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Abstract. Spring brake orthotic swing phase for paraplegic gait is initiated through releasing the brake on the knee mounted
with a torsion spring. The stored potential energy in the spring, gained from the previous swing phase, is solely responsible for
swing phase knee flexion. Hence the later part of the SBO operation, functional electrical stimulation (FES) assisted extension
movement of the knee has to serve an additional purpose of restoring the spring potential energy on the fly. While control of FES
induced movement as such is often a challenging task, a torsion spring, being antagonistically paired up with the muscle actuator,
as in spring brake orthosis (SBO), only adds to the challenge. Two new schemes are proposed for the control of FES induced
knee extension movement in SBO assisted swing phase. Even though the control schemes are closed-loop in nature, special
attention is paid to accommodate the natural dynamics of the mechanical combination being controlled (the leg segment) as a
major role playing feature. The schemes are thus found to be immune from some drawbacks associated with both closed-loop
tracking as well as open-loop control of FES induced movement. A leg model including the FES knee joint model of the knee
extensor muscle vasti along with the passive properties is used in the simulation. The optimized parameters for the SBO spring
are obtained from the earlier part of this work. Genetic algorithm (GA) and multi-objective GA (MOGA) are used to optimize
the parameters associated with the control schemes with minimum fatigue as one of the control objectives. The control schemes
are evaluated in terms of three criteria based on their ability to cope with muscle fatigue.
Keywords: Functional electrical stimulation, fuzzy logic control, genetic algorithm, hybrid orthosis system, multi-objective
genetic algorithms, optimization, spring brake orthosis

1. Introduction
Control of functional electrical stimulation (FES)
induced movement is a significantly challenging
arena for researchers. The challenge mainly emanates
from various characteristics of the underlying physiological/biomechanical system. Muscle response
∗ Corresponding author: M.S. Huq, Department of Mechanical
and Aerospace Engineering, Carleton University, Ottawa, ON,
Canada. E-mail: mshuq@connect.carleton.ca.

characteristics are nonlinear and time-varying. The
response of stimulated muscle changes primarily as
the muscle fatigues [4, 14]. There may also be inherent variability present in the response of the stimulated
muscle [36]. Also certain motor reflexes at the spinal
cord level may be preserved in individuals with
spinal cord injury (SCI). These reflexes are often
unpredictable and may impede with joint movements.
Spasticity is also common in SCI, and is characterized by varying degrees of increased muscle tone and
hyperactive spinal reflexes [35]. In the absence of
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supra-spinal signals, muscles can develop a tendency
to maximally contract in response to a wide range
of muscular or cutaneous stimuli, causing the limbs
to be in an abnormally flexed position. Besides, the
neuromuscular system is a highly coupled system; for
instance, the knee joint torque exerted by the quadriceps muscle is potentially a function of the knee joint
and hip joint angles, among other factors. The significant time delay between stimulation and the onset of
a muscle contraction, in addition to the processing and
transmission delays involved in the electrical stimulation system contributes a great deal in making up the
challenge from the movement control perspective.
Primarily due to the complexity of the system (nonlinearities, time-variations, limited actuator (muscle)
band-width and power) practical FES systems are predominantly open-loop systems where the controller
receives no information about the actual state of the
system [7]. Practical success of this open-loop control
strategy is still, however, seriously limited due to this
fixed nature of the associated parameters. The problem
arises especially due to the existing parameter variations (e.g. muscle potentiation and fatigue), inherent
time-variance, time-delay, and strong nonlinearities
present in the neuromuscular-skeletal system or the
plant to be controlled. Veltink [38] and Franken et al.
[13] investigated a discrete-time proportional-integralderivative (PID) feedback controller for cycle-to-cycle
adaptation of an experimentally initialized stimulation
signal with a view to compensate for the potentiationand fatigue-induced time variation of muscle output.
Abbas and Chizeck [1] proposed the so called pattern generator/pattern shaper (PG/PS) control system
to automatically adjust stimulation patterns to suit the
needs of a particular individual as well as to reduce
the effects of muscle fatigue on control system performance.
Accurate control of movement can be ensured with
closed-loop adaptive control mechanism to tackle FES
control problem. It has several advantages over openloop schemes, such as better tracking performance
and smaller sensitivity to modelling errors, parameter
variations, and external disturbances. So far classical
closed-loop control algorithms have failed to provide
satisfactory performance and have not been able to
guarantee stability, a desired property of the controlled
system [27]. Jaime et al. [26] and Matjacic et al. [30]
implemented PID controllers for unsupported standing
in paraplegic subjects. Hunt and co-workers used Hinfinity control [22, 24] and linear quadratic Gaussian

control [16] for unsupported standing in paraplegic
subjects. They reported stable standing and were able
to reject a 1 degree perturbation about the ankle joint.
Hatwell et al. [21] used a model reference controller
for FES control of knee joint movement in paraplegics.
Previdi and Carpanzano [33] used a gain scheduling
control strategy that interpolated between locally valid
linear quadratic regulators for controlling FES-induced
knee joint movement. Ferrarin et al. [10] developed an
adaptive control algorithm for FES-induced knee joint
movement. The controller used an inverse dynamic
model of the quadriceps muscle to deliver stimulation to both the muscle and a direct dynamic model of
the muscle. The error between the measured and predicted knee angles drove the adaptation mechanism.
Jezernik et al. [27] used sliding mode FES control to
regulate knee joint angle. The controller was tested on
six neurologically intact subjects and two untrained
paraplegic subjects. Good tracking of a desired knee
joint trajectory was achieved for up to 8 seconds.
The spring brake orthosis (SBO), a kind of hybrid
orthosis system (HOS), was developed to assist paraplegic gait by generating the swing phase [15]. SBO
features a torsion spring along with a brake mounted on
the knee joint through an external orthosisand FES at
quadriceps muscle. While the torsion spring is responsible for the knee flexion movement through releasing
the potential energy stored in it during the initial part
of the swing phase, FES of quadriceps extends the
knee joint against the spring force back to full extension during the following part of the swing phase;
feeding energy to the torsion spring simultaneously to
restore its potential energy. Selection of the most suitable spring for the SBO has been presented in Huq and
Tokhi [25].
The current study uses the best spring parameters
values from Huq and Tokhi [25] and hence essentially
is a continuation from there. New closed-loop FES control strategies based on PID and fuzzy logic controller
(FLC) are proposed in this paper to control the latter half of the SBO assisted paraplegic swing phase,
i.e. control of FES induced knee extension movement.
Unlike existing FES control approaches, the primary
motivation driving the proposed control strategies is
to accommodate as well as exploit the natural dynamics of the plant with a view to reduce fatigue of the
FES muscle; and is brought about either by using a
reference trajectory coincident with the natural oscillation of the plant or by part-time closed-loop bang-bang
control with only target joint orientation as the fixed
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statistical tables based on person’s height and weight
[41].
The passive knee and hip joint properties model,
developed by Amankwah et al. [2] is also implemented
in the Simulink and incorporated with the segmental
dynamics in vN4D. The model describes the lower
limb passive joint moments (ankle, knee and hip), and
is based on Kelvin model for viscoelasticity comprising a nonlinear elastic element in parallel with both a
linear elastic element and a nonlinear viscous element
in series.
The FES knee joint model also comprises muscle
model for the monoarticular knee extensor muscle,
vasti and its associated moment arm model, both from
the work of Riener and Fuhr [34] (Fig. 1). As the muscle generates force in response to electrical stimulation,
the resultant joint torque is obtained from the force
being multiplied by the associated moment arm. To
make the control operation easier, the muscle vasti,
which refers to the combination of vastus lateralis,
vastus intermedius and vastus medialis, was especially
chosen because of its monoarticular nature, so that the
stimulation only delivers torque at the knee joint, leaving the adjacent joints unaffected. Figure 2 shows the
simplified schematic of the overall knee joint model.
The total knee joint torque is the sum of active (FES)
and passive viscoelastic torque taken from the work
of Amankwah et al. [2]. The schematic of the whole
model used in the simulation is presented in Fig. 2. In
this study, the muscle activation and hence the muscle
FES force or FES joint torque is varied through modulation of the PW (PWstim ) of the stimulation signal
[8, 17] keeping the stimulation frequency fstim fixed at
25 Hz.
The leg model was equipped with the SBO model
with optimized SBO spring parameters resulting from
Huq and Tokhi [25], with the value of spring constant
and spring natural angle as 3.0382 Nm and 107.996◦

reference and thus allowing the joint trajectory to naturally take its course. In addition to their ease of
implementation given the type of the model used in
this study, PID and FLC are chosen as the basic control blocks to include representatives from both linear
and nonlinear controllers. In principle, the proposed
control schemes are expected to be suitable not just for
SBO but also for other FES control applications involving movement of cyclical nature. Stochastic search
approaches like genetic algorithm (GA) and its variant
multi-objective GA (MOGA) are particularly preferable to search for optimum parameters in situations
where the model is black-box like, lacking mathematical description. Both GA and MOGA are used
throughout this work to tune the controllers, and in
some cases few other parameters of interest.

2. Methods
2.1. The leg model
Two degrees of freedom (DoF) forward dynamic
planar model of a human leg of an average-sized person
(75 kg mass and 177 cm height) is developed within
Visual Nastran (vN4D) software. The thigh, shank
and foot are implemented as 3 rigid bodies. As in the
originally proposed SBO the ankle joint is restrained
with ankle-foot-orthosis (AFO). In the vN4D model,
the shank and foot segments are connected through a
‘rigid joint’ to effectively act like a single rigid body
connected to the thigh segment through hinge joint
in sagittal plane. This whole leg segment connects
to and suspends from a fixed segment (presumably
pelvis) through ‘hip joint’ simulated as another hinge
joint in the sagittal plane. Anthropometric data for the
segments viz. volume, mass, centre of mass (CoM),
joint centre and moment of inertia were obtained from
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Fig. 2. The simulation model schematic. ϕH , ϕK and ϕA are hip, knee and ankle angles respectively.

(corresponding to knee joint angle of 72.004◦ )
respectively.

In this paper, new control strategies suitable for the
FES driven SBO, are investigated within simulation
settings. The control strategies, amongst other features, include either PID or FLC as the basic controller
blocks.

The proportionalvalue determines the reaction to the
current error, the integral value determines the reaction
based on the sum of recent errors, and the derivative
value determines the reaction based on the rate at which
the error has been changing. The weighted sum of these
three actions is used to adjust the process via a control element such as the position of a control valve
or the power supply of a heating element, or for the
current case, the stimulation intensity delivered to the
paralysed muscle.

2.2.1. PID control
A PID controller is the most popular form of control
loop feedback mechanism widely used in industrial
control systems. A PID controller attempts to correct
the error between a measured process variable and a
desired set-point by calculating and then outputting a
corrective action (control variable) that can adjust the
process accordingly (Fig. 3). The value of the control variable depends on the three separate parameters;
the proportional, the integral and derivative values.

2.2.2. Fuzzy logic control
Like the ubiquitous PID controller, FLC on the other
hand is now the fastest growing soft computing tool in
the industry [19]. FLCs are rule-based systems that
use fuzzy linguistic variables to model human ruleof-thumb approaches to problem solving, and thus
overcome the limitation that classical expert systems
may meet because of their inflexible representation of
human decision making. The major strength of fuzzy

2.2. Controllers explored

Σ

Σ

Fig. 3. PID controller schematic.
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Fig. 4. Schematic of the FLC with basic structure.

controllers also lies in the way a nonlinear output mapping of a number of inputs can be specified easily using
fuzzy linguistic variables and fuzzy rules [5].
A fuzzy control system in its basic form consists of
four conceptual components: knowledge base, fuzzification interface, inference engine, and defuzzification
interface [28, 29]. Figure 4 shows the block diagram
of a fuzzy control system. The knowledge base contains all the controller knowledge and it comprises a
fuzzy control rule base and a data base. The data base
is the declarative part of the knowledge base which
describes definition of objects (facts, terms, concepts)
and definition of membership functions (MFs) used in
the fuzzy control rules. The fuzzy control rule base is
the procedural part of the knowledge base which contains information on how these objects can be used
to infer new control actions. The inference engine is a
reasoning mechanism which performs inference procedure upon the fuzzy control rules and given conditions
to derive reasonable control actions. It is the central
part of a fuzzy control system. The fuzzification interface (or fuzzifier) defines a mapping from a real-valued
space to a fuzzy space, and the defuzzification interface (or defuzzifier) defines a mapping from a fuzzy
space defined over an output universe of discourse to a
real-valued space. The fuzzifier converts a crisp value
to a fuzzy number while the defuzzifier converts the
inferred fuzzy conclusion to a crisp value [32].
The principal constituents of the FLCs with reference to the current work are discussed below:
2.2.2.1. Fuzzy-state variable: In our simulation, the
fuzzy state variable FLC consists of the error e(t) (i.e.
deviation of the actual output from its desired value)
and its time derivative e(t) as the input variable along
with stimulation pulse-width (PW) (PWstim ) as the control or output variable u(t).
2.2.2.2. Fuzziﬁcation: The physical values of the
input state variables are first normalized using scal-

Table 1
FLC rule base used in FES controllers
Error
NB
NS
ZO
PS
PB

Derivative of error
NB

NS

ZO

PS

PB

NB
NB
NB
NS
ZO

NB
NB
NS
ZO
PS

NB
NS
ZO
PS
PB

NS
ZO
PS
PB
PB

ZO
PS
PB
PB
PB

ing factors to map them into a normalized universe of
discourse. Each universe of discourse associated with
each state variable is divided into five fuzzy subsets:
positive big (PB), positive small (PS), zero (ZO), negative small (NS), negative big (NB), with triangular
MFs determining the degree of membership (Table 1).
2.2.2.3. Inference method: Table 1 summarizes the
control rules or rule base for the controllers encompassing all possible AND combinations of the input
fuzzy values. The inference method employs MAXMIN method where the output MF of each rule is
given by minimum (min) operator and combined fuzzy
output is given by maximum (max) operator.
2.3. Controller tuning
In case of a PID controller, the tuning operation
applies to the three parameters, P, I and D. For the last
half a century, numerous methods for tuning PID controllers have been developed. From the original works
of Ziegler and Nichols [43] and Cohen and Coon [6],
a great number of methods have been proposed [3, 42]
including approaches to obtain PID optimal gains.
Being inherently knowledge based system; FLCs
on the other hand have traditionally been tuned partly
through experience and partly through trial-and-error.
Besides, the lack of a mathematical description renders
it unsuitable to tune through algorithms similar to the
traditional tuning routine.
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Moreover, far away from a transfer function form,
the overall model of the plant being considered is
a multi-input-multi-output (MIMO) nonlinear model
consisting of nonlinear lumped parameter model of
the passive joint viscoelasticity and FES muscle
(in Simulink) and nonlinear segmental dynamics (in
vN4D). Given such plant model in the control loop, the
conventional stability analysis and tuning techniques
are of no use.
Consequently the tuning operations for both PID and
FL controllers were formulated as optimization procedures using both GA [23] and MOGA [12]. Various
carefully chosen objective functions were formulated
with different control schemes, although the stability
was not one of them because of the reasons discussed
above. While in case of PID controllers there are only
3 decision variables, P, I and D; the FLCs were optimized involving 73 decision variables or parameters.
Below is the list of parameters associated with FLCs
that constituted the search space for the optimization
procedure.
• 3 parameters associated with the scaling factors
of the three fuzzy state vectors relating them to
the normalized universe of discourse used by the
inference method.
• 45 parameters defining a total of 15 MFs, with 10
input and 5 output MFs.
• 25 weighting factors including one for each rule.
2.4. Control scheme-I
Compromising with the natural dynamics of the
plant in the control of movement to produce a desired
outcome is not new. One such approach by Williamson
[40] suggests to exploit portions of the dynamics that
are particularly chosen for certain tasks resulting in
a scheme which by working with rather than against
the natural dynamics of the system, reaps the benefits
of simplicity, robustness and efficiency. Perhaps the

feature is most prominent within natural movements,
performed by human or animals, as is suggested by the
‘minimum torque-change’ model of voluntary human
arm movement by Uno et al. [37] and similar other
ideas [11, 20, 31].
While the control scheme is closed-loop tracking
control of the SBO knee joint, in a conventional manner, efforts are made to capture the dynamics of the
SBO equipped leg into the chosen trajectory for the
closed-loop FES control of the SBO. This scheme
emphasises the choice of the reference trajectory with
a view to overcome some drawbacks of the trajectory based closed-loop FES control, viz. poor tracking,
oscillating response and inability to reach full knee
extension angle [21]. Both PID and FL controllers
are investigated in the scheme. Figure 5 shows the
schematic of the control scheme.
2.4.1. Reference trajectory derived from passive
oscillation
In this approach the reference trajectory for the knee
joint is obtained by observing the segment’s passive
oscillation. Previous simulation work showed that the
SBO equipped leg segment in its passive form (without FES control) behaves very much like a spring-mass
system, exhibiting oscillation in its natural frequency,
part of which basically constitutes earlier part of the
SBO swing, until the FES is applied. With a view to
make up the SBO swing phase of purely passive oscillation to its maximum extent, the reference trajectory in
this case is drawn by stretching its own passive oscillation trajectory in both time and angle, retaining its
original shape (see Fig. 6).
2.4.2. Reference trajectory derived from
cycle-to-cycle control
FES induced movements have traditionally been
achieved through application of stimulus bursts rather
than continuous tracking control. The burst of stimulus
signal would drive the joint to its desired orientation

Σ

Fig. 5. SBO control scheme-I: closed-loop control of SBO with discreetly chosen trajectory. ϕH (t), ϕK (t) and ϕA (t) are hip, knee and ankle joint
trajectories respectively.
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Fig. 7). As the optimized burst is expected to be just
enough to drive the knee joint to full extension, the
primary objective is to minimize the magnitude of the
overshoot or undershoot (negative overshoot) from the
desired target knee orientation (0◦ for the current case):
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Fig. 6. Reference knee joint trajectory for SBO control derived from
observing pure passive oscillation of the knee joint.

through ballistic movement and thus traversing a trajectory defined purely by the physics of the segment
combination. The cycle-to-cycle control approach
retains this basic mechanism of movement generation
through stimulus burst and comes into action when
the movement is repetitive or cyclical, through automatic adjustment of the burst parameters to maintain
the desired target orientation at each cycle [13]. While
the trajectory based closed-loop control for knee joint
angle of paraplegic has been criticized for having poor
tracking and oscillatory response and even its inability
to reach full knee extension angle [21], the ability of
the cycle-to-cycle control approach to realize the target
joint orientation has been demonstrated in experimental tests of controlling maximum knee extension angle
[38] or hip joint range [13].
To find out the trajectory traversed by the knee joint
when driven by a suitably parameterized stimulus burst
to full extension, the temporal parameters of the burst
of stimulus signal with 250 sec PW and stimulation
frequency of 25 Hz to be applied at the knee extensor of
the leg model is optimized. In this case, the parameters
to be optimized include the position of the burst (burststart) in time scale and its duration (burst-width) (see

(1)

Since it is possible that there are multiple solutions
meeting the primary objective; to be able to select the
best solution amongst them, a second objective function f2 (y) is defined as the time-integral of the active
torque from the knee extensor, a criterion related to the
energy consumption of the muscle [9]:
 t
f2 (y) =
Mact (t)dt
(2)
0

where Mact (t) is the active FES torque from the stimulated muscle.
As a whole, the optimization procedure is supposed
to find the parameter of the stimulus burst that would
drive the SBO knee to its full extension, but with least
amount of energy consumption by the muscle.
2.5. Control scheme-II
In principle, this control approach is similar to the
discrete-time cycle-to-cycle control which appreciates
the importance of reaching a target joint orientation
through ballistic movement, rather than through rigorously following a predefined trajectory [13, 38]. But
unlike cycle-to-cycle control, the target joint orientation is achieved through part-time closed-loop control
with constant value of the target joint orientation as the
set-point. Besides its suitability in generating the target
joint orientation, one of the attractions of the cycle-tocycle control in FES application is the absence of any
reference trajectory. The current SBO control scheme
(control scheme-II) shares this feature with the cycleto-cycle control and does not employ the so called
reference trajectory. Yet it is still closed-loop control,
but only during part of the swing phase with simply
the target joint orientation as the set-point. In effect
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H

K

A

]'

M.S. Huq and M.O. Tokhi / GA based approach for designing SBO: Part II

Setpoint:
φK,ref(t)=0

Σ

e(t)

Controller:
PID / FL

-

0

u(t)

Leg model
with FES
knee Model
and SBO

I0
I1

t
tcont

t > tcont

Select

324

[φH (t) φ K(t) φ A(t)]'
φK(t)

Fig. 8. Schematic of SBO control scheme-II: part-time closed-loop control with constant set-point.

the scheme can be seen as closed-loop control with
a step input but only for a duration required to produce the full knee extension. The approach is shown
schematically in Fig. 8. As can be seen, the set-point to
the controller is the target joint orientation and the controller is only effective after certain time period t = tcont .
During the period t = 0 till t = tcont , the leg segment is
left to oscillate entirely passively.
The control scheme is tested with both PID and FL
controllers. As in control scheme-I, 3 parameters for
the PID controller and 73 parameters associated with
the FLC are optimized using the same MOGA routine
for objectives to be discussed below. In addition to the
controller parameters, the new parameter unique to the
control scheme, the time tcont , which marks the onset
of the control operation is also optimized using the
MOGA.
Considering that the control approach must be able
to produce full knee extension without any overshoot or
undershoot (lack of extension), the first and foremost
objective function to be minimized is the magnitude
or absolute value of the overshoot. Thus, one of the
objectives is defined as in equation (1). Apart from
reaching the target orientation, in FES applications it
is also important to take measures relating to possible
minimization of the muscle fatigue. Hence, a second
objective function, which is related to the energy consumption by the muscle, and thus the resultant fatigue,
is defined as the time-integral of the FES induced active
torque Mact , f2 (y) in equation (2).

Grefenstette [18], optimization of the PID controller
is done using a GA routine which is initialized as
follows:
Number of individuals
Number of generations
Crossover rate
Mutation rate

50
100
80%
1%

The controller optimization process would normally
include the time-integral of the absolute value of the
error between the reference and actual output, and
the objective function for the controller optimization
would normally be the time-integral of the absolute
or squared value of the error between the reference
and actual trajectory. But in practice, the most important objective of such FES control would be to attain
full knee extension regardless of its tracking accuracy,
and hence should be considered in the optimization
process while choosing the objective function. Timeweighting the error between the reference and actual
trajectory in evaluating the objective function could
be an option, as it would make the error more and
more prominent as the full extension of the trajectory
is approached and influence the optimization process
accordingly. The objective function to be minimized
was thus defined as the integral of the time-weighted
squared error (ITSE):
 t
(yref (t) − yact (t))2 tdt
f(y) =
(3)
0

3. Results
3.1. Control scheme – I with reference trajectory
derived from passive oscillation
Both PID and FL controllers are tested to perform this control operation. Following the work of

where yref (t) and yact (t) are the reference- and actual
knee joint trajectories respectively.
Figure 9 shows the actual knee joint trajectories
with the optimized controllers. Even after running the
optimization for 100 generations, both the controllers
seem to have failed to drive the knee to full extension. This obviously makes the control scheme futile as
achieving full knee extension cannot be compromised

70

3

60

2

50

1

40

0

30

-1

20
10
0

-2

Reference trajectory
Actual trajectory (PID control)
Error (PID control)
Actual trajectory (FLC)
Error (FLC)
0

0.2

0.1

0.3

0.5

0.4

0.6

-3

0.7

0.8

0.9

1

325

redundant to make reference to hip trajectory in the
current work.
Control Error (deg)

Knee Joint Angle (deg)
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Fig. 9. FES control of SBO with reference trajectory derived from
passive oscillation.

in assistive gait generation. Since failure occurred even
with utmost precautions in place through the choice of
controller, controller optimization and choice of objective function;the direction of investigation is slightly
steered away from just tuning the controllers: finding
a suitable reference trajectory.
As suggested in the originally proposed SBO concept, the hip flexion (achieved entirely passively as a
result of the dynamic coupling to the ipsilateral knee
flexion) is held by the ratchet mechanism at its flexion
peak. Therefore, the amount of hip flexion thus maintained is actually determined by the knee flexion peak
and hence the SBO spring parameters. It is therefore
independent of the FES control which normally applies
following the hip lock and is the same as was in part-I
of this work [25] in all cases. Thus, it is deemed

3.2. Control scheme – I with reference trajectory
derived from cycle-to-cycle control
This control scheme is discussed in Section 2.4.2. In
order to derive the trajectory that would be traversed
by the knee joint in case of cycle-to-cycle control,
a MOGA with 50 binary coded individuals was run
for 100 generations to optimize the burst parameters
(Fig. 7) simultaneously minimizing both f1 (y) and f2 (y)
(equations (1) and (2) respectively). The crossover and
mutation rate were set to be the same as in the last GA
routine (80% and 1% respectively). The resulting nondominated solution front after 100 generations along
with the table containing the corresponding parameter
values is shown in Fig. 10. The best solution in terms
of f1 (y), which would provide just enough torque to
produce full knee extension is highlighted in the figure.
Figure 11 shows the stimulation burst, the active
torque it generates and above all, the resultant knee
joint trajectory corresponding to the highlighted solution in Fig. 10. The result just reaffirms the superiority
of the cycle-to-cycle control in achieving target joint
orientation.
Since the cycle-to-cycle control approach, unlike
closed-loop tracking control, can produce full knee
extension and does not impose any predefined trajectory for the SBO knee, the course of trajectory it results
is evidently a feasible trajectory which must have been
defined by the total dynamics of the overall model
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Fig. 10. MOGA optimization/initialization of cycle-to-cycle control: non-dominated solution front (left) and list of optimal parameters (right).
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Fig. 11. MOGA optimized cycle-to-cycle control: stimulus burst,
FES induced active torque and knee joint trajectory.

being considered (leg segment, FES and viscoelastic
joint model and SBO). In other words it may be said
that, the trajectory was not chosen for the leg model,
rather the leg model itself chose the trajectory for it
to be able to achieve full knee extension. Recognising
the uniqueness of the resultant trajectory, it is hypothesised that it might constitute a more suitable reference
trajectory to be used in the closed-loop SBO control
and is used in the following control operation.
As before, both PID and FL controllers are tested in
this scheme in closed-loop configuration but with the
reference trajectory derived in Fig. 11. Optimization
of the PID controller is performed with the same GA
routine as before with the same ITSE criterion defined
as the objective function, equation (3).
In case of the FLC, unlike before where the only
objective function was the ITSE (equation 3), an

additional objective function; the sum of the weighting
factors of the fuzzy rules, is considered:
f3 (y) =

n


wi

(4)

i=1

where, wi is the i’th rule with n represents the total
number of rules. The idea behind choosing this objective function is to identify the redundant rules as the
optimization process will achieve this through minimizing each of them individually. The same MOGA
routine used in the stimulus burst optimization is used
in this case, with the newly defined objective functions.
Figure 12 shows the results related to the optimization process of both the controllers. Figure 12a shows
the convergence of the objective function ITSE with
generation for the PID controller tuning, which can
be seen to stop converging any more after 60 generations. Also plotted in Fig. 12a are the best values of the
same objective (ITSE); f1 (y) for the FLC optimization
at certain intervals of generations during the MOGA
process. With a lower value for the FLC, this clearly
exhibits superior performance of the FLC in terms of
ITSE almost throughout 100 generations. Figure 12b
on the other hand shows the non-dominated solution
fronts after 20, 40, 60, 80 and 100 generations of the
FLC optimization using MOGA. The solution fronts
also exhibit convergence as they move towards lower
values for both the objectives with generation.
The optimized values of the P, I and D terms
for the PID controller were found as 0.11963, 0.779
and 1.5187. For the optimized FLC (with lowest
value of ITSE or f1 (y)) the scaling factors for the
7

1.6
PID controller optimization
FLC optimization
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Fig. 12. (a) Convergence of objective functions with generation for both PID and FL controller optimization, (b) Non-dominated solution fronts
for MOGA optimization of FLC.
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Fig. 13. Reference and actual trajectory and tracking error with PID
and FL control scheme-I.

proportional- and derivative input and for the output
were 0.42132, 0.74246 and 680.94 respectively.
Following optimization of the FLC, the rules weighing less than 0.2 are deemed insignificant and are
highlighted by the shaded cells. These rules are ignored
in the final controller, significantly reducing the number of rules from 25 to 8.
Figure 13 shows the knee joint trajectories obtained
using the optimized PID and FL controllers along with
the reference trajectory, which is drawn from the cycleto-cycle control. The first and foremost striking aspect
of this result is how both controllers in their closed-loop
configuration were able to generate full knee extension
given this particular trajectory. This in turn strengthens
our hypothesis about the characteristic trajectory that it
is supposed to be more suitable as reference trajectory
than trajectory derived through some other considerations for closed-loop operation. The FLC was found to
produce better outcome without any overshoot whereas
the PID controller produced some overshoot, rendering
its error higher than that with FLC.
Figure 14 gives a clearer insight into the operations
of the controllers through comparison between the outputs from the controllers and active torque generated
during the control. Despite its slightly inferior performance in input tracking, the PID controller seems to
have accomplished the task with much lower as well as
smoother (with no switching) control output (PWstim )
than the FLC, which can ultimately be expected to contribute to lower muscle fatigue. On the contrary, the
control output from the FLC appears to possess a high
magnitude, switching and above all, the steady-state
error found in conventional PD controllers. Thus, the
results reveal the superior performance of the FLC in
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Fig. 14. Controller output and resultant FES induced active torque
from PID and FL controller (control scheme-I).

terms of input tracking, but they also reveal the cost it
comes at for FES applications.
3.3. Control scheme – II: Part-time closed-loop
control with target orientation as set-point
The control scheme is tested with both PID and FL
controllers. As in control scheme-I, 3 parameters for
the PID controller and 73 parameters associated with
the FLC are optimized using the same MOGA routine
for objectives to be discussed below. In addition to the
controller parameters, the new parameter unique to the
control scheme, the time tcont , which marks the onset
of the control operation is also optimized using the
MOGA.
Considering that the control approach must be able
to produce full knee extension without any overshoot or
undershoot (lack of extension), the first and foremost
objective function to be minimized is the magnitude
or absolute value of the overshoot. Thus, one of the
objectives is defined as in equation (1). Apart from
reaching the target orientation, in FES applications it
is also important to take measures relating to possible
minimization of the muscle fatigue. Hence, a second
objective function, which is related to the energy consumption by the muscle, and thus the resultant fatigue,
is defined as the time-integral of the FES induced active
torque Mact , f2 (y) in equation (2).
The previously used MOGA routine is then used
to tune both the controllers and their associated tcont
through simultaneously minimizing both objectives
f1 (y) and f2 (y). Figure 15 shows the Pareto-optimal
solution front for both the controllers indicating better
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3.4. Fatigue resistance of the controllers
The fatigue resistance of all the SBO control
approaches considered are analysed based on 3 criteria:
• criterion (a): Time-integral of the control variable
u(t), or the stimulation intensity PWstim .
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performance (convergence) by the PID controller than
the FLC.
Since reaching full extension is the main priority,
the parameters corresponding to the non-dominated
solution with minimum value for the f1 (y) are chosen.
For the PID controller, the optimum value (in terms of
f1 (y)) for the P, I and D terms were found to be 5.15,
0.67711 and 4.1339 respectively, whereas for the FLC
(with lowest value of ITSE or f1 (y)) the scaling factors
for the proportional- and derivative input and for the
output were 0.50068, 0.62453 and 641.27 respectively.
The optimal values for the newly introduced parameter, tcont for the PID and FL controller were found to
be 0.4056 sec and 0.4849 sec respectively.
Figure 16 shows the knee joint trajectories obtained
using the optimized controllers. As can be seen, both
the controllers were able to drive the knee to its full
extension through a smooth trajectory with the FLC
producing slightly larger potential swing duration.
The controller output u(t) modulating the PWstim
and the resultant FES induced muscle torque Mact are
shown in Fig. 17 for both controllers. The controller
output for both the controllers are like spikes appearing
at t = tcont , when the controllers actually come into play.

Fig. 16. Knee joint trajectories using PID and FL controller under
control scheme-II.

Controller Output: PWstim(micro sec)

Fig. 15. Non-dominated solution front for MOGA optimization of
PID and FL controller under control scheme-II.

t cont,PID t cont,FLC

Time (sec)

Fig. 17. Controller output and resultant FES induced active torque
from PID and FL controller (control scheme-II).

• criterion (b): FES induced mechanical energy output from the muscle.
• criterion (c): Relative drop in knee extension with
reduced (fatigued) muscle torque output.
The first two criteria are directly related to the
amount of fatigue generated within the muscle and
emanate from relation of the muscle fatigue to the
energy consumption in the muscle which in turn
depends on the time-integral of activation of the muscle (PWstim in this study) [39]. The third criterion on
the other hand reflects the robustness of the particular
control approach.
The results are shown in Figs. 18–20. Figure 20 is
the final part of the knee joint trajectory obtained using
the same controllers, but with FES torque dropped
down to 80% of its normal value. Table 2 and the bar
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Fig. 18. Time-integral of the controller output u(t) modulating
PWstim for the control approaches considered in this study.
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Fig. 19. FES induced mechanical energy input into plant for different control approaches. Magnified end values in the inset.

graph of Fig. 21 summarise the results based on these
3 criteria. Especially the bar graph portrays a clear
picture of these criteria associated with the control
approaches. As the lower value of a criterion the better fatigue resistant the control approach is, the result
seems to rank different control approaches differently
under different criteria and thus makes it difficult to

Fig. 20. Knee extension generated with FES muscle force output
80% of its normal value (simulated fatigue).

draw conclusive comparison of their fatigue resistance
capability.
The most conspicuous of all is the extraordinary performance by the PID controller both in scheme-I and
II with regard to criterion (a), whereas it does not perform quite well (comparatively) in terms of the other
two criteria. Another feature worth noting is the robustness of the FLC under scheme-II as the knee extension
drops by 1.129% with FES torque of 80% of its normal
value (criterion (c)). Above all, the newly proposed
control schemes I and II can conclusively be commended as well performed compared to the traditional
cycle-to-cycle approach.

4. Discussion
FES induced movement control is a challenging
task. The inclusion of energy storage element on top
of the segmental dynamics perhaps worsens the challenge. As the knee extensor is one of the strongest
muscles in the human body, one might superficially
anticipate it to be a simple task to generate full knee
extension in a sprung knee through its stimulation as in

Table 2
Values of the 3 criteria defined to compare the fatigue resistance of the controllers
Control

PWstim

Cycle-to-cycle
Scheme-I (PID)
Scheme-I (FL)
Scheme-II (PID)
Scheme-II (FL)

61.6
1.2503
143.88
7.1901
51.344

FES energy input
(Joul)

% fall in knee
extension

4.3669
5.0544
4.3034
4.2716
4.3167

6.5471
7.0063
1.1291
6.1461
6.8104
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Fig. 21. Fatigue resistance of the SBO control approaches compared based on 3 criteria.

the case of SBO. But unfortunately this does not happen to be the case, not because of lack of torque from
the muscle, rather due to the nonlinearity associated
with it. In simple terms, even a strong muscle may not
be capable of delivering adequate amount of torque at
a time when it is required, given the orientations of the
relevant joints at that instant.
Even with the advent of many sophisticated closedloop control algorithms, the open-loop pattern based
control still reigns the field of practical solutions of
FES induced movement. The control approaches proposed in this paper have been based on the appreciation
of this fact and simultaneously blending it to closedloop strategy to retain the advantages of both the
approaches to combine them into one. In principle,
such approach can be a preferable form of control technique for any cyclical movement control. Especially in
FES applications, due to the highly time-variant nature
of the plant, any control algorithm must be accompanied by adaptive mechanisms for the controller
parameters to compensate for the plant variations and
the proposals in this paper are no exception.
Also due to the black-box nature of the model as
well as the FLC within the control loop, it is beyond the
scope of this work to address the issue of closed-loop
stability, which is an essential element to be considered. This obviously demands further exploration. One
strong candidate to resolve this issue associated with
adaptation, nonlinearity and above all stability, is the
fuzzy adaptive sliding mode control in which the sliding mode control techniques are utilized in the control
design and adaptive fuzzy systems are employed to
approximate the unknown system nonlinearities [27].

reference to application in SBO. The primary focus of
these schemes is to minimize fatigue in FES muscle; a
well known pitfall in FES applications. These schemes
are novel in the sense that they prioritize the natural
dynamics of the plant in the control operation. The
proposed schemes have been shown to be able to successfully drive the limb joint to its required peak even
with an apparent stringent demand on the actuator. GAs
has been used to tune the controller for desired performances; especially to cause least amount of fatigue in
the FES muscle. Such approach can extend the success of FES induced movement control much further
as it addresses the primary issues restricting the real
usability of FES.
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