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1. Introduction

electrical stimulation (FES) is  a poten-
tially useful technique to restore motor 
functions in individuals with spinal cord 
injury, head injury, stroke, and multiple 
sclerosis (Agarwal et al., 2003; Hardin et 
al., 2007). Currently, FES systems utilize 

peripheral nerve stimulation or direct muscle stimulation 
to restore motor functions. Though some advances have 
been achieved by traditional FES systems, there are still 
unsolved problems. The challenge of peripheral nerve 
stimulation or direct muscle stimulation is the physi-
ological recruitment order of motor units (Tai & Jiang, 
1994) and the muscle fatigue. Larger motor units are 
activated physiologically after smaller ones have been 
recruited according to the “size principle” (Fang & Mor-
timer, 1991; Karu, Durfee, & Durfee, 1995). However, 
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proposed strategy can provide acceptable tracking control with fast convergence.
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F
in conventional FES, larger motor units are excited be-
fore smaller ones. This type of “reverse recruitment” or-
der and synchronized activation result in poor force gra-
dation and rapid muscle fatigue for electrically activated 
muscles (Fang & Mortimer, 1991; Karu et al., 1995).

To overcome the difficulties of the traditional FES sys-
tems (nerve or direct muscle stimulation), intraspinal mi-
crostimulation (ISMS) has been recently proposed as a 
means to activate the paralyzed skeletal muscle through 
electrical stimulation of the lumbo-sacral portion of the 
spinal cord (Pikov, 2008). The spinal cord contains neu-
ronal circuitry called motor neuron pools. All of the mo-
tor neurons in a motor neuron pool innervate a single 
muscle, and all motor neurons that innervate a particular 
muscle are contained in the same motor neuron pool. 
Each individual muscle fiber in a muscle is innervated 
by one, and only one, motor neuron. However, a single 
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motor neuron can innervate many muscle fibers. There-
fore, different groups of muscles could potentially be 
selectively activated by implanting microelectrodes into 
different motor-pools. 

It has been demonstrated that ISMS has several advan-
tages over peripheral nerve or direct muscle stimulation 
(Tai, Booth, Robinson, de Groat & Roppolo, 1999; Tai, 
Booth, Robinson, de Groat & Roppolo, 2000; Mushah-
war & Horch, 2000). It was shown that graded muscle 
contraction in individual muscle or muscle groups could 
be generated by electrically stimulating motor neurons 
in the lumbo-sacral of spinal cord (Bamford, Putman, 
& Mushahwar, 2005). The gradual force recruitment 
characteristics of ISMS have been attributed to its ability 
to activate motor neurons in a near normal physiologi-
cal order based on their size (Fang & Mortimer, 1991). 
It was demonstrated that intramuscular stimulation is 
characterized by rapid muscle fatigue and that ISMS is 
able to elicit prolonged and stable force generation (Lau, 
Guevremont, & Mushahwar, 2007). 

Although ISMS is expected to have several advantages 
over peripheral nerve or direct muscle stimulation, sev-
eral challenging problems remain to be solved. An im-
portant issue is the selective stimulation of the hind limb 
muscles. Mushahwar and Horch (2000) demonstrated 
that the selective activation of muscle groups can be 
achieved through ISMS. They showed that the selective 
activation of quadriceps, tibialis anterior or triceps surae/
plantaris muscles occurs when the target muscle’s mo-
tor pool is directly stimulated. However, increasing the 
stimulation intensity to increase the force level and the 
ranges of motion causes the spread of current to adjacent 
motor pools and the activation of the other motor pools.

To solve this problem, we have already demonstrated 
that the selective activation of the muscle can be en-
hanced by delivering the stimulation signal through  the  
electrodes at multiple locations within a given motor 
activation pool (Roshani & Erfanian, 2012). Mushah-
war and Horch (1997) showed that fatigue is essentially 
eliminated by interleaved stimulation when the stimuli 
are delivered through two separate electrodes simultane-
ously in an interleaved manner. Moreover, they demon-
strated that the values of  mean and standard deviation of 
force increase during simultaneous stimulation through 
two electrodes compared to the sum of the forces gener-
ated by stimulation through each electrode alone.

Tai et al. (2000) used three different electrode combi-
nations (single electrode only, electrode pairs and three 
electrodes) for evaluating the effects of multielectrode 

ISMS. They showed that the isometric torque evoked by 
ISMS with a three electrode combination could be en-
hanced or suppressed when compared with that evoked 
by single or paired electrode stimulation. Lemay, Gala-
gan, Hogan, and Bizzi (2001) evaluated the responses 
produced by coactivation of two spinal sites in frog. 
They found that for multielectrode stimulation, the forc-
es under coactivation were the scaled vectorial summa-
tion of the individual responses.

All these studies demonstrated the several benefits of 
the ISMS through a distributed set of electrodes im-
planted in a given motor activation pool including finer 
control of force generation, selective activation, and 
fatigue resistance. Another important challenge to the 
restoration of paralyzed motor function through the use 
of ISMS is the control strategy for generation of appro-
priate electrical stimulation patterns. In previous work 
(Asadi & Erfanian, 2012), we developed a robust control 
strategy for movement control via ISMS using a single 
electrode implanted in each motor pool within the spinal 
cord. In the current study, we develop a control strategy 
for control of ankle movement using ISMS via two mi-
croelectrodes implanted in motor pool of each muscle. A 
major problem to control of such systems is the highly 
nonlinear and time-varying properties that are exposed 
to strong influence of internal and external disturbances. 
Moreover, developing an accurate model of such sys-
tems is totally impractical. One simple approach to deal 
with such systems is fuzzy logic control (FLC). Fuzzy 
control provides a formal methodology for representing, 
manipulating, and implementing a human's heuristic 
knowledge about how to control a system. In this paper, 
we use FLC for control of movement using ISMS.

2. Methods

2.1. Controller Design

2.1.1. Structure of Controller

The configuration of the proposed control strategy is 
schematically depicted in Fig. 1. For each neuro-mus-
cle-joint complex an independent controller is designed. 
Each controller has two outputs (i.e., stimulation signal) 
which are delivered to the spinal cord via two microelec-
trodes implanted in the motor pool of the muscle. The 
objective of the controllers is to generate stimulation sig-
nals to force the joint angle to track a desired trajectory 
in the presence of system uncertainties, time-delay, and 
disturbances.
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2.1.2. Fuzzy Logic Controller

The fuzzy controller has four main components (Fig. 
2): fuzzy rules, fuzzification, fuzzy implication, and de-
fuzzification (Kovacic & Bogdan, 2006).The fuzzifica-
tion interface simply modifies the inputs so that they can 
be interpreted and compared to the rules in the rule-base. 
The conversion of a numerical value of x into a corre-
sponding linguistic value by associating a membership 
function is called fuzzification. In the proposed FLC, 
inputs are the normalized error signal and the future 
value of the normalized desired trajectory. The fuzzy 
rule base is the central component of a fuzzy controller 
and it holds the knowledge in the form of a set of rules. 

The rule base includes a set of “if…then…” rules. Each 
rule describes a relationship between the input fuzzy sets 
and the output fuzzy sets. The inference engine evalu-
ates which control rules are relevant at the current time 
and then decides what the input to the plant should be. 
In this paper, we use mamdani implication (Kovacic & 
Bogdan, 2006) to determine the influence produced by 
the antecedent part of the fuzzy rule on the consequent 
part of the rule. The defuzzification interface converts 
the conclusions reached by the inference mechanism 
into the inputs to the plant. In the proposed FLC, fuzzy 
sets consist of negative big (NB), negative small (NS), 
zero (Z), positive small (PS), positive medium (PM), and 
positive big (PB).

Figure 1. Block diagram of the proposed fuzzy logic control for control of the ankle movement using multielectrode intraspinal 
microstimulation (ISMS).

Figure 2. Structure of the fuzzy logic control (FLC).

Using the pre-defined fuzzy rule base (Table I), mam-
dani implication, singleton and Gaussian membership 
functions, sum–min aggregation, and the center of area 
(COA) defuzzification, the output of FLC can be defined 
as

                       (1)

where

          (2)                                  

where  represents the crisp value of the 
fuzzy controller output,  is a discrete element of an 
output fuzzy set and     is its membership func-
tion,  and    are antecedent and consequent parts of 
the fuzzy rule, respectively,   denotes a number of fuzzy 
rules activated by    and    and  .

2.1.3. Lead (lag) Compensator

 The purpose of lag compensator is to, improve the tran-
sient response characteristics by increasing the phase 
margin of the system, and reduce the steady-state error 
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by increasing only the low-frequency gain. The lead 
compensator increases the bandwidth by increasing the 
gain crossover frequency to realize a faster transient re-
sponse. The lead or lag compensator is described by a 
transfer function

                                                                                     (3)

where  is the gain coefficient,  is the lead-time 
constant and    is the desired time constant.

 If   Tf<TM  transfer function (3) will be a lead compen-
sator and if  Tf<TM  it will be a lag compensator. Depend-
ing on desired response any combination of lead and lag 
compensator can be used (Kovacic & Bogdan, 2006). 

2.2. Experimental Setup

2.2.1. Animal Preparation

Five male adult Wistar rats (350-400 g) were used in 
this study. Five sessions of experiment were performed 
(each session on a rat). The rats were anesthetized with 
intraperitoneal injection of urethane (1.65 g/kg). Then a 
partial laminectomy was performed to expose the T12-
L2 segments and the dura mater over these laminas was 
opened longitudinally. The rats were placed in a stereo-
taxic frame (SR-6R, Narishige Group Product) which 
allowed hindlimbs to move freely (Fig. 3). All surgical 
procedures and experimental protocols were approved 
by the local ethics committee.

Figure 3. Schematic of the experimental setup for closed-loop control of the knee movement using ISMS.

2.2.2. Data Acquisition and Stimulation Electrode 

To measure the joint angles, colored markers were at-
tached to each link. A webcam was focused to capture 
the location of the markers during limb movements elic-
ited by ISMS. We used NI Vision development module 
in LabVIEW to estimate the joint angles.

An eight-channel computer based stimulator (STG4008 
-1.6mA Multi Channel Systems MCS GmbH) was used 
to stimulate the spinal cord. The stimulator can generate 
charge balanced, biphasic current pulses. The amplitude, 
pulse width, and frequency of the stimulation signal can 
be varied online using custom software package written 
in LabVIEW. Stimulus pulses were delivered through a 
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custom-made multi-electrode array implanted in the ven-
tral horn of the L1 spinal segment. The multi-electrode 
array was made of tungsten electrodes (127 µm in diam-
eter, A-M Systems, WA) with fixed inter-electrode spac-
ing of 300 µm. The stimulating electrode was mounted 
in a Narishige micromanipulator which controlled its 
three-dimensional position in the lumbo-sacral portion 
of the spinal cord.

2.2.3. Experimental Procedure

Multielectrode array was positioned at the locations 
within the ventral horn where selective stimulation of the 
dorsiflexor (plantar flexor) muscle could be obtained by 
each electrode. To determine the best electrode position 
for selective muscle stimulation, the electrode array was 
vertically advanced through the spinal cord in 50 µm 
steps, dorsoventrally, and then, the electrode was with-
drawn and moved 100 µm mediolaterally and/or rostro-
caudally to an adjacent location where the testing was 
repeated. At each stop along the electrode track, biphasic 
pulses with 80-µs duration, 60-µA amplitude, and 50-
Hz frequency were delivered to the spinal cord through 
the microelectrode to identify the effective positions for 
selective dorsiflexion (plantar flexion). The positions 
that produced the highest movement range on the ankle 
joint and the least effect on the other joints were selected. 
Two electrodes were implanted in each motor pool of the 
muscle with 300-µm spacing.

In the current study, pulse amplitude (PA) modula-
tion at a constant frequency (50 Hz) and constant pulse 
width (PW) was used to stimulate the spinal cord. The 
proposed control strategy was implemented with Lab-
VIEW. The period for control updates was 20 ms.  The 
interleave time between two electrodes implanted into a 
motor pool was set to zero (i.e., no stimulus interleave 
time).

3. Results

In this section, the performance of the proposed control 
strategy is evaluated. For this purpose, the controller is 
first applied on a mathematical model of musculoskel-
etal system. Then, the results of experiments on rats are 
presented. 

We use the root-mean-square (RMS) error and normal-
ized RMS (NRMS) as the performance indices to mea-
sure the tracking accuracy as 

                                                         (4)

                                                                                         
(5)

where    and  are the measured and desired joint 
angle, respectively.

3.1. Simulation Studies

A model of musculoskeletal system which was present-
ed in (Abbas & Chizeck, 1995) is used here to simulate 
ankle joint movement. The model consists of two pairs 
of agonist-antagonist muscles (i.e., two flexors and two 
extensors) acting around the joint. The model of elec-
trically stimulated muscle that is used in this study in-
cludes a 50-ms time-delay, nonlinear recruitment, linear 
dynamics and multiplicative nonlinear torque-angle and 
torque-velocity scaling factors. To consider the process-
ing time, stimulator delay, and video frame capture time,  
a 100 ms delay is also considered. The virtual joint con-
sists of a single skeletal segment in a swing pendulum 
configuration with one degree-of-freedom. The skeletal 
segment is acted upon by an agonist–antagonist pair of 
electrically stimulated muscles. The set of parameters 
for muscle and skeletal model are taken from (Abbas 
& Chizeck, 1995). The parameters of the compensator 
were selected as follows:

The value of   was set to 150 ms (i.e., the total system 
delay). The future value of desired trajectory was nor-
malized to values between -1 and 1. The error signals 
used for extensor and flexor controllers were calculated 
by

where    and    are the error signals for controllers of 
the flexor and extensor, respectively;  is the measured 
joint angle, and  is the reference trajectory.

Fig. 4(a) shows the result of the FLC of the simulated 
ankle joint angle using only error signal ( (t) ) as the in-
put of the controller and without using compensator. The 
result shows that the tracking error is 8.3° (20.8%). The 
results of the control of simulated ankle joint using FLC 
with both (t)  and  (t + τ) as the inputs of the controller 
is shown in Fig. 4(b). The RMS (NRMS) tracking error 
is 4.4° (11.0%). The results of tracking control using the 
proposed FLC (Fig. 1) is shown in Fig. 4(c) [RMS error 



237

Basic and Clinical
August 2013, Volume 4, Number 3

2.0° (5.0%)]. The results show that the tracking perfor-
mance is improved by the proposed FLC. An interesting 
observation is the fast convergence of the controller. The 
generated joint angle converges to its desired trajectory 
in less than 0.5 s. Figure 4 shows that there is a low level 
of co-activation at the low activation levels. The level of 
agonist–antagonist co-activation tends to decrease as the 
muscle activation increases.

Effects of External Disturbance: To evaluate the abil-
ity of proposed control strategy to external disturbance 
rejection, a 20 Nm constant torque (which is about 20% 
of maximum generated torque during disturbance-free 
trial) was added to the torque generated by the muscles. 
Fig. 5 shows the result of tracking performance during 
applying the disturbance. It is observed that an accept-
able disturbance rejection is achieved using the proposed 

Figure 4. Simulation results of joint movement control using 
fuzzy logic control. (a) Using FLC with only error signal as the 
input (b) Using FLC with both error signal and feature value 
of the desired trajectory as the inputs of the controller (c) Using 
FLC (both error signal and feature value of the desired trajec-
tory as the inputs of the controller) combined with the lead-lag 
compensator.

(a) (b)

(c)
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FLC. The tracking error obtained during disturbance is 
4.0° (10.0%). Positive torque causes joint extension and 
negative torque causes joint flexion. It is observed that 
during positive disturbance, the flexor stimulation sig-

nals were increased and the extensor stimulation signals 
were decreased to compensate for the effects of distur-
bance.  

Figure 5. Simulation results of an external disturbance rejection using the proposed FLC. A constant torque in amount of 20 Nm 
(which is approximately 20% of the peak generated torque during the disturbance-free trial) was added to and subtracted from 
the net torque generated by the muscles for a duration of 4s. The bottom plot shows the control outputs (i.e., stimulation signals).

Figure 6. Simulation result of fatigue compensation obtained by the proposed FLC. The effects of muscle fatigue were simu-
lated by exponentially decreasing the muscle input gains during the course of the simulation.
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Figure 7. Typical results of controlling plantarflexion and dorsiflexion using the proposed FLC on five rats. (a) Rat 1 (b) Rat 
2 (c) Rat 3 (c) Rat 4 (d) Rat 5. The bottom plots show the stimulation signals delivered through four electrodes (dorsiflexor 1, 
dorsiflexor 2, plantarflexor 1, plantarflexor 2).

(a)

(c)

(b)

(d)

(e)
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Figure 8. Results of the ankle movement control using the proposed FLC during ten trials of experiment on five rats.

(a)

(c)

(b)

(d)

(e)

Table 1.  Fuzzy rule base

                                      e
Ѳ (t+τ) BN SN Z SP BP

BN
Out1 Z Z Z Z Z
Out2 Z Z Z Z Z

SN
Out1 M Z Z Z Z

Out2 Z Z Z Z Z

Z
Out1 B M Z Z Z
Out2 Z Z Z Z Z

SP
Out1 B B S Z Z

Out2 M Z Z Z Z

BP
Out1 B B B M Z

Out2 B M Z Z Z
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Trial Rat 1 Rat 2 Rat 3 Rat 4 Rat 5

1 6.1° 7.0° 6.9° 6.1° 7.4°

2 5.5° 6.8° 6.8° 6.9° 8.1°

3 5.6° 6.7° 7.0° 5.6° 7.7°

4 5.3° 6.8° 7.1° 5.4° 7.1°

5 5.2° 6.8° 6.7° 5.2° 7.2°

6 5.3° 6.1° 6.8° 5.6° 8.5°

7 5.1° 6.4° 7.0° 5.8° 7.1°

8 5.3° 7.0° 6.8° 5.8° 6.9°

9 4.7° 7.2° 6.5° 5.5° 7.0°

10 5.1° 6.8° 7.0° 5.8° 7.2°

Mean±STD 5.3°±0.4° 6.8°±0.3° 6.9°±0.2° 5.8°±0.5° 7.4°±0.5°

NRMS 7.6% 9.7% 9.8% 8.3% 10.6%

Table 2.  Average Root-Mean-Square tracking error obtained during ten experimental 
trials using proposed control strategy for different rats. 

Effects of Muscle Fatigue:  In FES applications, muscle 
fatigue can cause degradation of system performance. To 
evaluate the ability of the controller to account for mus-
cle fatigue, the effects of muscle fatigue were simulated 
by a linear decrease in the agonist’s (antagonist’s) input 
gain to 40% of its original value over 30 s. Fig. 6 shows 
the result of fatigue compensation using the proposed 
controller [RMS error 2.5° (6.2%)]. It is observed that, 
during prolonged stimulation, the levels of the stimula-
tion signals were increased to compensate the effects of 
muscle fatigue.

3.2. Experimental Evaluation

In this section, the performance of employing the pro-
posed control strategy on animals is presented. The ex-
periments were conducted on five rats. The parameters 
of the  compensator (i.e.    and  ) were chosen heuristi-
cally to achieve the best controller performance during 
experimental studies as follows:

kf=1, Tf== 0.05, TM= 0.2.        

To implement the proposed fuzzy logic controller, it is 
necessary to estimate the time-delay (i.e., ). To estimate 
the time-delay, a 1.5-s long sequence of pulses with con-
stant width and constant amplitude was delivered to the 
motor pools and time delay was estimated experimen-
tally. The results showed that there was approximately a 
200 ms time-delay in response.

Examples of the ankle joint angle trajectories obtained 
with the proposed FLC during one experimental trial for 
five rats are shown in Fig. 7. The results show that a good 
tracking performance with fast convergence is achieved. 
The RMS errors obtained during the first trial of experi-
ment are 6.1° (8.7%), 7.0° (10.0%), 6.9° (9.8%), 6.1° 
(8.7%), and 7.4° (10.6%) for rat1, rat2, rat3, rat4, and 
rat5, respectively. Almost the same results were obtained 
in all experimental trials on all rats. The control signals 
(i.e., stimulation signal) show that there is antagonist 
co-activation during ankle movement. At the low levels 
of activation, both muscles are engaged. The activity of 
antagonist (agonist) decreases as agonist (antagonist) ac-
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tivity increases. At the peak angles, there is no overlap 
between the agonist and antagonist muscles. 

Table 2 summarizes the tracking errors obtained dur-
ing 10 experimental trials for each rat. The average of 
tracking error over 10 experimental trials is 5.3°±0.4° 
(7.5%), 6.8°±0.3° (9.7%), 6.9°±0.2° (9.8%), 5.8°±0.5° 
(8.3%), and 7.4°±0.5° (10.6%), for rat1, rat2, rat3, rat4, 
and rat5, respectively. Standard deviation of the tracking 
errors is less than 0.5° that indicates the repeatability of 
the control performance over the different experimental 
trails and different rats.

Fig. 8 shows joint angle trajectories obtained using the 
proposed FLC during ten trials of experiment on five 
rats. The results clearly indicate that the controller is ro-
bust during different experimental trials.

4. Discussion

In this paper, we proposed a control strategy for con-
trol of ankle movement using multielectrode ISMS. 
The controller is based on the combination of fuzzy 
logic control with a lead (lag) compensator. The results 
indicate that motor functions can be restored through 
ISMS. The average of tracking error over the five rats is 
6.4°±0.8° (9.2%). One important issue in the design of 
control strategy is time-delay. There is a significant time-
delay in neuromuscular system response with respect to 
stimulation signal. The existence of the time-delays may 
be the source of instability and may degrade the perfor-
mance of the closed-loop system. In this paper, we de-
signed the fuzzy rules based on the future value of the 
desired trajectory to compensate the effect of the time-
delay. For this purpose, a constant time-delay was con-
sidered. Nevertheless, the time-delay in neuromuscular 
system is time-varying. The time-varying delay needs a 
deeper analysis since its presence may induce complex 
behaviors. Moreover, in this study, we employed the pro-
posed control strategy for control of the ankle joint dur-
ing short period of stimulation.  Future work will focus 
on the extension of this strategy to cope with uncertain 
time-varying time-delay for multi-joint control and con-
trol of locomotion using ISMS. 

In this work, two microelectrodes were implanted 
into motor pool of each muscle and the fuzzy rule base 
was designed such that the stimulus was delivered first 
through one electrode. If the tracking error is still high 
and the future value of the desired trajectory is big, then 
the second electrode will be recruited. During multielec-
trode ISMS, electrical stimulation induced by a micro-
electrode can be made sufficiently focal so that only a 

small group of motoneurons will be activated. Design-
ing a control strategy to activate motor units in the same 
muscle by focally stimulating several small groups of 
motoneurons asynchronously within the same motor 
pool is a challenging problem in ISMS control. 

In this work, the parameters of the compensator were 
chosen heuristically to achieve the best controller per-
formance. Optimal estimation of the parameters and sta-
bility analysis of the closed-loop system remain the key 
issues in fuzzy logic control of spinal cord.
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