stimulation pulse width generated for quadriceps
muscle was increased by 8.7usec. This may be due to the
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adjustment made by adaptive neurofuzzy controller to
compensate for the reduced of stimulation pulse width
required by hamstrings muscle as a weak muscle group.

V. CONCLUSION

The present study has established the performance of
FES- rowing with adaptive control to account for muscle
fatigue. The results show that the adaptive control im-
plemented has significantly improved the FES-rowing
performance when the muscle fitness decreased com-
pared to the performance with FLC alone. The adaptive
controller made some adjustment to the stimulation pat-
tern for both quadriceps and hamstrings muscle to deal
with muscle fatigue by reducing the stimulation required
by hamstrings muscle. These results indicated that the
adaptive neurofuzzy controller was able to automatically
account for individual muscle properties in generating
the stimulation pulse width required to perform
FES-rowing. Further work with extensive FES-rowing
cycles will be carrying out to fully assess FES-rowing
performance with this adaptive control scheme.

REFERENCES
[1] G.D. Wheeler, B. Andrews, R. Lederer, R. Davoodi, K. Natho, C.
Weiss, J. Jeon, Y. Bhambhani, and R.D. Steadward, “Functional
electric stimulation-assisted rowing: Increasing cardiovascular
fitness through functional electric stimulation rowing training in
persons with spinal cord injury.” Arch Phys Med Rehabil, vol. 83,
no. 8, pg. 1093-9, (2002).
R. Davoodi, B.J. Andrews and G.D. Wheeler, “Modified concept
2™ rowing machine with manual FES controller for total body
exercise in paraplegia.” Proceedings of International FES So-
ciety, pg. 114-116, 2001.
R. Davoodi, B.J. Andrews and G.D. Wheeler, “Manual and Au-
tomatic Control of FES-Assisted Indoor Rowing Exercise.” Joint
EMBS-BMES Conference, Houston, Texas, USA, pg. 2377-2378,
2002.
R. Davoodi, B.J. Andrews, G.D. Wheeler and R. Lederer, “De-
velopment of an indoor rowing machine with manual FES con-
troller for total body exercise in paraplegia.” IEEE Trans. Neural
Syst. Rehabil. Eng., vol 10, no. 3, pg. 197-203, 2002.
R. Davoodi and B.J. Andrews, “Fuzzy logic control of FES
rowing exercise in paraplegia.” IEEE Trans Biomed Eng, vol. 51,
no. 3, pg. 541-543, 2004.
S.E. Halliday, A.B. Zavatsky and K. Hase, “Can Functional
Electric ~ Stimulation—Assisted ~ Rowing  Reproduce a
Race-Winning Rowing Stroke?” Arch Phys Med Rehabil, vol. 85,
pg. 1265-1272, 2004.
B.J. Andrew, K. Hase, S.E. Halliday, A.B. Zavatsk, “Biome-
chanical Study of FES Rowing and Inclined Bench Sliding Sys-
tems Using Simulation Models” 7th Annual Conference of the
International FES Society, Slovenia, 2002.
J. Verellen, B. Kerby, B. Olijnyk, S. Saab, G. Smith, J. Jeon, R.D.
Steadward, Y. Vanlandewijck, B.J. Andrews, G.D. Wheeler, “A
Comparison of the Peak Physical Work Capacity during Arm
Ergometry, Fes Cycling and Two Hybrid Exercise Conditions in
Spinal Cord Injured” 7th Vienna International Workshop on
Functional Electrical Stimulation, Vienna, Austria,2001.
S. Gharooni, S. Sareh, and M.O. Tokhi. “Development of
FES-rowing machine with quadriceps stimulation and energy
storing device.” 12" Annual Conference of the International FES
Society, USA, 2007.
R. Davoodi, B.J. Andrews and G.D. Wheeler. “Automatic Finite
State Control of FES-Assisted Indoor Rowing Exercise after
Spinal Cord Injury.” Journal of International Neuromodulation
society, vol. 5, no. 4, pg. 248-255, 2002.
H. J. Chizeck, “Adaptive and nonlinear control methods for
neural prosthesis,” in Neural Prostheses: Replacing Motor
Functional After Disease or Disability, R. B. Stein, P. H. Peck-

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

(20]

ham, and D. B. Popovic, Eds. New York: Oxford Univ. Press,
1992, ch. 14, pp. 298-328.

H. J. Chizeck, R. Kobetic, E. B. Marsolais, J. J. Abbas, 1. H.
Donner, and E. Simon, “Control of functional neuromuscular
stimulation systems for standing and locomotion in paraplegics,”
Proc. IEEE, vol. 76, pp. 1155-1165, 1988.

P. H. Veltink, “Control of FES-induced cyclical movements of
the lower leg,” Med. Biol. Eng. Comput., vol. 29, pp. NS8-NS12,
1991.

M. S. Hatwell, B. J. Oderkerk, C. A. Sacher, and G. F. Inbar, “The
development of a model reference adaptive controller to control
the knee joint of paraplegics,” IEEE Trans. Automat. Contr., vol.
36, pp. 683-691, June 1991.

G. C. Chang, J. J. Luh, G. D. Liao, J. S. Lai, C. K. Cheng, B. L.
Kuo, and T. S. Kuo, “A neurocontrol system for the knee joint
position control with quadrceps stimulation,” IEEE Trans. Rehab.
Eng., vol. 5, pp. 2-11, Mar. 1997.

J. J. Abbas and R. J. Triolo, “Experimental evaluation of an
adaptive feedforward controller for use in functional neuromus-
cular stimulation systems,” IEEE Trans. Rehab. Eng., vol. 5, pp.
12-22, Mar. 1997.

Z. Hussain, M.O. Tokhi and S. Gharooni, “Dynamic simulation of
indoor rowing exercise for paraplegics”, ams, pp.901-904, 2008
Second Asia International Conference on Modelling & Simula-
tion, 2008.

R. Riener and T. Fuhr. “Patient-driven control of FES-supported
standing-up: A simulation study.” IEEE Trans.Rehab.Eng.,vol.6,
no.2, pp.113-124, 1998.

Z. Hussain, M.O. Tokhi, "Modelling of Muscle Extension and
Flexion for FES-Assisted Indoor Rowing Exercise," ams,
pp-963-967, 2008 Second Asia International Conference on
Modelling & Simulation, 2008.

Z. Hussain, M.O. Tokhi, R. Jailani, S. Ahmad, B.S KSM Kader
Ibrahim, "Effect of Inclined Rowing Machine on FES-Assisted
Indoor Rowing Exercise Performance," ams, pp.242-245, 2009
Third Asia International Conference on Modelling & Simulation,
2009.



