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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 asatotal body exercisefor 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)
schemeis 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.

|. INTRODUCTION

of FES- rowing with fixed electrical stimulation inténs
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] ieapl
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 estrat
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]opr
posed an adaptive PID feedback control for cyclic
movement but the slow adaptation introduced high initial
error. Hatwell et al. [14] used a modedference ada
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

FES-assisted indoor rowing exercise (FES-rowing) ismall frequency range of movement. Chang et al. [15]

introduced as a physical activity through application ofised adaptive neural network to track a cyclic eiov
FES to assist paralyzed lower body movement that igent. The neural network was trained offline to learn the
combined with voluntary upper body movement [1-5]. linverse dynamics of the quadriceps muscle. The system
is a hybrid FES activity for rehabilitation of function of required substantial input/output data for the network to
lower body for a person with spinal cord injury (SCI). Itbe trained thoroughly during its off-line operation. Riess
is introduced as a high intensity, safe, affordable arghd Abbas [16] investigated adaptive neural network
natural alternative total body exercise [6-8]. The tievecontrol to automatically adjust the stimulation patterns to
opment of FES-assisted indoor rowing exercise leas bsuit the needs of a particular user and reduce the effect of
come increasingly important as an alternative FES hmuscle fatigue on the control system performance for
brid exercise. In FES-assisted indoor rowing exerciseyclic movement. Their simulation study showed the
FES is applied to the muscles for extension and flexicability of the controller to adapt a stimulation pattern for
of hip, knee and ankle to perform the rowing exerciselifferent musculoskeletal system. To the author’s
Suitable electrical stimulation to the muscle is required iknowledge, none of the researchers has implemented
achieving a smooth and well coordinated rowing-m such control strategies to reduce muscle fatigue in
noeuvre. FES-rowing.

FES has been shown to improve impaired function This paper presents adaptive control for FES-rowing
and muscle deterioration in paralyzed limb of S@+ p in order to reduce the effect of the muscle fatigue by
tients. However, one of the major limitations is that th@daptation of muscle stimulation pulse width required to
stimulated muscles tend to fatigue very rapidly, whicldrive FES-rowing using fuzzy logic control (FLC)
limit the role of FES especially in rowing exercise [9].adapted by pre-training artificial neural network (ANN).
Similar to other hybrid FES activity, the performance offhe model of the FES-rowing was developed using the
FES-rowing can be enhanced through the impleaentvisual Nastran softwarevil4D) software environment
tion of efficient control strategy. Davoodi et al. [2] andand link with the FLC and ANN that are implemented in
Wheeler et al. [1] implemented the patient-driven contréhe Matlab/Simulink environment.
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I1. DESCRIPTION OF THE M ODEL I11. IMPLEMENTATION OF CONTROL STRATEGY

A FESrowing model A specific control strategy is required to regulate the

stimulated pulse width required by muscle modelrin o

Th.e FES-rowmg model develope'd comprises tW(gier to obtain smooth rowing manoeuvre. The bloek di
parts: rowing ergometer and humanoid model. They ar

; 4 . : g?am of the control system is illustrated in Fig. 2. This
designed using theN4D enwronment. The humqn0|d daptive control consists of fuzzy logic control (FLC)
model was developed using the anthropometric da

X . S 8edback controller and artificial neural network (ANN)
based on Winter’s work, and the details are providedina i e designated as an adaptive neurofuzzy controller.
previous work [17]. The machine is designed based

. . . . e plant to be controlled is represented by FES-rowing.
the modified indoor rowing machine that incorporates angst’ the supervised leamning ANN is used to find the

its .baS|c parts. A new seating system was develople ut/output coincidence relations with minimum error

which has high backrest to stabilize the trunk. The seatLlI ing a back propagation algorithm. The network is
attached to a horizontal rail via sliding constraint .fofrained in an offline mode. Once the .network has been
zmrggt(heth@“gggita:]ergotgon}oei dfl}yv(\jlgfnele?ttrig?sign(\?gﬂ;s?ccessfulIy trained, it would be used directly to adjust
p”_ h 9 h . pF' P fle FLC online. For a given desired reference trajectory
pulling phase as shown in Fig. 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

H ) VNPlant

Fuzzy Logic FES Rowing
Controller

Knee Angle

Fig. 1. Indoor rowing machine with humanoid model.

) ) Fig. 2. Block diagram of adaptive neurofuzzy congystem
B. Physiological based muscle model

In order to simulate FES, a physiological based-mu A Artificial neural network design

cle model was constructed based on Riener and Fuhr’s . L .
work [18]. The model describes the major properties of 1he ANN is a type of computation inspired byobi
muscle and segmental dynamics of human duriH&Q'Cal model. There are two phas_es .|nvolved in deye
FES-rowing. Two groups of muscle for knee extensioRPiNg an AN; learning and application. Learning is
(quadriceps) and flexion (hamstrings) are developedccomplished before ANN is ready to be used. It can be
The muscle model developed is composed of three parff§teérmined by a learning regime and can be different
namely muscle activation, muscle contraction and bod{P™ €ach other. ANN aims to modify the weights for
segmental dynamics. The muscle activation mod&hinimizing thr_—z response error. In_ this adaptive confcr(_)l,
comprises four main components: recruitment aharaPackpropagation neural network is used as the training

teristic, frequency characteristic, calcium dynamics anf@€thod (see Fig. 3). Before training stage of the ANN,
muscle fatigue. sufficient data, consisting of four input and outpat p

The muscle contraction accounts for the force-lengti@Meters, is acquired by simulating t_he systendifat
property, f, and force-velocity propertyf, of the ferent r_nuscle fltne.s’sm both of muscle; quadriceps and
o . hamstrings (see Fig. 4)

muscle and scales the muscle activation, act byi-max The stimulation pulse width required for each of the
mum isometric muscle forc&,,, in order to obtain the myscle fitness parameter change is recorded as output
absolute muscle force. The active joint moment for eaqiarameters of ANN. A total of 30 data sets were obtained
muscle is then obtained from the product of moment arthrough this process for training purposes. It is essential
and muscle force. The passive muscle propertiesiare tbr the learning rate n, number of epochs (iteration),
vided into two components: passive elastigk,,, and hidden nodes (the number of neurons) and number of
hidden layers to be tuned in order to achieve rapid

The specific p- i . . ;
. learning during the teaching process. Several coarbin
rameters of the muscle and independent parametersighs of these parameters can be applied to attain the

muscle and the performance of the developed muslgnyergence of error and also the respective optimal
model in indoor rowing exercise are described in [19]. 41 es.

passive viscous joint moments]

vis,j *
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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

Fig. 3. Backpropagation ANN

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 neurongere tuned within 0.1 to 0.9, 2000 to
Artificia 20000 and 2 td2 respectively to determine the best

Neural Network

tuned set for optimal performance. Fig. 6 shows the i
5 - @ put-output of the model estimated by ANN. Gradient
Stimulation Muscle Fitness descent training (traingd) was used as the learning rule
Pulse Width FES Rowing while sigmoid function was used as the transfer function
of activation function. During training sessions, the best
Fig. 4. Block diagram of ANN learning process performance of model was achieved with optimurh va

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
In this study, four fuzzy logic controllers are designediven test data.
to control knee extensors and flexors for both legs. There
are four inputs selected for the controller, comprising the | . . ‘ ‘ .
error (differerce between actual knee trajectory antt re
erence knee trajectory), change of error and knee angular osf
velocity and acceleration. The error and change of error
are measured from the vN4D FES-rowing simulation ost
model. The outputs are the stimulation pulse widths for
guadriceps 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 [20Fig. 5 shows the block 075l
diagram of the FLC designed for FES-rowing.

B. Fuzzy logic control design

-
5
20851
3
]

08

5 10 15 20 25 30

Ref Knee

- GQ (e A Fig. 6. Actual and predicted output by ANN
Ref Aee ESay WPant I +@ In this study, the knee and elbow trajectories are
ng VKnee FLC Quacriceps | Kzﬁar controllgd (with preplefined reference trajectories, Fjg. 7
— GH o oty to provide a consistent rowing sequence. In order to
Ang AKnee Iyl & evaluate the system performance, the FES-rowing is a
@ _ lowed to drive for 15 complete cycles.
FLC Hamstrings
120
Fig. 5. Block diagram of FLC without adaptation 100
o
C. Adaptive neurofuzzy description % 80
=)
The stimulation pulse width generated by FLCds a g o
justed by the ANN before transmission to the muscle. < 40
The ANN is used to adaptively adjust the two output 20
scaling factor of the FLC. In the adaptive neurofuzzy e
scheme, the fitness functioof quadriceps and ha % 05 1 s 5 e
strings muscles (MFg and MFh) are measured and Time [sec]

processed by ANN model as input. When the trained 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 colfer
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(a) Fuzzy logic controller (b) Adaptive neurofuzzy cotiep
Fig. 10. Stimulated pulse width generated by the controller

Fig. 8 and Fig. 9 show the examples of knee trajectFLC. It can be seen that almost the same stimulation
ries from the simulation using the FLC alone andpada pattern was generated by FLC for thd"1a 158" cycles
tive control evaluated on the FES-rowing performance. &ff FES-rowing although muscle fatigue had occurred.
was noted that, the actual knee trajectory followed thEhe average quadriceps muscle stimulation pulse width
reference knee trajectory very well for the first 10 cyclesvas recorded at 47.9usec and the average hamstrings
(cycle 1-5 and 11-15 shown in Fig. 8) when fuzzy logistimulation pulse width recorded was 138.4psec.
controller was used to regulate the stimulation pulse The stimulation pulse width generated by adaptive
width. The knee trajectory started to diverge and did noeurofuzzy controller is shown in Fig. 10(b). It can be
track well after 11 cycle and became worth at"ldand seen that different stimulation pattern was generated by
15" cycles. This may be due to muscle fatigue. Ththe controller for all 5 FES-rowing cycles {110 15"
muscle fitness starts to significantly reduce aftef’ 11cycles) especially the quadriceps muscle stimulation
rowing cycles. Fig. 9 shows the performance of thpulse width. The different stimulation pattern generated
adaptive neurofuzzy controller implemented to reve may be related to different levels of muscle fatigbe o
come this muscle fatigue for FES-rowing. It was notederved by the ANN in the adaptive controller. The a
that the actual knee trajectory followed the referencerage quadriceps muscle stimulation pulse width was
knee trajectory very well from the very first cycle till therecorded at 56.6psec and the average hamstringg-stim
15" cycle (cycle 1-5 and 11-15 shown in Fig. 9). Thdation pulse width recorded was 105.4usec. Note that the
controller was able to adjust the regulated pulse width elverage stimulation pulse width generated by adaptive
the FLC to compensate for muscle fatigue. neurofuzzy controller for hamstrings muscle wag- si

Fig. 10 shows the stimulation pulse width regulated bgificantly reduced compared to FLC by 33pusec. But the
both the FLC and adaptive neurofuzzy controllers. Figaverage stimulation pulse width generated for quadriceps
10(a) shows the stimulation pulse width generated bwuscle was increased by 8.7psec. This may be due to the
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adjustment made by adaptive neurofuzzy controller to

compensate for the reduced of stimulation pulse wid
required by hamstrings muscle as a weak muscle grou

V. CONCLUSION

[13]
The present study has established the performance of
FES- rowing with adaptive control to account for muscle, 4

fatigue. The results show that the adaptive control i

plemented has significantly improved the FES-rowing

performance when the muscle fitness decreasea- co

pared to the performance with FLC alone. The adaptive
controller made some adjustment to the stimulatidn pa
tern for both quadriceps and hamstrings muscle to deal
with muscle fatigue by reducing the stimulation requireéw]
by hamstrings muscle. These results indicated that the
adaptive neurofuzzy controller was able to automatically
account for individual muscle properties in generating-7l
the stimulation pulse width
FES-rowing. Further work with extensive FES-rowing
cycles will be carrying out to fully assess FES-rowingisg]

required to perform

performance with this adaptive control scheme.
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