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Abstract

This paper highlights the benefits of using intelligent model based controllers to produce FES in-
duced sit-to-stand movement (FES-STS), in terms of reducing energy cost and producing more
natural responses in comparison with conventional controllers. A muscle energy expenditure
model for the quadriceps is implemented in the control design of FES-STS, then simulation is run
for three different control designs: an adaptive neuro-fuzzy inference system controller (ANFIS), a
conventional PID controller, and a hybrid ANFIS-PID controller. The PID control strategy results in
negative energy expenditure of the quadriceps at the end of the STS initiation phase, this negative
energy is caused by the high lengthening speeds at the muscle fiber level, which may lead to mus-
cle fatigue or damage. Contrary to PID controller, model based controllers show positive energy
expenditure, lower energy costs, and more natural curves of energy expenditure and knee tor-
ques.
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1. Introduction

Standing up from a chair is one of the most important functional tasks that spinal cord injury (SCI) people really
need to improve their daily life, they can perform this task with the help of a technique known as functional
electrical stimulation (FES). In FES, an electrical stimulation signal is applied to the paralyzed muscle to com-
pensate for lost signals from the disconnected central nervous system, and to perform functional movements [1].

FES with surface electrodes is easy to apply by patients [2] [3], it has light weight , it does not depend on the

How to cite this paper: Massoud, R. (2014) The Influence of Control Design on Energetic Cost during FES Induced Sit-to-
Stand. J. Biomedical Science and Engineering, 7, 1096-1104. http://dx.doi.org/10.4236/jbise.2014.714108



http://www.scirp.org/journal/jbise
http://dx.doi.org/10.4236/jbise.2014.714108
http://dx.doi.org/10.4236/jbise.2014.714108
http://www.scirp.org/
mailto:rqies@yahoo.com
http://creativecommons.org/licenses/by/4.0/

R. Massoud

shape and the size of the leg as some orthotics do, it activates muscles and helps producing metabolic energy,
and it has many beneficial effects on SCI subjects’ health [4] [5].

Studies have suggested that all SCI subjects with a lesion lower than T-12 and their lower limb muscles are in
a good condition, are able to stand up by using their upper body efforts accompanied by FES application on their
quadriceps muscles [6]. This standing up method produces high torques at the knee joint which may cause
damage to the muscle tissue and joint ligaments. To overcome this problem, a proper control strategy can be de-
signed to give the best suitable stimulation parameters for less damage and higher efficiency [6].

Since 1960s, many studies have been conducted on designing control methods to achieve FES sit-to-stand
(STS) transfer [7]; these control methods range from simplest on-off controllers [7]-[13] to more complex de-
signs such as model based controllers [14]-[17] and other different types of controllers [18]-[20]. Hussain et al.
have developed different control strategies to obtain FES induced sit-to-stand movement (FES-STS): (ANFIS-
only, ANFIS-PID, and PID-only), they compared and evaluated the three controllers in terms of error reduction
in the knee joint angle, and knee moments [21].

It has been proved that most FES induced exercises resulted in low power output to expended metabolic
energy ratio (efficiency) compared with normal people [22]-[25]. For this reason, energetic analysis should be
taken into account when studying FES induced movement. Energy analysis aims to optimize metabolic energy
to activate the cardiovascular system and obtain the corresponding mechanical power output, and to maintain
high efficiency and prolong the exercise period before the occurrence of muscle fatigue at the same time [26].

Researchers have been keen on studying the influence of FES system design on energy consumption and
power output [27] [28]. And some have proved the impact of FES control strategies on the performance of FES
exercise systems in terms of maintaining constant power output, improving efficiency, consistency, reliability,
and prolonging the duration of FES exercise [26] [29]-[31].

This study aims to evaluate the three controllers which were used in [21] depending on the hypothesis of
minimum metabolic cost which guarantees high efficiency and more natural movement patterns [32]. Moreover,
the main target of this study is to find whether intelligent model based controllers have better performance than
conventional ones, in terms of minimizing metabolic energy consumption and damage prevention during FES-
STS.

2. Methods

Since this work is a simulation study, the most important issue to take into account is the accuracy of the models
involved in the simulation. Following is the description of these models:

2.1. Humanoid Model

The humanoid model is developed using Visual Nastran software, which is a powerful CAD tool used for 3-D
modeling [33]. The model is 1.80 m high and it weighs 75.35 Kg, more description about the humanoid model
parameters can be found in detail in [21].

Although the model was built in 3D as illustrated in Figure 1, humanoid movement is studied in the sagital
plane, since only the quadriceps muscle group (knee extensors) is stimulated.

2.2. Human Muscle Model

Muscle models can be classified into two major types:

1) Black box models: This type reproduces input-output behavior of the real muscle depending on the expe-
rimental results, it leads to fast computations which make it executable and practically applicable. However, its
structure does not reflect muscle physiology [34] [35].

2) Physiological models: This type is the most commonly used in movement control studies [14] [36], since it
describes the observed behavior of the muscle components, starting from excitation to the force production. Its
relations are also relatively simple and describe familiar concepts that have been well verified [37]. Models of
this type mostly use the elements of Hill muscle model [38].

A comparison between the two types is illustrated in Table 1. Black box models are often used to build mo-
tion control strategies, while physiological models are used for both motion control and analysis (power and ef-

ficiency).
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Figure 1. The humanoid sits on a chair at the beginning of the initia-
tion phase of STS.

Table 1. A comparison between the two main muscle model types.

Muscle model type

Muscle model properties
Black box [34] [35] Physiological model [14] [36]

At least three inputs, such as: activation intensity, activation
Model input Muscle activation frequency, joint angle, joint angular velocity, and
musculotendon path length.

Muscle moment applied to the
corresponding joint

Using experimental input-output data to Based on physiological experimental observations of the

Model output Muscle force, length, velocity, and moment arm.

Basic principle

identify the model muscle, such as force-length and force-velocity relations.
Model parameters Few Large number
Parameter adjustment Adjusted for each subject Adjusted for each subject

Depending on the complexity of the used

Simplicity modeling method Complex, but it is available as a software with GUI [36].
Training data sets Essential None
Muscle physiological behavior Does not take it into account. It gives a clear idea about intramuscular behavior.

Used to calculate muscle

energy expenditure No Yes

In this study, quadriceps muscles group (which consists of four muscles: Rectus femoris, Vastus medialis,
Vastus medium, and Vastus lateralis) is modeled in Virtual Muscle 4.0.1 software. Virtual muscle builds realis-
tic physiological muscle models in Matlab/Simulink [36]. All muscle models used in this study have three inputs:
activation signal, musculotendon path length, and stimulus frequency for FES recruitment, while the outputs are
muscle force, length, and velocity. Both muscle length and velocity are normalized by the optimal resting length
of the muscle (Lcgopm). Parameters of the muscle model are obtained from [39].

2.3. Muscle Energy Expenditure Model

In this study, an activation signal with a frequency of 20 Hz is used to stimulate the muscles. At this low fre-
quency, muscle fatigue is influenced by the temporal levels of intra and extra cellular metabolites and electro-
lytes [40]. Muscle fatigue is associated with the decreased levels of adenosine triphosphate (ATP), low cellular
PH and the increased inorganic phosphate, leading to the reduction in muscle energy [41]. Moreover, muscle
energy is produced through chemical reactions leading to breaking ATP into adenosine diphosphate. Each time
ATP molecule breaks down through the enzyme ATPase, the energy released is used for binding actin and myo-
sin molecules at the cross bridge and subsequent unbinding. The macroscopic output is the shortening or the
lengthening tension of the muscle [41]. There are two biochemical pathways for production of adenosine tri-
phosphate (ATP), an aerobic pathway where O, flow from the blood to the mitochondrion is important to gener-
ate the aerobic energy, and anaerobic pathway at the sites of inadequate O, flow to mitochondria.

1098
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This study uses “a phenomenological model of skeletal muscle energy expenditure developed for use with
Hill-type muscle model” by Umberger, et al., “this model predicts human muscle energy expenditure over the
full activation range, and it is based almost entirely on mammalian muscle data, with preference given to human
data where possible” [42].

The total rate of muscle energy expenditure (E ) expressed in (W-Kg ) can be represented by Equation (1)
[42]:

E=h, +h, +hg +W 1)

where h, is the activation heat rate, h,, is the maintenance heat rate, hy is the shortening/lengthening heat
rate and W, is the mechanical work rate. The whole model equations can be found in detail in [42].

This model is built for rectus femoris and the three vasti muscles by using Matlab/Simulink, then it is inte-
grated in the overall control design. In this study, this model is selected because it is easy to understand, its pa-
rameters are available or can be obtained easily from literature. It is also well studied and evaluated by experi-
mental results [43].

2.4. Control Set-Up

Three control scenarios are applied to control FES induced sit-to-stand, muscle energy expenditure is calculated,
and the controlled motion is studied and evaluated for each scenario.

A closed loop PID controller is implemented in the first control method, while the second method uses an
open loop ANFIS controller based on inverse modeling. Subsequently, the last scenario is attained by using a
closed loop ANFIS-PID controller. The three control strategies are described thoroughly in [21] and are illu-
strated in Figure 2.

Both PID and ANFIS-PID controllers depend on the closed loop method, where the error signal between ref-
erence and actual knee trajectories is fed to the controller which, in turn, sends an activation signal to the muscle

kneed_ref PID [—» P activation knee angle

Reference PID Saturation

Knee Angle SIS Humanold model

(@)
kneed_ref T
sffis a Pelactivation  knee angle g l:l
Reference du/dt

Knee Angle ANFIS Controller Gain  Saturation Scope

Humanold model

(b)

o] ANEILS Controller

activation  knee angle

kneed_ref = #=| PID Gain  Saturation
l Refi ‘ PID Humanold model
eference
Knee Angle Controller
(©)

Figure 2. The three control designs: (a) PID-only; (b) ANFIS-only; (c) ANFIS-PID.
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model to produce a force converted to an active torque applied to the knee joint causing the desired FES-STS
motion. The ANFIS-only controller uses an open loop method, where both reference angle of the knee joint and
its derivative (angular velocity) are the inputs of the controller, while the controller’s output follows the same

path that the two other controllers’ outputs follow.

3. Results

Energy expenditure model is integrated into the humanoid model, and simulation of FES-STS is run for the
three control strategies explained above: (ANFIS-only, ANFIS-PI, and PID-only). Figure 3 shows the torque
produced by the quadriceps for each control method, it is obvious that the average torque values are the lowest
when ANFIS-only control method is used, nevertheless knee extension torque increases during the rising phase
and reaches its peak value shortly after seat off.

On the other hand, total knee torques produced by ANFIS and ANFIS-PID control strategies starts earlier, and
are more spontaneous than those produced by PID-only, thus the full standing steady state also occurs earlier as
shown in Figure 3.

The average energy expenditure at the muscle level during FES-STS varies for the different control strategies,
Table 2 demonstrates the energy rate values for the quadriceps for the two parts of the motion: transition from
sit to stand and maintaining the upright position. The minimum mean overall energy rate occurs when ANFIS-
only controller is used, while using PID-only controller resulted in a minimum mean STS transfer energy rate,
this is due to the negative energy values observed on its energy curve as illustrated in Figure 4. Both ANFIS and
ANFIS-PID control strategies result in positive muscle energy expenditure, while PID-only control method is
resulted in negative energy values at some stages (see Figure 4).

The mean energy cost values (see Table 2) are larger than the experimental values reported in [27] which are
(246.87 W and 220.84 W). Even though they used quadriceps stimulation to maintain standing, they used a signif-
icant amount of support on the hands, contrary to this study which uses unsupported standing. The higher energy
values in this study can be explained by the differences in volumes and histological structures between upper
and lower limbs. [27] indicated that lower limb muscles, specifically the quadriceps consist mainly of red, oxida-
tive slow-twitch fibers, while the upper limb muscles consist of white, glycolytic fast-twitch fibers. Accordingly,

120 I I
110
100 "‘a" - _
B o1
=z 90 K 's‘
o 80 2
> v
g 70 ~
= 3
= 60 ]
2 50 R — ANFIS-PID
8 0 ; === ANFIS-only
5 1{ i = =1+ PID-only
8; 30 [_i
20 "
10
/)
OJ-'

0 02 04 06 08 1 12 14 16 18 2 22 2425
Time [sec]

Figure 3. Quadriceps torque applied to the knee joint.

Table 2. Energy rate of the quadriceps during FES-STS movement (STS transfer + standing), the values are expressed in

mean + STD.

Energy [W] Mean + STD PID-only ANFIS-only ANFIS-PID
Energy (sit to stand transfer) 213.63 + 158.09 235.89 + 86.86 266.16 + 76.86
Energy (maintaining upright position) 309.53 £5.33 30754 £1.71 307.03 £ 0.82
Energy (The overall period) sit to stand transfer 292 5172 + 76.15 286.75 + 56.99 203.72 + 47 86

+ during standing
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Figure 4. Energy expenditure of the quadriceps.
lower limb muscles consume more metabolic energy than upper limb ones.

4. Discussion

As illustrated in Figure 3, the total quadriceps torque starts for both ANFIS and ANFIS-PID control methods
earlier than the PID-only control method. This is because of the ANFIS modeling assumptions, given that the
ANFIS model was built by using a free swinging leg with a resting knee angle of 80°. At this knee angle, the in-
verse ANFIS model does not produce any muscle activation and thus no active torque is produced. However, in
FES sit-to-stand movement, the knee angle starts at 90° which corresponds to the production of muscle activa-
tion and consequently the growth of the knee torque at that position.

By using PID-only control strategy, the energy expenditure by the quadriceps becomes negative at some
points of the STS period (as shown in Figure 4). This means that the work carried out by the contractile element
of the muscle (CE) is greater than the heat produced at lengthening velocities, Figure 5 displays different energy
rates released by rectus femoris during FES-STS controlled by PID-only controller, it is obvious that the me-
chanical work rate has negative values while the other two energy rates are always positive during the move-
ment. This implies that some of the work done on the muscle during a stretch is stored. According to [42] and
[447 it is found that series elastic element of the muscle (SEE) does not seem to be the major site of energy sto-
rage, and the contractile element (CE) may store energy too.

The initiation phase of FES-STS starts when hip flexion torques increase until they reach their peak, at this
moment stretching in the quadriceps takes place, however the PID controller applies high stimulation intensities
on the muscle causing increased recruitment of the muscle motor units. At this time no additional work is done
and mechanical energy is stored to be used later in the rising phase where both knee and hip joints are extended.
This explains why energy curves reach a minimum at the end of the initiation phase for the three control strate-
gies.

Figure 6 indicates that the negative energy expenditure accompanied by using the PID-only control design is
caused by high lengthening speeds at the muscle level rather than over-lengthening. This speed is four times the
lengthening speed occurs by the ANFIS-only controller. This high speed may cause muscle fatigue or damage
[45].

The resulted energy values are compared with the values cited in the literature. The resulted mean energy rate
for rectus femoris only in this study is 151.06 W/Kg which is within the range reported by [42], and it is in con-
sistence with their simulation and experimental results. Moreover, similar results were obtained by [43], where
exercise energy consumptions for the leg (simulation and practical) were close to the range of the mean energy
rate values obtained in this study (see Table 2).

5. Conclusions

This research sheds light on the role of musculoskeletal modeling and simulation in understanding the relation
between human movement and muscle energy expenditure. Through simulation, it is easy to access to that val-
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Figure 5. Different energy rates released from rectus femoris during FES-
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Figure 6. Velocity of the contractile element during FES-STS, positive velo-
cities caused by muscle fiber lengthening, the velocity is normalized by the
optimal resting length of the muscle (Lcgop)) SO its unit is LCE(OPT)s ™.

ues which cannot be reached by experimental trials, such as the length and the speed of the contractile element,
the activation torque produced by the muscle, or the different energy rates released in the muscle.

According to the simulation results, it is clear that ANFIS-only control for FES-STS has the best energetic
performance, since its energy expenditure and knee torque curves are the smoothest, the most natural, and have
the lowest peak values. However, experiments on human subjects are still needed to ensure these results.

The PID controller regulates stimulation intensities depending on the deference between reference and actual
knee trajectories, the controller does not also take the actual state of the muscle or its activation level into ac-
count. This study suggests developing an ANFIS_PID controller to control FES_STS transfer. The controller
depends on an adaptive neural network which adjusts its weights according to the inversed musculoskeletal
model, and thus the whole control process will be improved.

In conclusion, control strategies which depend on inverse models of musculoskeletal systems produce more
natural responses, and cause less damage to the muscle, regardless of the complexity of their design. Neverthe-
less, this outcome should be confirmed by experimental work.
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