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Abstract   

This paper presents a robust control strategy which is based on synergistic combination of a neural controller 
with sliding mode control (SMC) for online control of ankle movement using functional electrical stimulation 
(FES) of dorsiflexor and plantar flexor muscles in paraplegic subjects. We will refer to this method as neuro-
SMC.  The results indicate that neuro-SMC control can automatically determines the level of coactivation during 
tracking the desired ankle-joint angle. It is observed that at the low levels of activation, both muscles were en-
gaged. The activity of antagonist (agonist) decreases as agonist (antagonist) activity increases. The experimental 
results show that the neuro-SMC provides excellent tracking control for different reference trajectories and could 
generate control signals to compensate the muscle fatigue. 
 
 
1 Introduction 

A major impediment to the development of satisfac-
tory control systems for functional neuromuscular 
stimulation (FNS) has been the highly non-linear, 
time-varying properties of electrically stimulated 
muscle which make control very difficult to achieve 
and limit the utility of open-loop FNS control system. 
To deal with these problems, many control strategies 
have been developed and tested including fixed-
parameter and adaptive controller [1]-[6]. All these 
works indicate that the tracking quality was improved 
using the adaptive control law compared to the non-
adaptive one. Adaptive control, by online tuning the 
parameters, can deal with uncertainties, but generally 
suffers from the disadvantage of being able to achieve 
only asymptotical convergence of the tracking error to 
zero. Several issues, such as transient performance, 
unmodeled dynamics, disturbance, and system stabil-
ity issues in real applications, and nonlinearity in pa-
rameters, often complicate the adaptive approach.  
A useful and powerful control scheme to deal with the 
uncertainties, nonlinearities, and bounded external 
disturbances is the sliding mode control (SMC) [7]. 
Nevertheless, the SMC suffers from "chattering" phe-
nomenon which is high frequency oscillations of slid-
ing variable across the sliding surface and result in 
activation of high frequency unmodeled dynamics of 
system [8]. We have already proposed a control strat-
egy which is based on SMC and adaptive control (i.e., 
neuro-SMC) for control of knee movement in para-
plegic subjects [9]. It was shown that the neuro-SMC 
provides excellent tracking control for different refer-
ence trajectories and could generate control signals to 
compensate the muscle fatigue and reject the external 

disturbance [9]. In this work, we employed the neuro-
SMC to control agonist-antagonist muscles in func-
tional electrical stimulation.  

2 Methods 

2.1 Design of Adaptive Neuro-SMC 

2.1.1 Sliding Mode Control 

Consider the following nonlinear system 
utbf ⋅+= )(),( θθθ &&&                        (1)  

where θ  and u  are output and input of the system, 
respectively, θ&&  is the second derivative of the system 
output, and ),( θθ &f  and control gain )(tb  are un-
known nonlinear functions. The objective of the con-
troller is to design a control law to force the system 
state vector to track a desired state vector in the pres-
ence of model uncertainties and external disturbances. 
We first define a sliding surface as follows 

0),(
0

2

=⎟
⎠
⎞

⎜
⎝
⎛⎟

⎠
⎞

⎜
⎝
⎛ += ∫

t edr
dt
dtes λ              (2) 

where e  is  the state error and λ  is a positive con-
stant. By solving the above equation for the control 
input using (1), we obtain the following expression 
for u  which is called equivalent control: 
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where f̂  and b̂  are estimations of nonlinear func-
tions f  and b , respectively. dθ&&  is the second deriva-



tive of reference state. The estimation error on f is 
assumed to be bounded by some known func-
tion ( )θθ &,FF = : 

Fff ≤− ˆ                             (4) 

The equivalent control keeps the system states on the 
sliding surface if the dynamics were exactly known. If 
the states be outside the sliding surface, to drive the 
state trajectory towards the sliding surface, the control 
law is chosen such that  
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where η  is a positive constant. By choosing the fol-
lowing control input, 1u  ensures the satisfaction of 
condition (5). 
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where 0>k and )sgn(s  is a sign function. This con-
trol law leads to high-frequency control switching and 
chattering across sliding surface. In this paper, we 
used a linear dynamic first-order model to describe 
the system (1). 

2.1.2 Adaptive Neural Control 

A single-neuron controller is used here. The output of 
the neuron is given by 
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where e  is the state error, ϕ  is the threshold, and 
net  denotes neuron input. The parameters 

( )ϕρ ,,ba=  are adapted using the following adapta-
tion rule: 
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Where, 0>δ , is learning rate parameter. 

2.1.3 Neuro-SMC Design 

The structure of neural sliding mode control which is 
based on the combination of neural network and slid-
ing mode is schematically shown in Fig. 1, where 1u  
is SMC output defined in (6) and 2u  is the neuron 
output defined in (7). Controller output is a function 
of 1u  and 2u  defined by 
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where )(es  is a scalar function described in (2), φ  
and 0>ξ  are the boundary layer thicknesses, and 

)(eα  is a function of error and is determined by 
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Fig. 1 Neuro-sliding mode control. 

2.2 Neuro-SMC of Agonist-Antagonist 
Coactivation 

An important issue in control of movement in para-
lyzed limbs is the muscle co-activation with the goal 
of achieving the beneficial effects of co-contraction 
during normally occurring movement. In this work, 
we used agonist-antagonist coactivation for control-
ling the ankle movement using functional electrical 
stimulation of dorsiflexor and plantar flexor muscles 
in human subjects. A representative diagram of the 
proposed control system of ankle movement is shown 
in Fig. 2.  The control system is based on synergistic 
combination of two plantar-flexion and dorsiflexion 
controllers. To implement the SMC, the muscu-
loskeletal system is presented in a standard canonical 
form as 

)(),( tUbf flexorflexorflexor ⋅+= θθθ &&&             (12) 

)(),( tUbf extensorextensorrextensor ⋅+= θθθ &&&      (13) 
where (12) and (13) present muscle-joint dynamics 
for dorsiflexion and plantar-flexion movements, re-
spectively. Parameter θ  denotes the ankle angle and 

flexorU  and extensorU are the input commands to the dor-
siflexor and plantar flexor muscles, respectively. 
Fuzzy modelling approach was used to approximate 
the nonlinear functions ),( θθ &

flexorf  and ),( θθ &
extensorf . 

The state error signals for the controllers of two mus-
cles were calculated as follow 
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where )(teE and )(teF  are the state error signals for 
the controllers of extensor and flexor, respectively.  
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Fig. 2 Neuro-SMC control of ankle movement. 
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Fig. 3 Neuro-SMC control of ankle joint angle in an 
intact subject KM. 
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(b) 

Fig. 4 Neuro-SMC control of ankle movement in 
two paraplegic subjects MH (a) and RR (b). 

3 Results 

The experiments were conducted on two complete 
paraplegics and one healthy subject using an eight-
channel computer-based closed-loop FNS system 
[10]. The subject was seated on a bench with his hip 
flexed at approximately 090  and knee joint posi-
tioned at o0 , while the ankle was allowed to plantar 
flexing and dorsiflexing. The tibials anterior and gas-
trocnemius muscles were stimulated using adhesive 
surface elliptical electrodes. Pulse width modulation 
(from 0 to 700 μsec) with balanced bipolar stimula-
tion pulses, at a constant frequency (25 Hz) and con-
stant amplitude was used. An electrogoniometer 

(model SG150, Biometrics Ltd., Gwent, UK) is fixed 
on the ankle-joint to measure the ankle-joint position. 
Typical results of neuro-SMC control of ankle move-
ment on an intact subject and two paraplegic subjects 
were shown in Figs. 3 and 4, respectively. Excellent 
tracking performance with no chattering is achieved 
using proposed control strategy. The most interesting 
observation is the fast convergence speed of the pro-
posed control strategy. The ankle movement trajectory 
converges to the desired trajectory after about 2 sec-
onds. Another interesting observation is that the con-
trol strategy could provide automatically a low level 
co-activation, without any predefined co-activation 
map.  
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