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The Sciences do not try to explain, they hardly even try to interpret, they mainly make 
models. By a model is meant a mathematical construct which, with the addition of certain 

verbal interpretations, describes the observed phenomena. The justification of such a 
mathematical construct is solely and precisely that it is expected to work. 

- John von Neumann 

from: Chaos; Making a new Science 





Preface 

This report presents the research I have done during my internship at the Centro di 
Bioingeneria which was supported by the European Union’s SOCRATES programme. 

The Centro di Bioigeneria 

, At the _..- Centrn --.._. - di Blningpgnpria, 2 hi~mpch=inica! research institute !inked te the Facu!ej =f 

Bioengineering of the Politecnico di Milano, research is being done in the area of gait- and 
posture-analysis and the development of walking aids for the less abled in general. Analysis 
of the respiratory system and cardiovascular pression control also are within the centre’s 
scope. Specifically, in the previous years a number of researchers of the Centro di 
Bioigegneria have been working in the European research project RAFT (Restoration of 
Muscle Activity through FES and Associated Technology) which is supported by the 
European Union Biomedical and Health Research Program (BIOMED). The RAFT project is 
lead by the scientific director of the Centro di Bioigegneria, Prof. dr. A. Pedotti, and includes 
biomedical research institutes in Denmark, France, the United Kingdom, Germany, and the 
Netherlands. 

Biomechanical Engineering at the Eindhoven University of Technology 

The Department Biomechanical Engineering at the Eindhoven University of Technology 
offres a curriculum focussed on biological systems. From their second year on mechanical 
engineering students can take courses in Anatomy, Physiology, and Organic Chemistry. 
Students are taught how to apply their knowledge of mechanical systems to biology; for 
instance the heart and arteries or the skeletal system. The research group of biomechanical 
engineering is part of the section of Fundamental Mechanical Engineering. Basic research is 
being done in the area of skin-parametrisation, blood flow analysis, bio-materials, but also on 
possible applications in medical instruments. 
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Assignment & Abstract 

Assignment 

The internship assignment concerns the application of a knee-angle controller to helping 
paraplegics in rising with a walking frame. A dynamic model of the experimental set-up under 

Influences of upper body mass will be modelled concentrated at the hip-joint. The model wil! 
be used to describe the movement of a patient using a pre-calculated knee-angle trajectory. 
Control parameters are to be derived to have the system make the required movement and 
guarantee system stability. Possibilities for incorporating muscle fatigue parameters will be 
considered. 

CQnsider,tiQn is OQ dPiVe!QP^d. The d)lnsmicS !Vi!! iRC!!J& fhP !G!$JOY &remities. 

Abstract 

Depending on the level of a spinal cord lesion a person suffering from it has no control over 
leg and possibly arm movement due to the fact that the motory nerve tracts in the backbone, 
connecting the movement control centre in the brain with the efferent nerves, are no longer 
intact. The muscles of a paraplegic patient can possibly still be in good shape, or become 
likewise through training. The electrical pulses, normally applied to a muscle by the nervous 
system, can also be generated artificially. The research scope in the field of Functional 
Electrical Stimulation (FES) of muscles has recently shifted from controlling plain muscle 
force to controlling the body movement. Ultimately, by application of FES to paraplegics, 
their movement can be restored. 
A closed loop PI D-controller, with control parameters chosen according to the Ziegler- 
Nichols rules, has recently been developed to have the total knee-angle of a person with a 
freely moving shank track a predefined reference. Since the rising movement, a sit-to-stand 
transfer, is an important movement to be restored, as well as from a psychological, a 
practical and a physiological point of view, the aim now is to apply the PID-controller in 
helping a paraplegic standing up. Hereto a two Degrees Of Freedom (2-DOFs) model of the 
lower extremities was derived using Langrange dynamics and taking antropometrical 
parameters from literature. System stability was analysed and the closed loop performance 
was considered in simulation as well as in experiment. 
The Ziegler-Nichols rules do not satisfy to control the body movement in a sit-to-stand 
transfer. A standing posture is attained when increasing the proportional and derivative 
action of the ‘Ziegler-Nichols’-controller. Since the knee-joints lock near extension the 
integrative part can be discarded. The suggested parameter changes are desirable also with 
respect to the system stability. However, the improved parameter set still is not stable 
according to the Nyquist criterion. Considering also that the PID-parameters need to be 
tuned anew when the reference trajectory or subject is changed it is therefore recommended 
to turn to model-based control. A computed torque controller including validated muscle and 
body dynamics is expected to return satisfying results. 

V 



Chapter I 

I n t rod uct i o n 

This chapter will introduce the backgrounds of Functional Electrical Stimulation (FES). 

4.1 The Fundaments of FES 

Paraplegics, people suffering from a spinal cord lesion, lack control of parts of their body due 
to non functioning segments of their motory system. The higher the segment (vertebrate) 
where the nerves no longer function, the higher the body part that remains uncontrolled. 
Although a lesion may have been caused by an accident which also affected the muscles 
pertaining to that particular spinal cord segment, a lot of paraplegics still have the disposition 
of well functioning muscles. Especially when the lesion was caused by a recent accident the 
muscle might still be in a fairly good shape. Since the nervous stimulation of a muscle 
basically is a simple electrical voltage (the one that is measured in an EMG: Electro-Myo- 
Gram), this voltage must be applicable to a muscle artificially too. Functional Electrical 
Stimulation (FES) is just that: artificially stimulating a muscle to contract. The electrical 
stimulus can be applied internally to a nerve fibre (direct stimulation), invasively to the 
muscle itself, or a non-invasive method can be used, attaching electrodes to the skin. 
Ultimately, movement can be restored by knowing what impulses are needed for the 
stimulation of a muscle and feeding back the position of the body part controlled by that 
muscle. 

1.2 Researching FES 

J us t if icat i o n 

Spinal cord injury (SCI) is one of the most devastating injuries of the nervous system. The 
number of SCI-subjects is not negligible and half of them are younger than 25 years of age 
when injured. For Europe the average rate of SCi kas been estimated at 500 per million. 
FES may offer an alternative to conventional rehabilitation techniques and improve the 
mobility considerably. However, since the first application of FES to a paraplegic patient in 
1963 the number of clinical applications have, regrettably, turned out to be rather limited. 
Only a small number of ideas, investigations, and investments were performed. Therefore 
the European Union in an attempt to vitalise research in the area of FES and associated 
technologies initiated the RAFT programme. The various European research institutes 
involved in this programme are focusing on the restoration of the rising movement. Standing 
up is a physiologically essential function and an important prerequisite for gait and many 
everyday activities. It is vital for the proper functioning of many organs, for blood circulation 
and might decrease the chances of decubitus. Furthermore, the ability to stand up is very 
important from a psychological point of view. [Pedotti, 18, Heinze, 161. 

History 

As mentioned, the first application of FES to a paraplegic patient was reported in 1963 by 
the group of Kalj. During the 1980’s a number of research groups of which the one at the 
Case Western Reserve University at Cleveland, OH, USA, might be the best known, have 
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researched the possibilities of muscles stimulation using FES [Chizeck, 71. Stimulating 
through muscle recruitment modulation (controlling the number of muscle fibres involved in 
contraction) or pulse width modulation (controlling the pulse width by which the muscle is 
stimulated) in open and closed loop has been researched as well as system stability where 
derivation of a reasonable muscle model was feasible. More recently focus has shifted to the 
application of knowledge on muscle stimulation in controlled movement of body parts 
[Veltink, 201. Logically controlling the movement of rising from a chair was regarded as an 
interesting, promising and rewarding area of research [Bahrami, 31. 

I .3 Movement Restoration at the Centro di Bioingegneria 

Current Achievements 

Researchers at the Centro di Bioingegneria are trying to restore the rising movement of 
paraplegics by developing a PID-controller tracking the trajectory of the knee-angle during 
standing up. Through FES of the knee extensor muscle a knee-torque is generated helping 
paraplegics in standing up with a walking frame. Although this movement is not totally 
independent it is chosen merely as an intermediate goal. Standing up not only using the 
Rector Femoris muscle (RF) as well as the antagonist muscle at the hip joint, foremost the 
muscular Gluteus Maximus (GM), as is suggested in literature to be a condition for 
independent rising [Veltink, 211, would make the system under consideration too complicated 
at this stage. Furthermore, the RF is a muscle that is easily found: right under the skin 
(superficial) over the entire anterior of the thigh bone, which is an advantage when attaching 
stimulation electrodes. The PID-controller might also be used in a master-slave configuration 
using the elbow-angle as a master. Preceding research has showed the trajectories of 
elbow- and knee-angle of a paraplegic standing up using a walking frame to be quite similar 
[Ferrarin, IO]. 

Objective 

Recently a computer program in Pascal language incorporating a PID-controller has been 
developed for controlling a freely moving shank-foot complex. The PID-controller updates the 
knee-torque measuring the knee angle and comparing it with a reference signal (a 
precalculated trajectory or the elbow angle). For the experimental sessions knee-angle 
sensors and a FES-stimulator were used. The experiments were performed on a subject 
being seated with freely moving legs. The P-, I - ,  and D-action were derived using the Ziegler- 
Nichols rules. The objective now is to adjust this controller to track a knee-joint trajectory 
when rising. 
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Chapter 2 

The Neuro-Muscular and Skeleton System 

This section will present the anatomy and physiology involved in controlling the rising 
movement. 

Anatomy of the Legs 

A description of the lower extremities' skeleton system begins with the two hip (coxal) bones 
that each have a hemispheric hole in which the ball-shaped head of the thigh bone (femur) 
can move fairly free [Huson, 171 (figure 1.1). The lower (distal) end of the femur is jointed to 
the tibia (shank) at the knee. Although the movement of the knee-joint might seem to be 
restricted to a rotation around a fixed axle, the true interaction between femur and tibia is 
somewhat more complicated. The distal end of the femur rolls and slips over a platform-like 
surface at the upper (proximal) end of the tibia. Together with the knee-tendons the femoral 
and tibiai surfaces form a kinematic chain. In front (anterior) the joint is protected by the 
patella. Besides the tibia the distal part of the leg also consists of the fibula. At the ankle-joint 
the tibia and fibula are attached to the bones of the foot. 

Figure I .  1 The Lower Extremities' Skeleton Figure 1.2 Model of Muscles and Bones near Femur 

Anatomy of the Leg Muscles 

The muscle group of main importance when considering the rising movement is the muscle 
Rector Femoris (RF, the femur extensor or quadriceps femoris) which is situated parallel to 
the femur (figure 1.2). The model of figure 1.2 was proposed by Frigo and Pedotti [Frigo, 13, 
141. Since the RF is attached to the proximal part of the tibia on one end and to the coxal 
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bone on the other it encompasses two joints and would therefore be denoted as a bi- 
articulate muscle (generating torque around two joints). The attachment to the coxal bone, 
however, is very close to the hip joint and leaving the momentum-arm of this torque is very 
small. The RF therefore is regarded to be a mono-articalute muscle especially in co- 
contraction with the Gluteus Maximus muscle (GM). The GM muscle is a mono-articulate 
muscle attached to the posterior side of the coxal bone on the one end and to the posterior 
side of the femur on the other. The GM thus extends the hip-joint where the RF flexes the 
hip-joint. In result the RF and the GM are antagonists (working against each other) around 
the hip joint. The momentum-arm of the GM around the hip joint is quite large compared to 
the one of the RF which adds to the conclusion that the RF, especially in co-contraction with 
the GM, can be regarded as a mono-articulate muscle. 

The function of bi-articulate muscles might be more complex than simply generating torque 
around two joints instead of around one as mono-articulate muscles do. It is believed that 
the function of bi-articulate muscles, in addition to torque generation, is to redistribute 
muscle force. The biceps femoris muscles would therefore not only function as an erector of 
the trunk or flexor of the knee-joint but, in doing so, redistribute the forces of the GM, the RF, 
and the iliacus muscle. Some therefore argue that the rising movement cannot be attained 
without stimulating the biceps femoris muscles (hamstrings) [Veltink, 211. 

Anatomy of the Nervous System 

A nerve cell (a neurone, figure 1.3) consists of a nucleus with cytoplasm (the perikaryon), a 
large number of receptive tentacles (dendrites) and, generally, one very long tentacle with a 
transmissive function (the axon). Sometimes the axon might split into a few collaterals. Note 
that the dendrites on the right side of the figure are effectuated by other nerve cells. The 
neurone to neurone stimulus transmission is carried out by a synapse. The synapses 
transmitting to the dendrites are at the end of an axon or collateral of another neurone. The 
axon can also end in a motory effectuator stimulating the contraction of a muscle. The axon 
and collaterals are surrounded by sausage-like bodies (a mantle of myelin for isolation 
purposes). The 'sausages' are separated by thightenings in the mantle: the Nodes of 
Ranvier. 

synapse 

Figure 1.3 A Neurone 

c ,on toc ,  { 

T, onto T12 

{ 
{ 

L, onto L5 

S, onto S, 

nervus fermoralis 

Figure 1.4 Nerve Tracts to Bodyparts 

cord 
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The human nervous system is generally dividable into a central and a peripheral part. The 
central nervous system (CNS) includes the brain and the spinal cord whereas the peripheral 
nervous system (PNS) is comprised of all the nerves of various functions leading from the 
spinal cord to all organs in every part of the body. The CNS and the PNS come together in 
the spinal cord where the sensory (afferent) nerve fibres and the motory (efferent) nerve 
fibres (bundled into nerves) are attached to the marrow in the vertebrates. Thirty pair of 
spinal nerves are distinguished leading from the marrow to the periphery each one going in- 
between two vertebrates. From the head down the vertebrates are divided into four parts: 
cervical (C, onto C8), tkoracal (TI onto TI*) lumbar (LI onto L5), and sacral (SI onto S,), 
controlling muscle activity from the neck onto the feet (figure 1.4). 

The marrow in the vertebrates is of a 
butterfly-like shape Afferent nerves enter 
the spinal nerve on the dorsal (back) side 
from where the signal is transferred to the 
brain, while efferent nerves (usually 
muscle stimulating nerves) leave the 
marrow on the frontal side. For quick 
response purposes (reflexes) the afferent 
and efferent nerves sometimes are short- 
circuited in the marrow. Movements then 
occur without control from the brain 
leaving a person to realise the reaction 
only after it has happened. 
Another function of the CNS at the spinal 
cord is the inhibition of antagonist muscle 
groups. Since a muscle can only contract 
the inverse movement needs to be 
directed to an antagonist muscle. In the 
spinal cord the inhibition of antagonist 
efferent nerve fibres is being organised. 

efferent nerve 

quadriceps femoris 

Figure 1.5 Tracts of the Rector Femoris Muscle 

When a joint needs to be flexed the flexor muscle group is excitated while the extensor 
efferent nerve is inhibited stopping the stimulation of this antagonist. Figure 1.5 shows the 
organisation of inhibition at the spinal cord level. The black neuron is an inhibitior [Bernards, 
4, Huson, 171. 
The contro! of the motnry system at large i5 a complex network of closed-loops including 
various brain parts and the spinal cord linked through nerve tracts receiving signals from the 
posture sensors, the balance organs, and visual information. The small brain (cerebellum) 
has a major role in the movement coordination. The cerebellum receives continuous 
information from the sensory system together with the signals from the brain moter cortex 
(cortex cerebri) ordering plain movements controlled by the will. All this information 
converges and is then sent to the motory nerve tracts (leading down the spinal cord) for the 
stimulation of movements and to the cortex cerebri closing the CNS feedback loop. 
Movements of the human body are controlled in a very decentralised manner from subtle 
movements ordered by the will (cortex cerebri) to the rough autonomous contraction and 
relaxation of antagonist muscle groups organised at the spinal cord level [Bernards, 41. 

Anatomy of the Muscle 

Three forms of muscle tissue exist: smooth, striped, and heart muscle-tissue. Smooth 
muscle tissue is mainly found in the vegetative organs and are generally not controlled by 
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the will while striped muscles generally are of the motory system and thus controlled by the 
will. Striped and smooth muscle tissue differ in their contraction mechanism. Heart muscle- 
tissue is the excemption, it is striped but there is no, like in regular striped muscle-tissue, 
fusion of cells into one syncytium: the muscle cells of the heart can be distinguished one 
from the other. Furthermore, heart muscle-tissue is not controlled by the will. Since the 
muscles under consideration in this internship research are of the motory system and 
therefore striped only the physiology and anatomy involved in the contraction striped 
muscles will be discussed. 
A striped muscle consists of a bundle of 
muscle fibres (figure 1.6). One muscle 
fibre is the previously mentioned 
syncytium: a fusion of a number of muscle 
cells. Therefore, in a muscle fibre, a 
number of nuclei are recognisable. A 
muscle fibre comprises of large amount of 
myofibrils: chains of sarcomeres (the 
repeated construction element of a 
muscle). 
A sarcomere is the part of a myofibril in 
between two Z-lines (one of the ‘infamous’ 
stripes). Z-lines are formed by the linking 
of actinfilaments. An actinfilament is one 
of the basic contractile elements; the other 
contractile element is the myofilament. 
Both filaments consist of strains of large 
molecules. The actinfilaments are placed 
parallel to reach out in two, opposite, 
directions to the myofilaments. In the 
middle, the ends of the actinfilaments that 
are not attached to the myofilaments are 
linked forming a membrane in between 
two sarcomeres (the ‘Zwischenmembran’, 
giving name to the Z-line). The membrane, 
due to its larger density, is visible as a 
relatively dark line on the myofibril. The 
myofilaments are attached to the 
actinefilaments (still of one sarcomere) on 
two sides. 
The actinefilaments on each side of the 
sarcomere are chained to those of another 
sarcomere at a Z-line forming a strain of 
sarcomeres (the myofibril). In a 
contracting muscle the myofilaments slide 
over the actinefilaments and vice versa, 
leaving bands of changing size to be 
recognised on the myofibril. [Bernards, 41. 

muscle 
-. ‘\ 

bundle of fibres 

*- - _ - - *  nuclei 

/‘ 2 H-band 
+--i 

I ’ * i  . .. ... .... .:::::. j ’ .a... . . .~ 
-.-.- ... :.z.: 

I .... ....... . . . . . .:ö:ö:ö:. ; I - _ _  .... ...*.S. I ’ 
~ actinfilament 

I ’  

/ 1 ‘ ‘walking’head 
myofilament 

Figure 1.6 Structure of the Skeleton Muscle 
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2.2 Physiology 

Nervous Physiology 

Due to a difference in ion concentration an electrical voltage exists across the nerve-cell 
membrane. The value of this rest-voltage usually is -70 [ m V ] .  The relatively large amount 
of the ions involved (Na' and K') on the outside of the cell causes an urge to redistribution to 
where there is no difference in concentration. However, the ions would therefore need to 

for these ions do not function at the voltage mentioned. Neural excitation and conduction 
exists due to the control of these gates. 

diffundate through the neuronal membrane which is impnssib!e since the membrme g=rtes 

1. Diffusion after Depolarisation 
. .  

. .  

2. Action-Voltages \ neuronai 

3. New Regions of Depolarisation 

\ repolarisating region / new pulse 
location 

Figure 1.7 Saltatoric Coriduction along a Nsuuron 

The diffundation of Na' into the neurone 
fibre is restricted by a fast gate which is 
closed at the rest-voltage; the other (slow) 
gate is opened. The Kalium-gate is also 
closed. If an external excitation increases 
the membrane voltage (makes it less 
negative) by O [ m y ]  or more the cross 
membrane voltage passes a threshold 
(the excitation is said to be supraliminal) 
and a series of phenomena take place. 
First the fast Na'-gate opens leaving both 
Na'-gates open and the Natrium ions to 
diffundate into the axon. The cross axon- 
voltage becomes even less negative 
(depolarisation) which causes the slow 
Natrium gate to close. By the time the 
cross membrane voltage has become 
around +30 [mV]  (the action-voltage), 
which takes typically about [ms] after the 
depolarisation has started, the Na'-influx 
will have been stopped. Meanwhile the 
Kalium gate will have opened causing a 
K'-efflux and the axon-voltage to return to 
its rest-voltage (repolarisation). 

The process of depolarisation and repolarisation, which generally lasts about 2 [ms], causes 
a saltatoric conduction of the action-voltage along the axon (figure 1.7). The neurone is then 
said to 'fire' a pulse. To ensure the neurone will not be restricted in its functioning because of 
to large a disturbance of the initial Na' and K' concentrations, a Na'/K'-pump slowly but 
continually restores the amount of ions on each side of the neural membrane. However, a 
nerve cell can fire for about 300,000 times before the Na'- and K'-concentrations are 
disturbed too much.The saltatoric conduction, mentioned in the preceding paragraph, is a 
logic chemical reaction to the local concentration change caused by the action-voltage. At 
the point, along the axon, where depolarisation has taken place a higher Na' concentration 
exists on the inside and a lower on the outside of the membrane compared to the initial 
condition and to the area around it. Due to the forces of diffusion the Na'-ions on the inside 
move from point of depolarisation while the Na+-ions on the outside move from the area 
around the point towards it causing a supraliminal voltage change further along the axon. In 
a little while depolarisation and repolarisation will take place at this new point. The 
depolarisation induces a new supraliminal excitation further again, and so on. The action- 
voltage is conducted along the axon. The distance between two subsequent points of 
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depolarisation on an axon is not fixed. In some nerve fibres it depends on the physical 
conditions at that point in time. In myeliniated nerve fibres (figure 1.3), however, 
depolarisation always takes place at the Nodes of Ranvier. This is where the Natrium- and 
Kalium-gates have accumulated because osmosis through the myelin-body is not possible 
Therefore, in a myeliniated nerve fibre, the diffusion loop-shaped currents (figure 1.7) go 
around. the myelin-bodies. Note that when the initial excitation is applied in the middle of a 
nerve fibre, the action-voltage is conducted in two directions. 

External stimulation of a muscle or nerve, which is our goal in FES, requires knowledge of 
how intense the voltage that is to be applied should be and how long it should last. It turns 
out that both are of importance and mutually dependend when excitating a nerve fibre. The 
mentioned dependency exists of an increasing necessary excitation intensity when 
decreasing the time of the stimulus. The duration of a supraliminal stimulus can only be 
shortened until a certain value. If the stimulation time is decreased further the exctitation 
becomes subliminal. Regaining effectivity of this stimulus of too short a duration can only be 
achieved by increasing the stimulus intensity. 
The condition for supraliminality of a particular nerve fibre is depicted in figure 1.8. The 
shaded area includes all supraliminal excitations. Two parameters are used to describe 
pulse conducting tissue. First, the reobase (R) is the minimal intensity a long lasting ( 
100 [ms], or more) stimulus needs to have to cross the excitation threshold. The sensitivity 

of a tissue is usually defined by the chronaxy (CHR), which is the time necessary for a 
stimulus with an intensity of two times the reobase to be supraliminal. The stimuli used in 
FES are rectangular shaped direct current pulses of manually adjustable intensity and 
software controlled duration. 

stimulus intensity (PA) Just as the sub-supraliminality treshold 
can be attained by a stimulus of either 
large width and small intensity or of large 
width and smaller intensity the lines 
congruently with the bold one in figure 1.8 
define stimuli of equal effect. The further 
the ‘iso-effect’-line is from the origin the 
larger the effect of a stimulus point on it. 
This characteristic is generally found in 
pulse conducting tissue, including muscle 
tissue, and of importance in FES. A more R ----....... 2.... 

forceful muscle contraction can be 
attained bv either increasina the - 

CHR 0.2 0.4 0.6 0.8 stimulatioi pulse width or its intensity. 
Secondly, a range of pulse width-intensity 
pairs that cause an equally large 
contraction exist. 

stimulus duration (ms) 
Figure 1.8 Time-Intensity Curve of a Nerve Fibre 

Muscle Physiology 

The essence of the contraction mechanism is formed by the moving heads (the bumps on 
the myofilaments in figure 1.6) of the myosin molecules linking to actin filaments. The heads 
more or less walk over the actinefilaments making cross bridges when their angle is about 
90Owith the rest of the filament, breaking it when the angle is 45’, and swinging forward to a 
90’ angle again. The heads do not all ‘step’ at the same time ensuring the myofilaments do 
not slide back. When some heads break their cross bridges to make a new link a little further 
along the actinfilament others hold on. The energy necessary for linking is derived from 
Adenosine-Tri-Phosphate (ATP) the body’s energy source. If a muscle cell would solely 
contain ATP it would contract instantly. The walking movements of the heads goes on as 
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long as enough energy is available. However, in a normal muscle compounds exist that 
repress ATP from transferring its energy: breaking up in ADP+P. Calcium ions can stop this 
repression. Therefore, a muscle will contract when Ca2' crosses the sarcolemma (muscle 
cell membrane). 

Calcium enters the muscle cell due to an action-voltage causing a fast Na'-influx. The 
action-voltage at the sarcolemma is conducted over the entire sarcolemma. T-tubili direct it 
to the centre of the muscle. Because of the depolarisation the sarcolemma becomes 
permeable for Ca2'-ions who reach the myofibrils by osmosis. The muscle will now be able 
to contract since the energy is available (figure I .9). Although it might seem logical to think 
that the action-voltage reaches the sarcolemma through direct neuronal stimulation by a 
neurone (synapse), this is not the case. The transfer of the stimulus is carried out by a 
neuro-muscular junction or motory effectuator. However, knowledge of the neuro-muscular 
junction is not required for understanding the FES; therefore its functioning is not explained 
here. 

muscle 
Na' 

9 9 ' 7  7 
membrane ~ 

ATP f + , ,,=-*ADP+P T-hibulus 

\ myofilaments J actinfilaments 

ADP+P 

\ mitochondrion C0,+H20 

pyruvate o2 

Figure 1.9 Processes dming Contraction Figwe 1.1 O A Muscle Single Contraction 

The muscie reacts to excitation by a neurone similar as a neurone reacting to a supraliminai 
voltage. Just like the neurone first depolarises and subsequently repolarises the muscle first 
contracts (crescent) and then relaxes (decrescent). The characteristic time of such a muscle 
twitch is different however, about 80 [ms] (figure 1.10). The time between the beginning of 
the neurone depolarisation and the start of the muscle twitch is denoted as latent period 
[Bernards, 41. 
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Figure 1.1 1 Tetanic Contraction due to Frequency Figure 1.12 Muscle Force due to Pulse Width 

When the objective is to cause a smooth muscle contraction a new stimulus needs to be 
released before the muscle relaxation starts (40-50 [ms]) otherwise a sinusoid muscle 
contraction occurs (figure 1 .I 1). Besides smoothness of the muscle contraction the muscle 
force can also be adjusted. Increasing the pulse energy (intensity times duration) will cause 
the contraction to be more forceful. Remember the iso-effect lines of larger effect in figure 
1.8 were further away from the origin implying a larger stimulus-duration, -intensity, or both. 
The closed-loop controller considered in this internship will adjust the muscle force by 
controlling the stimulation pulse width (duration). If, for instance, a stimulation frequency of 
40 [Hz] is chosen (a new puise every 25 [rns]) the muscle contraction force can be 
increased by increasing the pulse width as is drawn schematically in figure I .12. 

2.3 Pathology 

Paraplegia 

Now the basic anatomy and physiology is treated a more detailed €.:planation f paraplegia 
can be given. As was mentioned earlier an injury of the spinal cord destroying the nervous 
system in the backbone might still leave muscles and even neurones leading to the muscle 
intact. Even so the centres for the ordering large movements (such as rising) and for subtle 
control of the motory system, in the cerebral cortex and the small brains, respectively, might 
still be intact. However, since the !ink between muscles and sontrc! centre no !onser exists 
recuperation is very hard. A stroke, affecting the brains, might leave a person unable to 
move, a lot of reflexes (short-circuited in the spinal-cord) are still present. Also the ability of 
maintaining muscle tension or holding an arm at a certain position might remain. Sometimes 
even higher movements are still possible or can be learned again. Revalidation generally is 
easier in such a case. 
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Chapter 3 

Mathematical Description 

simulation 

In order to evaluate the closed loop system and find possibilities for improving the system 
performance a paraplegic's rising will be simulated. In simulation a subject does not need to 
suffer from the researcher's failures or eternal initial errors. Moreover the fact that a subject 
is not needed obviously facilitates the organisation of such a trial enormously. To perform 
simulation on a computer a mathematical model of the considered system is necessary. 
Since the current PID-controller was applied to a subject directly and the parameters were 
derived in experiment no mathematical description of the muscle and shank-foot dynamics 
were derived. In this internship scope shifts to the restoration of the rising movement 
requiring a mathematical description of the lower extremities' dynamics, which will be derived 
first. 

Obviously, there are various advantages to simulation. The mathematical model, however, 
will never exactly equal the true system behaviour. Even the thoroughest model validation 
does not expose all the model's discrepancies. Simulation should be regarded as mere a 
tool for an indication of the system behaviour. If simulation returns good results on a valid 
model the controller can be proved in experiment. Furthermore, simulation might help 
gaining knowledge of the forces influencing the system behaviour and how they are related. 

Although the mathematical correct and most compatible denotation of an angle is in radians 
this unit lacks the easy interpretation of the denotation in degrees. Therefore the graphs, PID 
parameters are presented in degrees. Calculations however were done in radians explaining 
why sometimes a parameter is in radians. 

3.1 A Rigid Body Model 

Lagrange Dynamics 

When considering the rising movement the body parts of main interest obviously are, the 
shank, the thigh, and the upper body (figure 3.1). To mathematically describe the 
movements of such a system a three Degree Of Freedom (DOF) model is derived through 
Lagrangian dynamics (Appendix li). The resulting equations are frequently found in literature 
when optimising the joint-angle trajectories for the sit to stand transfer [Bahrami, 21. The 
attained nonlinear system of equations is 

including an inertia matrix ( M ( q ) ) ,  a column describing the coriolis and centrifugal terms 

(C(q,e) ), and a column including the gravitational forces (b(q) _ ). The Degrees Of Freedom 

(DOFs) column is composed of the joint angles ( qT = [cpo c p k  < p h  ) while - Q is the column 
of 'generalised' external moments at the joints. 

_ 
_ _  

- 
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Reference Definition 

The body parts' angular position need to be defined within in a fixed reference to derive the 
Lagrangian dynamics. In experiments frequently found in literature the total knee-angle (K ) 
often is used to describe the shank position, the thigh is then strapped to a fixed surface: the 
total knee-angle then describes the absolute movement of the shank. When rising, however, 
the true inclination of the thigh depends on the ankle-angle too. Where the total knee-angle 
is denoted by K , the knee-angle between the thigh and the horizontal axis will be referred to 
by q k .  The ankle-angle and the hip-angle are 9 ~ and cpk , respectively. This reference 
system also facilitates simulation of movements with fixed body parts; a straight-up trunk for 
instance is denoted by q h  = 90 ["I (figure 3.1). 

I 

3.1 Planar Rigid 3-Body Model 

A 2-DOF model 

The antropometrical parameters used to 
describe the body (figure 3.1 & Appendix 
li) are: the shank length: l,, , the shank 
mass: m,, the ankle-joint to shank COM 
(Centre Of Mass) distance: ( f l , ,  and the 
shank moment of inertia: J,. Similar 
parameters are used for the thigh and 
upper body. The antropometrical 
parameters (moment of inertia, the joint to 
COM distance, and the mass) of the 
various body parts were calculated with 
regression equations taken from literature 
using the body length and mass as inputs 
[Ziatsorsky, 231. 

The derived 3-DOF model will be useful in future research when the trunk movement is 
incorporated in modelling. In experiments stimulating the muscles of the lower extremities 
many times the trunk is maintained in a fixed position [Veltink, 211. Likewise in the 
experimental set-up under consideration in this internship the trunk rotation is relatively small 
compared to the movements of the lower extremities. The experimental set-up including a 
balance and a counterweight (figure 3.2) was designed to relieve the load on the patient's 
muscles. By gradually decreasing the counterweight it can be used for training purposes 
also. The hip-joint rotation, being of little influence on the system dynamics, therefore was 
eliminated from the model. The upper body mass was modelled concentrated at the hip; the 
hip-joint to upper body COM distance ( lmub ) of equation 1 was set to zero. A 2-DOF model 
(figure 3.3) of the same structure as in equation 1 now is attained (Appendix li). 
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Figure 3.2 Rigid 2-Body Model and Balance Figure 3.3 Balance-Hip Linkage 

Balance - Hip Interaction 

Considering the dynamics involved in modelling the balance and its interaction with the 
subject various possibilities exist. The balance and the subject can either be modelled as a 
three body system (one chain) with an extra connective condition at the balance end of the 
chain (the balance point of rotation) or balance and subject can be considered separately 
linked by an interaction force. In the first case the condition would be that the point of 
rotation is fixed, connected to the surroundings (at Z,,ëx + hbëy). Using the Lagrange’s 
multiplicator method the system dynamics including the kinematic condition can be derived. 
Or the balance dynamics can be derived separately requiring also the subject - balance 
interaction to be modelled. The interaction forces are then calculated to joint-torques using 
the principle of Virtual Work and d’Alembert. This second option was chosen since it is closer 
to the true system. Furthermore, by adjusting some parameters also independent and 
straight-up rising of a subject can be simulated which is not possible when the three bodies 
are considered as being linked. 

Visco-Elastic Link 

A nonlinear visco-elastic link is considered to model the seat hip interaction force. The 
interaction force applied to the balance at the seat and to the two-body model at the hip-joint 
is divided in a vertical and a horizontal part. The horizontal part can be regarded as a 
corrective force to maintain the hip above the balance seat. The vertical part helps the 
subject when rising but can possibly decrease to zero when the subject rises quickly; 
therefore a maximal spring length is introduced ( I ,  = 0.05 [m] ). The force at the kip is 

as a function of the seat and hip position- and velocity-vectors. The visco-elastic parameters 
were chosen such that a ‘certain’ subject JB seated on a fixed balance would not cause 
more than a decrement of 0.03 [m] of the link and no more than 0.5 [SI were needed to 
attain the final position. 
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3.2 Loop Contents 

- 

The closed loop system (the controller, stimulator, muscle, and the shank-foot complex) and 
their dynamics will be considered. 

Dynamics 

The Closed Loop 

The gr=idii=iiinn thesis which fnrms fh9 h2cis Gf this ir?ter!?ship research used 2 feedback loap 
consisting of a PID-controller, and an electrical stimulator for generating the electrical pulses 
to the RF muscle. The goal was to control the position of the shank-foot-complex of a seated 
subject with a free moving shank by a pre-defined trajectory and in a master-slave 
configuration using the elbow-angle as a reference. The master-slave configuration might be 
a future application of a controller for the rising of paraplegics using a walking frame since 
the knee- and elbow-angle-trajectory show a very high correlation during this movement 
[Ferrarin, 1 O]. The shank-foot-complex position was defined by the total knee-angle: the 
angle in between the shank- and the thigh-bone at the knee. The PID control parameters 
were derived using the Ziegler-Nichols formulas. 

The reference angle is denoted by K y , the knee-angle by K and the difference between 
them (the error signal) by E , the controller calculates the necessary pulse width ( P W ) .  The 
muscle stimulus (S), coming from the stimulator, then consists of pulses in trains of a 
certain frequency, duration (pulse width), and amplitude. The pulses are applied to the 
muscle which reacts by introducing a torque at the knee-joint ( rf). The muscle torque then 
is diminished by other external forces like joint damping ultimately leaving the knee torque 
(T , )  to cause the knee-angle (K ) to change (figure 2.1). 

GS 

l -  
Figure 2.1 The Closed Loop System 

Note that the knee-angle is fed back directly implying the assumption of an exact 
measurement. 

The PID-Controller 

In the mentioned thesis research the control parameters were derived by applying the 
Ziegler-Nichols rules: A step function was introduced to a closed loop only using a 
proportional control action. In an iterative procedure the first value of P causing the system 
response, to a step-function, to be an oscillation, was established. This value of P starting 
the oscillation was denoted by &, the period of the corresponding oscillation by Tim [D’ 
Acquisto, I]. The PID control parameters were then calculated according to [Ferrarin, 81: 
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P 
0.5*qim 

I =  

stimulus intensity * 

pulse width range 

D = O. 125 * P . Ti, 

And used in the PID-controller transfer function. The time domain relationship between error 
and pulse width is 

f 

The Stimulator 

The stimulator is the provider of the FES-pulses. Its transfer is assumed to be one for the 
pulse width and to have a constant gain (G,) for the stimulus current. Meaning the stimulator 
can seemingly instant produce any pulse width defined by the controller. Investigation using 
an oscilloscope showed these assumptions to be very reasonable. The stimulator output 
thus consists of pulses of a certain duration (calculated by the controller) and a certain 
amplitude defined by the stimulator gain. Remember figure 1.6 showing the sub- or 
supraliminality of a stimulus to depend on both its duration and amplitude. Since the 
generation and conduction of a contraction stimulus over the muscle fibre membrane 
resembles these in nerve fibres a more forceful contraction with equal pulse width can be 
attained if the stimulator gain is increased. The stimulator gain can be set by a potentiometer 
on the stimulator. The time-domain stimulus function therefore is denoted by; 

S ( t )  = G, . PW(t)  (4). 

The stimulator used in experiments was developed by the University of Strathclyde, 
Glasgow. It can perform stimulations within the tabled ranges [Philips, 191. The pulse width is 
changed by a number of procedures in Pascal language. 

Stimulator Characteristics 
stimulation freauencv I 20 - 50 rHz1 

< 150 [&AI 
O - 500 [ PSI 

normally O0 [ -Hz] 
pulse shape I monophasic, rectangular 
Table 2.1 Characteristics of the University of Strathclyde Stimulator 

The stimulator truncates the stimulation pulse width in two ways. Naturally, stimulation of a 
negative pulse width cannot be applied although, from a control perspective, this sometimes 
might be useful. In a human being, in vivo, this would mean stimulation of the antagonist 
muscle. Secondly, the pulse width upper limit is 500 [ps]. Both truncations are incorporated 
in the simulation routine. 
The stimulation frequency is defined by the inter-pulse width-interval ( R I )  which can be set 
to a certain number of times the interrupt interrupt period (normally 
T n í  errup = 1 / fintermp* = 10 [ms]).  If IPI = then the stimulation frequency can be derived by 

i 
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A small error is made here since the time in between the beginning of two pulses should 
include the pulse duration also. However, even in the case of the smallest stimulation period, 
the maximum pulse width is not more than a fortieth of the total period. The pulse width is 
therefore neglected when determining the stimulation frequency, as is common use when 
electrically stimulating muscles [Wilhere, 221. 

The Muscle Dynamics 

Since the objective is to attain a sit io stand movement using the knee extensor muscle (RF) 
a mathematical description of the knee-torque activation aynamics as a fulidioii of the 
stimulus is needed. The following first order model was taken from the literature [Ferrarin, 61: 

The average value of 7, of the five healthy subjects stimulated by a sudden, step-shaped, 
pulse train was found to be 0.4 [SI. The muscle gain used in this experiment showed to 
depend on the stimulation frequency also. An increase in muscle gain of, roughly, a factor 
two can be achieved by increasing the stimulation frequency from 20 [Hz] - 50 [Hz] (figure 
1 .I 1). Alas, the values of the experiment cannot be transferred to into (6). In their article the 
experimenters have regarded the muscle gain as being the direct transfer between the 
stimulus pulse width and the knee-torque, using some initial procedure to set the stimulator 
gain parameter (G,).but not determining its value. 

General Knee-Joint Dynamics 

A variety of literature can be found on the dynamic equations describing the knee-angle due 
to muscle induced torque [Ferrarin, 8, Franken, 1 I ] .  The following equation, for instance, 
was used for deriving a dynamic model of the RF muscle in a pendulum test like experiment 
[Ferrarin, 91: 

Here J is the inertial moment of the load around the transversal axis of the knee, B is the 
knee-joint damping parameter and K~ ia the final total knee angle: final angle obtained from 
a pendulum test [Ferrarin, 91. The pendulum test is a very frequently performed experiment 
for finding the values of knee-joint parameters (damping, elasticity) through free movement 
of the shank and registrating the total knee-angle whiie the subject lays supine. 
Consequently, h and E are the elastic parameters in the considered angle range 
(K ~ [ 7 0  ["],i60 ["I]), which excludes full knee extension. The sine term includes the 
gravitational forces ( K , ~  is the angle between the shank and the vertical axis starting at the 
knee). Rewriting (7) to where it has inertia and gravitational terms on one side and external 
torques on the other the following formula is attained 

JK +mgZsin(ic,yv)=T~ -BK -3Le?(~ - K ~ )  (8). 

Still according to the closed loop of figure 2.1 this model (7 & 8) describes the shank-foot 
dynamics. In order to attain a mathematical description of the entire lower extremities' 
dynamics the shank-foot dynamics (inertia and gravitational terms) will be substituted by the 
derived Lagrangian dynamics neglecting knee-elasticitly (note that K =va + q k  , figure 3.2), 
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The value of the joint damping parameter was  found to be relatively constant in experiments 
on eight healthy and  paraplegic subjects (the second number being the standard deviation): 
B =5.6-10-3 k 0.42*10-3 [NWZS /"l. 

Knee-Joint Elasticity 

Due to angle range considered in the pendulum test the moment inauced by Knee-jukt 
elasticity shows to be relatively small compared to the moments involved in the rising 
movement. Even when performing a pendulum test experimenters often discard knee-joint 
elasticity since it is small [Franken, 1 I]. When considering a sit-to-stand transfer external 
moments a r e  even larger justifying the neglectance of the elasticity terms. However, when 
identifying parameters in a n  experiment like the pendulum test  the experimenters also tend 
to eliminate nonlinear knee elasticity near full extension even when it is incorporated in the 
initial structure of the  model; simply because it is not of much influence in such a test 
[Franken, 1 I]. It would have been interesting to incorporate knee-locking elasticity in the  2- 
DOF model since the sit-to-stand movement does  includes full knee extension. Due to this 
difference in s c o p e  no parameters for knee-joint locking were found. The knee-angle 
deceleration when approaching extension is therefore modelled in a simplified manner by 
maintaining the extended angle as soon as full extension is reached. 

3.3 Simulation Routine 

Simulations were done  in the 4.0 version of MATLAB for Windows. The 'm-file' (MATLAB 
routine) tbfessim-m is added to Appendix I l l .  Generally in simulations the differential 
equations describing a system are transformed into difference equations allowing integration 
of the system state  variables over small, discrete, periods of time. A fourth order Runge- 
Kutta integration method w a s  used [Van den Bosch, 51. 

State Description 

In order to facilitate the  actuai integration and to have an easily readable routine a (7 
dimensional) s ta te  vector is introduced including the variables to be integrated: 
sT = b' - gT T~ , here - qT = ba i p k  q h ] .  The balance angle ( q h )  is included in the  
DOFs column in order to incorporate the balance-hip interaction in simulation. The 
differential equation to be integrated is then given by g ( t )  = x (g ( t ) , g ( t ) )  with 
g ( t )  I- = [PW(t) Fhx ( t )  Fhy ( t )  , being the column with external inputs. 

g =  
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Virtual Work 

As was mentioned when presenting the Lagrangian dynamics the column - Q consisted of the 
‘generalised’ moments at the considered DOFs. The generalised moments includes the 
torques at the joints but also moments generated by external forces. The influence of 
external forces now is included in the column by the Principle of Virtual Work and d’Alembert 
[Van Campen, 61. The principle states that a small variation in the DOFs, due to the external 
forces, causes c. prnpnrtionally small variations in work applied to the system. 

When incorporating the seat-hip interaction force this means, 

-I, sin(cp .)ëX + I ,  cos(cp .)ëy 

I ,  sin(y )ëx + I ,  cos(cp k )ëy 

Adding the torques at the joints the generalised momentum column becomes 

Note no external torque at the ankle-joint is modelled, only the influence of the force at the 
hip, attaining a situation as in a true paraplegic when just stimulating the knee-joint muscles. 
However, neither joint elasticity mor damping are rnode!!ed at the ankle which probably will 
exist in a true patient. 

Before actual muscle stimulation begins the subjects are at rest, sitting on one end of the 
balance. The constraints to the model movement at the initial angle are incorporated in 
simulation. 
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Chapter 4 

Results 

Both the Ziegler-Nichols derivation of control parameters as well as iterative tuning will be 
done. The results will be compared and possibilities for tracking optimisatbr! wi!l be 
regarded. 

4. I Experiments 

Data Acquisition 

The total knee-angle was detected using an electrogoniometer interfaced to a PC with a 12 
bits AID converter working at 2 [kHz] installed on a IBM-compatible board. A routine was 
written in Pascal language to executing the control law and some data acquisition 
procedures. One set of goniometers was used measuring the total knee-angle of the left and 
right leg. The control action was then calculated for each leg separately using the same 
reference trajectory however. The right leg data was saved for representation. As 
mentioned, experiments were conducted on a certain subject JB. Three blocks of 
counterweight were used ( m ,  = 18 [kg] ) .  Then the smallest stimulator gain causing an 
elevation at a pulse width of PW = 150 [ps] was found to be G, = 73 [mA] (averaging the 
left and right leg gain). Neglecting the angle accelerations since elevation was only small and 
calculating the static equilibrium forces in this configuration ( c p  = O ["I and cp a = 90 ["I)  the 

RF muscle gain consequently was G, = 3.9.1 Oe3 [Nm / d] . 

Ziegler-Nichols Procedure 

Holding the leg configuration as in the previous paragraph a step function (final reference 
angle K r f  = 140 ["I)  in the reference trajectory was introduced to the proportional controlled 

system. The firsi vaiue of P causing ar; oscillative response was found to be qim = 6 [us /"I 
and the corresponding period Tim w 3 [s]. 

total knee-angle &-reference error signal 

epsilon ["I 

120 
20 

100 ; 
O 5 10 5 10 

80 

time [SI 
pulse width 

pw rw1 4im = 6 [ C " / O l  l!id 1 O0 O O 5 10 

time [SI 

Figure 4.1 Oscillating Step Response 

According to (2) the PID parameters 
consequently are 
P = 3.6 [ p ~  /"I 
I = 2.4 [JU /"  S] (16). 
D = 1.4 [JU-s /"I  
These parameters were then used to 
control the subject's rising movement from 
initial postion < p a o  = 80 ["I , K o = 80 ["I , 
guided by smooth total knee-angle 
reference trajectory inspired by those 
found in literature [Bahrami, 21. The 
parameters did not return the desired 
tracking behaviour however. 
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Figure 4.2. Trajectory Controlled Rishg 
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Figure 4.3 Reaching an Upright Posture 

Even incrementation of the parameters did not have the subject reach an upright position at 
first. Only when largely increasing the control parameters, especially the proportional and 
derivative action the trajectory controlled standing up was achieved (figure 4.3). 

Note from figure 4.3 that although the error only becomes zero at the very end of the 
trajectory and therefore the I-action should be active whenever the final reference is 
approached, the pulse width is zero near the reference angle. The integrative part is of little 
contribution to the controller action and, what is more, unnecessary since no muscle induced 
knee torque is necessary when the knees have locked. From a 'conventional' control theory 
the tracking behaviour might be considered as quite pover. It needs to be realised however a 
biological system is considered here: The actuators (the muscles) have a fairly large time 
constant furthermore, not to large a angular velocity should be induced since no antagonist 
action can be applied to decelerate the system. 

4.2 Confronting Simulations & Experiment 

Ziegler-Nichsls Analytically 

To arrive at a situation comparable to the experiment and to be able to analyse the system, 
the derived equations are linearised around the configuration in which the Ziegler-Nichols 
parameters were derived experimentally: The system is linearised at the sitting posture 

( c p  
angle is considered in this theoretical analysis. For the time dependent system behaviour the 
2-DOF model is integrated over the entire sit-to-stand trajectory. 
Using the antropometrical data of subject JB the proportional parameter starting oscillation 
can be attained analytically when considering the system transfer function in the Laplace 
domain. The 's -domain' transfer function is attained by dividing the 'straight-line' transfer: the 
transfer between the output ( q k )  and the tracking error (E ), by one plus the loop transfer: 
the transfer between the measured output ( cp , , )  and the tracking error. Since the system 
output is fed back directly (it is assumed to equal the measured output), here, the total 
system transfer becomes 

N 80 [ O],K o N 80 [ "1 -+ cp N O ["I):  only movement of the knee-joint around the mentioned 
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Substituting only a proportional control action and linearising the system dynamics around 
< p a  O and cp N O a third order loop transfer function is found 

PGSG, H(s)  = 
z rjzc1s3 + (cl + Bz ,)s2 + Bs (19). 

The gravitational forces working on the thigh and hip are now modelled as a constant 
disturbance entering the system right after the muscle dynamics block. The total transfer 
then is (figure 4.4) 

l + T , S  
(Pkr  - c2 g 

clz ms3 + (c, + BT n z ) ~ 2  + Bs + PG,yG,, 
- - PGSG, 

c1~,s3 + (cl + BT.,)s~ + Bs+ PG,G, 
(20). 

With the constants being 

1 1 4 c2 = m,l,, + -mublt - --mWlb2 - 
2 2 l b  i 

When analysing a transfer function, normally, oscillations occur when the dominant system 
pole becomes complex. 

Fibwe 4.4 Linearised Closed Loop 

However, the external forces working on the system suppress oscillation until the first term of 
equation 20 becomes larger than the second. Figure 4.5 shows the complex plane with the 
rootloci of the third order system for increasing values of the proportional control action and 
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the relative size of both terms of equation 20 as a function of the dominant pole for that P 
The oscillation period is found by taking the imaginary part of the dominant pole. 

0.6 
4 4.5 5 5.5 6 6.5 7 7.5 8 

p [Psi01 

Figure 4.5 Poles and Size of Transfers 

The analysis shows to be in good 
accordance with the true system. The first 
term of equation 20 becomes larger than 
the second when P approaches six. The 
following value is defined for the 
corresponding oscillation period 

p(  P = pii,,, = 6) = h k Cui = 0.996 1 rt 2.8640i 

27c 
~ 0 = 2 7 ~ f  + T = l / f = -  

Cu 
27L 

2.8640 
+ T =-- - 2.2 [SI lim 

Probably due to the little knee-joint damping that has been modelled this value is quite 
smaller than the period that was established from the experimental oscillation. Regarding the 
previous experiments and experiences a set of control parameters tuned in simulation was 
also derived (figure 4.6) 

total knee-angle & -reference 
200, , 400, 

ml 1 I 2ool 

controller pulsewidth 

20 il A P = G[ps/O] 

D = 4 [ p s d O ]  
-20 

O 5 10 
time [s] 

Figure 4.6 Optimised PID Parameters 

In order to decrease the velocity at which 
the knee-joint locks the proportional 
parameter is now a function of the total 
knee-angle decreasing to zero when the 
knee extension is arrived at. Due to this 
decreasing parameter value and the 
integrative-action being zero (the error 
signal is diminishing) the pulse width 
reaches a small value relatively quick, 
allowing the system to decelerate. 

4.3 Stability Analysis 

Unstable Point 

Using the linearised system of equation 20 the stability is considered for small knee-angles. 
When controlling a system with a closed loop the output value is fed back and subtracted 
from the input to update the error for a new corrective action. The output signal of the 

frequency for which the system loop transfer equals minus one ( H ( o )  = -1) is thus added 
to the input signal. This is no threat to the system stability when the input signa! is of 
decreasing amplitude. However, if the signal itself increases in time it will continuously 
amplify itself causing the system to become unstable. To analyse the system stability a polar 
plot is drawn. 

O 
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The upper two plots of figure 4.7 give an overview of the loop transfer in the (angular) 
frequency range o 
points of interest (frequency range o ~ [ l  [rad / SI, 10 [rad i SI]). The polar plots on the left 
belong to the Ziegler-Nichols closed loop, on the right are those of the tuned system. To 
attain a stable transfer the polar plot, going from frequency zero to infinity, needs to have 
minus one on its left. (For large frequencies the loop transfer approaches zero). In that case 
the loop transfer only equals minus one for decreasing signals. Figure 4.7 shows only the 
optimised system does so. 

Nyquist Criterion 

However stability is guaranteed by the 
Nyquist criterion, which actually is mere a 
'rule of the thumb', when the polar plot 
also passes minus one at a reasonable 
distance. In the Nyquist criterion this 
reasonable distance is quantified as: 

[radís],103 [radls]] whereas the lower zoom in on the (marked) 

Ziecler-Nichols Pameters Tuned Parameters 

1 1 

18 18 

2 2 

1 1 

18 i a  

- the amplitude margin (the distance 2 2 

between minus one and the point of 
intersection of the loop transfer and the 
negative real axis) needs to be at least Figure 4.7 Polar Plots of Loop Transfer 
0.45 [-I 

- the phase margin (the difference between the negative real axis and the phase angle at 

IH(o)l= 1) needs to be at least 45 ["I. O 

According to the Nyquist criterion both systems are instable. Especially the system controlled 
by the Ziegler-Nichols parameters is dangerously close to instability. The fact that we are 
only considering small knee-angles in the linearised system only adds to this conclusion 
since for larger knee-angles the influences of gravitational forces, suppressing the system's 
movements, only decreases. When tuning the control parameters the stability can be taken 
into consideration. By increasing the D-parameter the polar plot will turn in positive angular 
direction for large frequencies. Increasing the D-action might stabilise the tuned system, 
however time domain simulation showed that the knee-locking is attained with a fairly large 
knee-angle velocity already. 

Recuperation 

Do the preceding findings come as a surprise or was it ,somehow, expectable that the 
Ziegler-Nichols rules would not return the desired tracking behaviour? First off it needs to be 
remarked that the Ziegler-Nichols rules, are 'rules of the thumb' and therefore do not 
guarantee success. Secondly, the system parameters piirn and Tim were attained in 
experiment thus are subject to experimental uncertainties: measurement noise, system 
noise and other disturbances. However, more structurally it can be said that the derivative 
(D-) action related to the P- & I-parameter derived from the experimental session is relatively 
small compared to how the derivative action relates to the other two of the PID-parameters 
when no gravitational forces are considered. This becomes noticeable in the polar diagram 
of the loop transfer (figure 4.7) still being relatively close to the point of instability. Since the 
D-action turns the loop-transfer over a positive phase-angle a relatively small derivative 
action does not succeed in turning the loop transfer sufficiently far over the point of 
instability. The non-linearity of the system under consideration can, at least partly, be held 
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responsible for this. When establishing the value of Tim in the iterative procedure the subject 
starts to oscillate as soon as the proportional action becomes large enough. Due to the 
rising, in the first part of the oscillative period, the momentum of the thigh and upper-body 
gravitational forces around the knee-joint decreases therefore the RF force finds it has to 
carry a littler weight resulting in a larger average knee-angle in the second half of the 
oscillation period, but also in a smaller period itself. Since the Ziegler-Nichols D-action is 
attained through a multiplication of the oscillation period the derivative action becomes 
relatively small. 

4.4 Perspective 

Application of FES 

Control of rising as such has not been studied extensively in the past score years, as is 
remarked by researchers in the field [Heinze, 161. Focus has been primarily on controlling 
the force of electrically stimulated muscles. When researching body movement control 
posture control and control of ‘leg swing’ or gait were the main areas of application. 
Modelling the rising movement typically involves nonlinear dynamic equations and a larger 
control action. Recently scope has shifted to FES-supported rising since gait is not possible 
without rising first. Generally two sorts of controllers, with respect to the phenomena 
triggering a control action, exist in control theory: continuous and discrete event controllers 
[Van den Bosch, 51. Both are applied by the various research groups involved in the RAFT 
programme [Ferrarin, 8, Heinze, 16, Bahrami, 31. 

Robust Discrete Events 

Considering discrete event controllers first, those controllers are programmed to react 
differently in the various phases of the rising movement (forward momentum generation, 
seat unloading, ascending, etcetera). The transition from one phase to the other is described 
by the discrete event introducing the difficulty when designing such a controller. Those 
discrete events need to be formulated that will always exist in a rising movement. Since the 
ultimate objective needs to be the restoration of a standing-up regardless the initial or final 
position of the paraplegic patient, the question can be raised whether it is sensible, when 
trying to design a controller robust to state or even parameter uncertainty, to try to define the 
discrete events of highest occurrence probability. When incorporating robustness probably 
as little information as possible should be included. 

Model-Based Control 

Turning to continuous controllers clearly very little information is incorporated in a PID- 
controller which is frequently encountered in FES movement restoration applications. Apart 
from a precalculated joint angle trajectory no characteristics of the controlled system are 
included in the controller. Judging from the simulations and experiments however this might 
be a disadvantage. The control parameters in the considered closed loop will have to be 
tuned for each new trajectory or subject. Therefore, including in the controller information on 
the controlled subject (the patient’s mass and length) would probably yield a better controller 
performance. A Computed Torque Controller (CTC) has shown to be a model-based 
controller with a significantly better tracking behaviour than a PID-controller when simulating 
the rising movement [Baharmi, 31. 

Optimal Control 
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Similar to a PID-controller a CTC defines the control action by relating to a reference 
trajectory. Establishing the optimal reference trajectory for a 3-DOF biomechanical model 
using a mathematical optimisation criterion has returned joint angle trajectories very similar 
to ones found in vivo - “...it seems probable that the central nervous system applies a 
combination of minimum torque change and minimum joint torque strategy during the 
process of rising from a seated position.” [Bahrami, 21. It needs to be remarked though that 
no muscle dynamics were used in this study. However, it would be interesting to see whether 
a controller equipped with the same criteria but in direct controi (without using a reference 
trajectory) would return comparable results. Would it, for instance, initiate a rising movement 
by the rotating the trunk forward as human beings normally do. 
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Chapter 5 

Concluding 

5.1 Conclusions 

PI D-Control 

Application of a PID-controller for electrical stimulation of the RF muscle having a person 
make a sit to stand transfer is possible. In the experimental set-up under consideration 
(including a balance for application of a counterweight) the Ziegler-Nichols rules for 
determining the control parameters do not satisfy. Better results are obtained when 
increasing the proportional and derivative control action. For a sit to stand transfer an 
integrative action is not necessary since the knee-joint locks in a upright position. These 
changes in control parameters are also desirable from a system stability perspective. In 
simulation the smoothest transition to full knee extension is attained when diminishing the 
proportional control action, reaching zero when the knee-joint angle nears its maximum. Due 
to a fairly large knee-joint damping in a true subject this does not seem necessary in 
experiment. 

Optimal Control 

Regarding the pover system stability, the disadvantage of the optimised PID control 
parameters depending on the reference trajectory and the subject’s antropometrical 
parameters, and to progress towards an optimal controller it seems advisable to consider the 
application of a model-based (computed torque) controller instead of a PID-controller. 

5.2 Reco m men dat i o ns 

Controller 

The main disadvantage of the PID-controlled system is the need for renewed tuning 
whenever a new patient is treated. Therefore incorporating some of the subjects 
antropometrical data seems the foremost adjustment to the controlled system at this point. A 
model-based controller calculates the necessary knee-torque using the current system state 
and a reference trajectory as its inputs. Since only the total knee-angle of the subject is 
measured in experiment more information on the system state needs to be attained by either 
including more sensors (which is currently being carried out), or incorporating a state 
estimation algorithm. 

Muscle 

The muscle activation dynamics, especially its time constant, deserves some attention. Quite 
a large difference exists in the time constants for muscle recruitment found in literature, even 
within the RAFT programme. Where the one derives a time constant of ‘I: »I = 0.4 [s] 
[Ferrarin, 81, others work with values in the range 30 - 90 [ms] [Franken, 121. Furthermore a 
mathematical relation between the muscle gain, the stimulator gain, the stimulation 
frequency, the stimulation pulse width, and time since initial stimulation (fatigue) would be 
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extremely useful when improving the biomechanical model of the lower extremities. In this 
internship the stimulator gain was assumed to be constant just as the muscle gain was 
considered to be constant at the stimulation frequency. No muscle fatigue parameters were 
incorporated since the phenomenon was relatively small in the single trials that were 
performed. 
Since a burst in the RF induced torque is needed now no gradual controlled rising movement 
is possible. If the objective is to shift from on/off-control to a truly controlled gradual rising 
movement more muscles will probably need to be included in stimulation; the GM muscle for 
decelerating the body or when stimulating a subject in a stand to sit transfer (the reverse 
movement), and the trunk flexor and extensor muscles for facilitating the rising movement.. 

Model 

Although the derived 2-DOF model describes the rising movement fairly well a lot of 
improvements can be added. Most important knee-joint locking should be modelled. In 
literature it was suggested to do so using a nonlinear (exponential) elasticity term; 
parameters were not derived however [Franken, 1 I]. A more accurate value for the knee- 
joint damping parameter should be attained. Clearly joint damping in a knee-joint carrying 
the body weight is much larger than in a pendulum test. A similar remark can be made with 
respect to the ankle-joint. Finally, if a more valid biomechanical model is to be attained, 
expansion to a 3-DOF model deserves consideration. 
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Appendix I I  

Derivation of Dynamical Equations 

The three-rigid-body system's dynamical equations are derived using Lagrangain dynamics. 
Lagrange describes a system from the perspective of its total energy. The change in total 
energy is equal to the work of the external forces on the system. i h e  dynamical equations 
are given by: 

where T,q is the column of total kinetic energy derived to each of the DOF velocities. 
Initially deriving the dynamics of the three-body system the DOF column includes the three 
joint-angles (qT  = [ cp ,  c p k  c p h  I). The variable 
while Q is thecolumn with generalised external forces, the applied joint torques in this case. 
The derivation starts with the bodies' COM position vectors: 

- 

is the potential energy of the system 

The COM velocities subsequently are 

The shank, thigh, and upper body kinetic energy are defined by 

where J, ,  J , ,  and Ju, are the body parts' inertial moments in the considered plane around 
their respective COMs. The total kinetic energy equals T = T, + + T,, , similarly, the total 
potential energy is V=V,+Vt+Vub. 

vs =msg(ha  + lms sin(<pa) 

V = mtg(h + 1 s in(qa)  + lmt sin(cpk)) 

V = -m g(h + ls sin(<pa) + 1, sin(cpk) + lmub sin(cph)) 

t a s  

ub 2 ub a 
1 
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The dynamic equation are then derived according to 

dT 

a@ a 
dT 

= Q  - 

Following the above formulas the system of three dynamic equations is attained, 

= 

Having derived the three-body system dynamics it is now adjusted to the attain the two DOF 
model. Since the upper body mass is modelled as a point concentrated at the hip the upper 
body length and the upper body @OM distance are set to zero. Further the rotational 
moment of inertia of a point is zero also. Deleting the hip angle from the DOFs column 
(qT  - = [ c p ,  c p , ] )  the two-body system matrices become 
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Appendix 111 

Abbreviations & Symbols 

Ab b reviaais ns 

COM 
COMs 
CTC 
CNS 
DOF 
DOFs 
EMG 
FES 
GM 
PNS 
RAFT 

RF 
SCI 

Symbols 

Centre Of Mass 
Centres Of Mass 
Computed Torque Control 
Central Nervous System 
Degree Of Freedom 
Degrees Of Freedom 
Electro-M yo-Gram 
Functional Electrical Stimulation 
Gluteus Maximus muscle (trunk extensor) 
Peripheral Nervous System 
Restoration of muscle Activity through FES and 
Associated Technologies 
Rector Femoris muscle (knee extensor) 
Spinal Cord injury 

seat - hip interaction damping 
knee-joint damping 
system column of centrifugal and coriolis terms 

ankle-angle 

balance-angle 

hip-angle 

knee-angle 
system column of gravitational forces 
RF muscle gain 
stimulator gain 
ankle height 
balance point of rotation height 

shank inertial moment 

thigh inertial moment 

upper body inertial moment 
balance - hip interaction stiffness 
maximal length seat - hip link 
balance seat - point of rotation distance 
balance counter weight - point of rotation distance 
balance - ankle distance 
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ankle - shank COM distance 
knee - thigh COM distance 
hip - upper body COM distance 
shank length 
thigh length 
shank mass 
thigh mass 
uppel budy macs 
counter weight macs 
system inertial matrix 
pulse width 
system DOFs column 

column of external joint torques 
stimulator stimulus 
ankle-torque 
hip-torque 
knee-torque 
RF induced knee-torque 

RF muscle time constant 
system column of external inputs 
system state column 
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Appendix IV 

Sim u I at ion Rout i nes 

Two-Body FES Simulation 

clear 

global Is lms ms Js It lmt mt Jt mub lbl Gs B.. 
lb2 mw Jb b k Gm g ha hb Tm 10 lba kl k2 

P=6 ; 
I=O ; 
D=4 ; 

fs=33; % [Hz] , stimulation frequency 
tf=5; %[SI, final simulation time 

% - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

% reference parameters 
% - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

tb=i; % [SI , begin rising 
te=4; % [SI , end rising 

kappar0=80*pi/180; %[O], initial total knee-angle reference 
kapparf=i80*pi/180; %[O], final total knee-angle reference 

fia0=80*pi/180; %[O], initial ankle-angle 

B=.32; % [Nm.s/rad] , knee-joint damping 
Gs=140; % [mA] , stimulator gain 
Gm=2e-3 ; % [Nm/nJ] , muscle gain 
Tm= -4; % [SI muscle time constant 

g=9.81; % [m/sA2] , you'll know.. . 

b=2500; %[Ns/m] vertical seat damping 
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k=25000; %[N/m] vertical seat stiffness 

io=. 05; % [m] , interaction spring rest length 

1=1.76; % [m] , body length 
m=66; % [kg] , body mass 
lt=.41; % [m], thigh length 
ls=.39; % [m] , shank length 
ha=. 08; % [m] , height ankle- joint 
mw=24; %[kg] , balance counterweight 
hb= .53 ; % [m] , balance height 
lbi=i.i4; %[ml, balance 'subject-side' length 
lb2=1.80; %[ml, balance 'weight-side' length 

kappaO=kapparO; %[O], initial total knee-angle 

T=le-3; %[SI, integration time step 
Ts=i/fs; %[SI, stimulation period 
t= [o:~:tfl ; % [SI, simulation time vector 

lmt=.545*lt; %[m], thigh centre of mass distance 
lms=.595*ls; %[m], shank centre of mass distance 
mub=.603*m; %[kg], upper body mass 
mt=.142*m; %[kg], thigh mass 
ms=. 0433*m; % [kg] , shank mass 
Jt=-.396+.003202*m+.1924*1; %[kgmA21, thigh intertial moment 
Js=-.115+.0004594*m+.06815*1; %[kgmA21, shank inertial moment 
Jb= (1/4) *mw*lb2*2 ; % [kgmA2] , balance inertial moment 

fikO=kappaO-fiaO; %[O], initial knee-angle 

fibO=asin( (ha+ls*sin(fiaO) +lt*sin(fikO) -10-hb) /lbl) ; %, [O] initial balance 
angle 
lba=lbl*cos (fib01 +ls*cos (fiaO) -lt*cos (fik01 ; %, [m] balance - ankle 
distance 

% - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

% initial simulation values 
% - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

kappa (i) =kappa0 ; 
kappar (i) =kapparO; 
epsilon ( 1 ) =kappar0 - kappa0 ; 
integral (i) =O ; 
PW (i) =o; 
f iad0=0 ; 
f ikd0=0 ; 
f ibd0=0 ; 
TrfO=O; 
TrfdO=O ; 
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qo= [fiaû; fik0; fib01 ; 
qdO= [fiadO; fikd0; fibd01 ; 
qdd0=[0; O; 01; 

x(1:7,1:2)=[qO; qdO; TrfOl*ones(l,2) ; 
xd (1 : 7,l: 2) = [qdO; qdd0; TrfdOl *ones (1,2) ; 

% - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

% simulation loop 

controller=l; 
loopcount=l; 

for n=2: (tf/T) +1 

loopcount=loopcount+l; 
n 

% - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

% reference & other angles calculation 
% - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

if (n*T) <tb 

elseif (n*T) >te 

else 

tb))); 

kappar (n) =kappar0 ; 

kappar (n) =kapparf; 

kappar (n) =kapparO+ (kapparf -kapparO) * ( 1 / 2 )  * (1-cos ( ( (T*n) -tb) *pi/ (te- 

end 

epsilon(n) = (fikr (n) -x(2,n) ) ; 
integral (n) =integral (n-1) + (epsilon(n-1) +epsilon(n) ) * ( T / 2 )  ; 
derivative (n) = (epsilon (n) -epsilon (n-1) ) /T; 

%Pfik(n)=P*(1/2)*(i-~os(pi+( (~(2,n)-fikrO)*pi/(fikrf-fikrO)))); 
Pf ik (n) =P; 

if (loopcount==round(l/ (T*fs) ) ) 
PW (n) =controller* ( (Pfik (n) *180/pi) "epsilon (n) +. . . 

loopcount=O; 

PW(n)=PW(n-ï) ; 

(1*18O/pi) *integral (n) + (D*i80/pi) *derivative (n) ) ; 

else 

end 
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if PW (n) < O  
PW(n) =O; 

elseif PW (n) > 5 0 0  
PW (n) =500  ; 

end 

[xii, Fvl, Fhl] =rbmodel (x (1 : 7, n) , xd (1 : 7, n) , PW (n) ) ; 
[xi2,Fv2,Fh2]=rbmodel(x(l:7,n)+xil* (T/2) ,xil,PW(n)) ; 
[xi3, Fv3, Fh3] =rbmodel (x (1 : 7, n) +xi2* (T/2) , xi2, PW (n) ) ; 
[xi4, Fv4, Fh4] =Kbmodel (x (1 : 7, n) +xi3* (T/2) ,xi3, PW (n) ) ; 

xd(l:7,n) = (1/6) * (xi1+2*xi2+2*xi3+xi4) ; 

if (xd(6,n) C O )  & (x(3,n) c=fibO) & ((n*T)c (tb+l)) 
xd(3,n)=O; 
xd(6,n) =O; 

end 

if (x (2, n) >= (1/2) *pi) 
xd (4 : 5, n) =zeros (2,1) ; 
controller=O; 

end 

x (1 : 7 , n+l) =x (1 : 7 ,n) + (T*xd (1 : 7 ,n) ) ; 
xd(l:7,n+l) =xd(l:7,n) ; 

Fv(n) = (1/6) * (Fv1+2*Fv2+2*Fv3+Fv4) ; 
Fh(n) = (1/6) * (Fh1+2*Fh2+2*Fh3+Fh4) ; 

end 

ne=size(t,2) ; 

figure (1) 
C U  
subplot(22l),plot(t,kappar*18O/Pi, 'w.--' ,t,kappa*180/pi,'w-'),. 

title(Itota1 knee-angle & -reference'),... 
ylabel('kappa:- & kappar:-- [ " I  I )  

title('contro1ler pulsewidth'), . . .  
xlabel ( time [SI ' , . . . 
ylabel ( PW [PSI 

title ( 'error signal' ) , . . . 
xlabel ( time [SI , . . . 
ylabel ('epsilon [O] ' ) 

subplot(222),pl0t(t,PW,'w-'), . . .  

subplot (223) ,plot(t,epsilon*180/pi, Iw-'1, . . . 

. .  

figure (2) 
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clg 
subplot(221) ,plot(t,x(2,1:ne)*18O/pi, 'w-', 

t,x(l,l:ne)*180/pi,'w-.'), . .. 
title('knee-angle & ankle-angle') , . 
ylabel('fik:- & fia:-. ["I ' 1  

subplot(222) ,plot(t,xd(5,1:ne)*l8O/pi, 'w-') I - .  . 
title('knee angular acceleration'), 
xlabel( time [SI ' ) , . . . 
ylabel ( I fikdd [O/sA21 ) 

title('RF induced knee-torque'), . . .  
xlabel ( time [SI I , . . . 
ylabel ( 'Trf [Nml ) 

title('time dependent P-action'),.. 
xlabel ('time [SI ' 1 , .  . . 
ylabel( 'P (fik) 

subplot(223) ,piot(t,x(7,i:ne), 'w-'),.. . 

subplot(224) ,plot(t,Pfik, 'w-'), . . . 

[ps/"I ' 1 

Rigid Body Model 

function [xd, Fhy, Fhx] =rbmodel (x,xdO, PW) 

global Is lms ms Js It lmt mt Jt mub lbl Gs B . . .  
lb2 mw Jb b k Gm g ha hb Tm lba 10 kl k2 

M= [ms*lmsA2+ Js+mt *lsA2+ (1/2) *mub* ls"2 
(mt*lmt+(l/2) *mub*lt) *ls*cos (~(1) +x(2) ; . . . 
(mt*lmt+ (1/2) *mub*lt) *ls*cos (x (i) +X (2) ) mt*lmtA2+mub*ltA2+Jtl ; 

- (mt*lmt+ (1/2) *mub*lt) *ls*sin (x (i) +x (2) ) *x (4) "21 ; 

(mt*lmt+ (1/2) *mub*lt) *g*cos (x(2) ) I ; 

C=[-(mt*lmt+(l/2)*mub*lt)*ls*sin(x(l)+x(2))*~(5)"2;. . . 

G= 1. (ms*lms+mt*ls+ (1/2) *mub*ls) *g*cos (x (i) ) ; 

rhx=ls*cos (x(1) ) -lt*cos (x(2) ) ; 
rhy=ha+ls*sin (x (i) ) +lt*sin (x (2) ) ; 
rsx=lba-lbl*cos (x (3) ) ; 
rsy=hb+lbl*sin (x (3 ) ; 
vhx=-ls*x(4)*sin(x(l) )+lt*x(5)*sin(x(2)) ; 

vsx=lbl*x (6) *sin (x (3) ) ; 
v~~=~s*x(~)*cos(x(~) )+~~*x(~)*cos(x(~)) ; 

vsy=lbl*x (6) *COS (X (3) ) ; 

Fhy=k* (rsy+lO-rhy) +b* (vsy-vhy) ; 
if Fhyé O 

end 
Fhx=k* (rsx-rhx) +b* (vsx-vhx) ; 

Q= [-Fhx*ls*sin(x(l) ) +Fhy*ls*cos (~(1) ) ;. . . 
Tk+Fhx*lt*sin(x (2) ) +Fhy*lt*cos (x (2) ) 1 ; 

xd=[x(4:6);. . . 

Fhy= O ; 

Tk=x(7) -B* (X(4) +X(5) ) ; 

inv(M) * (Q-C-G) ; . . . 
( (1/2) *mw*g*lb2-Fhy*lbl) *cos (x (3) ) /Jb; 
(l/Tm) * (Gm*Gs*PW-x(7) ) 1 ; 
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