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ABSTRACT
Neck injuries sustained by car occupants during traffic accidents nowadays fonn a major problem for
society. Mathematical models of the head-neck system are widely applied in research studies aiming
at a reduction of these injuries. In these models, the nonlinear dynamic behavior of muscles and the
possibility of reflex enhanced activity have been largely neglected so far. Experimental results obtained
with volunteers exposed to moderate impact accelerations revealed, however, that the active neck
musculature plays a significant role in reducing the maximal head excursion. In this study a model
of the human neck is developed with emphasis on the neuromuscular aspects of neck movement. The
model is used to investigate the influence of reflexive muscle activity during impact response.
The basic assumption in the development of this model is that the nervous system cannot distinguish
a priori between small posture disturbances that occur in daily life, and impacts. In both cases the
nervous system will take corrective actions based upon the same strategy. Therefore, it is believed that
muscular activity during impact response and posture maintenance can be described by a single
neuromechanical model of the head-neck system.
In order to facilitate the synthesis of both neural and biomechanical aspects of the human neck in a
mathematical model, the biomechanical aspects of the neck are modeled as simple as possible. A onepivot neck model is developed that includes a description of nonlinear muscle dynamics as well as
the neurological and biochemical processes that precede the muscle force generation. The effects of
ligaments and vertebrae on head-neck movement are incorporated in the model by a lumped joint
characteristic.
A sliding mode controller was constructed that could stabilize the one-pivot neck model in different
positions. The controller settings were determined by the simulation of fast goal-directed movements.
Sensory feedback delays were included in the model in order to capture the effects of
neurophysiological signal transmission. These feedback delays necessitated the inclusion of an observer
in the control structure of the one-pivot neck model. For point-to-point movements the combination
of the controller and observer provides predictions on movement trajectory, muscle control inputs, and
muscle stiffness that are in general agreement with available experimental data. The combination of
the controller and the observer could also effectively correct external disturbances applied to the onepivot neck model. Herein, the controller behavior revealed the principle features of reflexive skeletal
movement.
During simulation of low-level impact tests with volunteers it appeared that reflex enhanced muscle
activity, as predicted by the controller, can have a large influence on the head-neck kinematics during
impact. Herein it was detected that the controller can more effectively restrain the head in frontal
impacts than in rear impacts. This difference arises from the larger maximum muscle torques that can
be generated by the muscles at the back of the neck. The absence of curved muscle in the current
model limits the predictive capacities of the current one-pivot neck model in moderate and severe
impact conditions. Inclusion of these curved muscle paths is therefore recommended for future
investigations.
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1. INTRODUCTION

1.1 BACKGROUND
The incidence of neck injury in traffic accidents appears to be relatively low compared to, for instance,
head injuries. This does not alter the fact that any injury to the human neck can have devastating
consequences. Most of the neck injuries that are related to traffic accidents are sustained by car
occupants (Vallet & Ramet, 1988). These injuries range from diagnostically difficult to define minor
injuries, almost without any symptoms, to fatal fractures and dislocations of the cervical spine (Huelke

et aI., 1979; OUe & Rether, 1985).
Nowadays, rear-end collisions are responsible for an increasing number of minor injuries with serious
consequences, often referred to as 'whiplash trauma' (Svensson, 1993). The symptoms of this type of
injury are not always noted immediately, but there is a considerable risk of prolonged disability in
some of the cases (Bunketorp et aI., 1985). Moreover, for rear-end collisions it is known that the risk
of neck injuries is considerably higher among females in comparison with men (Faverjon et aI., 1988;
Lbvsund et aI., 1988). A possible explanation might be, that women generally have slender necks and
can thus generate less resistive force (Foust et aI., 1973; Reid et aI., 1981).
Neck injury, like any injury to the human body, is caused by deformation of anatomical structures
beyond their failure limits, resulting in damage of tissue or alterations in normal function. The
presence of vital neurologic, vascular, and respiratory structures in the neck thus forms one of the
main reasons for its vulnerability. The status of knowledge on the loading tolerance of the neck is,
however, limited. Most injury threshold data are based on cadaver tests (Mertz & Patrick, 1971;
Yamada, 1973) that, until now, form the best surrogates for impact response studies. This is because
cadavers have the same anatomy and weight distribution as living occupants. However, cadavers lack
active muscular response that may influence their realism at lower levels of acceleration (Viano et aI.,
1989).
Muscular response is not believed to be a predominant factor in most injuries because the muscular
effort that can be generated in the short time interval of a crash is limited. On the other hand, for the
neck, because of its large extensor muscles surrounding a relatively small structure, muscular
pretension can have a significant effect on the kinematics of the head and neck. Accident investigation
reveals that tensing of the neck musculature in anticipation of impact may significantly protect or
mitigate injury (States et aI., 1972). The role of neck musculature in injury causation is difficult to
assess and currently forms one of the basic questions in neck injury biomechanics (King, 1993;
McElhaney & Myers, 1993).
The above sufficiently motivates a detailed study of how neck musculature affects the head-neck
response to impact. Experimental results obtained with volunteers exposed to moderate impact
accelerations, indicate that the active neck musculature plays a highly protective role (Hendler et aI.,
1974; Verriest et aI., 1975). For such volunteer studies, only a few impact test facilities exist and most
of these are military facilities. As a result, human volunteer data tend to reflect the response of strong
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young males. It is doubtful if these responses are a good representation of the impact responses that
can be expected for the total population. Moreover, due to the gross nature of the volunteer's response
to impact it is not clear what part of the response is contributed by neck musculature and how much
can be attributed simply to the mechanical response. Therefore, the volunteer is considered to be of
limited use as a model that can elucidate the role of muscle activity during impact response.
Mathematical models, on the other hand, form a powerful tool to gain insight into the internal
behavior of a biomechanical system under study, whereas the structural and material complexity of
the real human neck may easily blur the image. Mathematical modeling is suited to test a proposed
hypothesis, without being confronted with the major difficulties inherent to physiological experiments
with living subjects. Therefore, this study will concentrate on mathematical simulation of the behavior
of neck musculature during impact.

1.2 PAST MODELING CONTRIBUTIONS
A large number of mathematical models of the human neck has been presented in the literature over
the years (e.g. Pontius & Liu, 1976; Tennyson & King, 1976). Among all these efforts only little
attention is given to the effects of muscle contraction during impact. Muscle dynamics are generally
modeled as a combination of friction, damping, and elasticity. In order to oppose the collapse of these
models in the presence of gravitational forces, the friction parameters are often adjusted. Such a simple
description of posture maintenance cannot be expected to properly describe the effects of muscular
reflexes during impact response. Even when these simple joint impedance models are successful in
predicting kinematic responses to impacts, such models cannot provide satisfactory prediction of the
effects of muscle contraction on the joint forces. These forces, however, are believed to be of great
importance with respect to injury.
Next to these passive models, some attempts have been made to describe muscle as an active force
generating tissue (Snyder et al., 1975; Williams & Belytschko, 1983). Recently, Happee & Thunissen
(1994), investigated the role of neck musculature during impact by using a simple one-pivot model
of the human neck. This latter model includes state-of-the-art mathematical representations of muscle
tissue. In order to incorporate the effects of neck reflexes on the dynamics of the head and neck during
impact, muscle activation patterns were described by means of predefined time courses. It was simply
assumed that a maximal muscle activation was generated after a certain neural delay. The results show
that reflex enhanced muscular activity can have a significant influence on the head-neck response to
impact.
Models of the head-neck system that include a description of how the nervous system activates the
neck muscles in order to maintain an upright position of the head have not been found in the
literature. In fact, human motor control studies have concentrated mainly on reflex and voluntary
movement of the limbs. Only with respect to horizontal head movements, some simulations have been
done (Peterson et al., 1989; Zangemeister et al., 1981).

INTRODUCTION
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1.3 SCOPE, OBJECTIVES, BASIC ASSUMPTIONS, AND METHODS
The present work must be considered as a part of a larger project. At the Eindhoven University of
Technology, in cooperation with TNO, models of human head-neck behavior during impact are
currently being developed (de Jager, 1993; de Jager et al., 1994). Within this framework, a first attempt
to capture the effects of muscular dynamics in these head-neck models, has recently been made
(Happee & Thunissen, 1994). As a second step, the present study will concentrate on the enlargement
of that first model with a description of the neurological control of muscle contractions.
The objective of this study can be formulated as follows: the development of a neuromechanical model
of the human head-neck system that can provide some intuition of how muscular reflexes influence
head-neck dynamics during impact. A major requirement herein is, that the time-delay, inherent to
physiological signal transmission should be incorporated in the model.
Obviously, the nervous system is capable of effectively regulating the position of the head in the
presence of small inertial perturbations acting on the torso. Such perturbations are very common in
daily life, e.g. when one drives a car or travels by train. The nature of these perturbations, that result
from road irregularities, can be classified as stochastic (Huisman, 1994), whereas impacts are
characterized by a deterministic nature. In this study the basic assumption is that the nervous system
cannot distinguish a priori between both types of disturbances when visual information is lacking. In
both cases the nervous system will take corrective actions based upon the same strategy. It is,
therefore, believed that muscular activity during impact response and posture maintenance can be
described by a single neuromechanical model of the head-neck system.

NEUTRAL

FLEXION

EXTENSION

Figure 1.1. Anatomical description of head movement in the sagittal plane.
This study will be restricted to the description of head-neck movements in the sagittal plane (Figure
1.1). As such, the neuromechanical simulation model forms a two-dimensional model. In accordance
with Zajac & Winters (1990) the development of this model consists of three subsequent steps. First,
in Chapter 2 a model of the mechanical properties of the head-neck system is constructed. This model
is based upon the work of Happee & Thunissen (1994) and is implemented in MADYMO, a software
package designed to analyze the dynamic behavior of mechanical systems. Next, the modeling of
neural circuitry is addressed. In Chapter 3, a controller is designed that can describe voluntary head
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movements, and subsequently stabilize the MADYMO head-neck model in different positions. In this
design, the effects of feedback delays are neglected. In Chapter 4, the effects of feedback delays on the
controller performance are investigated and an observer is constructed to overcome the drawbacks of
these delays. In Chapter 5, the controlled head-neck model will be validated and, subsequently, be
exposed to impact loading. This thesis ends with conclusions and recommendations for further
research which are presented in chapter 6.
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2. MODELING THE MECHANICAL ASPECTS OF THE HUMAN NECK

In modeling the human movement system, two aspects of the body's neuromechanical organization
can be distinguished: the biomechanical system and its neural controller. The biomechanical system
of the human neck has received considerable attention in scientific literature and several mechanical
aspects of the neck have been modeled in various degrees of complexity (de Jager, 1993). The neural
control of neck musculature, on the other hand, has received little attention. In order to capture
muscular activity in a biomechanical model of the neck a surrogate of the neural circuitry should be
incorporated. Synthesis of both neural and biomechanical aspects of the human neck in a mathematical
model is facilitated when the biomechanical aspects of the neck are represented as simple and
transparent as possible. Accordingly, this chapter describes the development of a simple model of the
biomechanical aspects of the head-neck system. In the next chapter, the development of a model for
the neural aspects will be addressed.

2.1 ANATOMY AND PHYSIOLOGY
Since the anatomy of the head-neck system provides the basis for the development of a mathematical
model, some anatomical and functional aspects of the human neck are introduced. A more profound
description of the anatomy of the head-neck system can be found in Kapandji (1974).

Figure 2.1. The kinematic chain of the cervical vertebrae and the head.
The human neck serves three basic functions: to give support and mobility to the head and to act as
a conduit that connects the structures of the head with those of the thorax. This study concentrates
on the first two functions and the neck will be regarded primarily as a manipulator of head position.
From a geometric point of view, the skeleton of this manipulator can be classified as an articulated
structure with the links arranged in an open kinematic chain (Figure 2.1). The head forms the final
link, and rests on top of seven cervical vertebrae. The vertebrae are numbered such that that the
uppermost vertebra is denoted C1 and the lowermost is C7. Similarly, the first thoracic vertebra is
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denoted Tl. The range of motion of the head relative to the torso is provided by the mutual mobility
between adjacent vertebrae. The vertebrae are attached to each other by ligaments and intervertebral
discs. Together they form the cervical spine. Each of the links in the kinematic chain, the vertebrae as
well as the head, possesses 6 degrees of freedom (OOF). Ligaments restrict the translational DOF of
the links and provide some passive stiffness to the overall structure. The remaining rotational DOF
of the separate links leave a sum total of approximately 24 DOF to be controlled by neck musculature.
Facet joints and intervertebral discs provide mobility between the vertebrae and carry load from one
vertebra to another. The cartilaginous intervertebral disc is inseparable from the vertebral body and
acts as a shock absorbing mechanism.
The skeletal and ligamentous part of the human neck is not able to provide static stability to the headneck system. Permanent muscle activity is necessary to oppose the collapse of this system in the
presence of gravitational forces. Muscles constitute the actuators that control this instable nonlinear
system. The function of these actuators is the generation of head movements and the maintenance of
stability in different postures of the head-neck system. Because muscles can only produce tensile forces
a pair of opposing muscles (antagonists) is required to control motion at the joints.

2.2 A ONE-PIVOT MODEL OF THE HUMAN NECK
Probably the most simple model of the flexible head-neck system is an inverted double pendulum
connected to the thoracic vertebral column (Figure 2.2a). Observed head-neck motions in frontal
impact tests with volunteers could be adequately described by such a two-pivot analog system (Bosio
& Bowman, 1986; Wismans et aI., 1986). However, a two-pivot model suited for all impact directions

and impact levels could not be obtained thus far. Two-pivot models consist of three bodies,
representing the thorax, the neck, and the head respectively. Usually, the thorax is modeled as a rigid
base. The neck link represents the seven cervical vertebrae and may be seen as a considerable
simplification of biological reality. However, this procedure seems to have some experimental support.
In static positions the upper cervical spine is almost straight in full flexion and remains nearly so until

the final phases of extension, whereas the lower half of the cervical spine exhibits motion throughout
the whole range (Dimnet et ai., 1982; Harms-Ringdahl & Schiildt, 1988). Based on these findings,
Snijders et ai. (1991) suggest to model vertebrae C3-C7 as one link, with the assumption that
intervertebral discs and interwoven muscles cause this part of the cervical spine to function as a single
unit. From the above it seems reasonable to employ a two-pivot model in this study. Such a model
will provide a satisfactory approximation of global head-neck behavior, although more detailed models
are needed to describe vertebral kinematics and tissue deformations.
In this study, only planar movements in the sagittal plane are considered. For simplicity, motion

around the upper pivot of a two-pivot head-neck model will be neglected, i.e. a one-pivot or inverted
pendulum approximation of the neck will be used (Figure 2.2b). Herein, the joint is fixed to a rigid
base describing the thorax. The influence of ligaments and discs on joint motion is represented by
stiffness characteristics in the joint. Mass and moments of inertia of the head have been determined
by Beier et ai. (1980). Since the mass of the head is much larger than that of the cervical elements, neck
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mass distribution is not crucial for its behavior, and any reasonable distribution of neck mass should
give meaningful results in impact response tests (Merrill et al., 1984). The neck link length is chosen
after Wismans et al. (1986). Geometric and inertial properties of the one-pivot neck model used in this
study are presented in Table 2.1.

e

"/ torso link

Figure 2.2. Different models of the human neck. Lefthand figure: Two-pivot model of the head-neck system as
proposed by Wismans et al. (1986). Righthand figure: One-pivot model of the head-neck system employed in
this study.

Table 2.1. Properties of the one-pivot neck model in the sagittal plane.
Head mass

Head moment of inertia

Neck mass

Neck moment of inertia

Neck link length

4.78 (kg)

0.0293 (kgrrf)

1.22 (kg)

0.01 (kgrrf)

0.129 (m)

2.3 MUSCLE REPRESENTAnON
As a first modeling attempt two muscles are added to the one-pivot neck model: a flexor and an
extensor. The flexor roughly represents the lumped effects of the sternocleidomastoid, scalenus, longus
capitis, and longus colli muscles. The neck extensor represents the lumped effects of splenius capitis,
splenius cervicis, spinalis capitis, spinalis cervicis, semispinalis capitis, semispinalis cervicis,
longissimus capitis, longissimus cervicis, and the upper part of the trapezius.
Ideally, the lines of action for the flexor and extensor muscles in the model should coincide with those
of the muscles in the real human neck that have a dominant function with respect to neck movement.
The functions of the different muscles in the neck have been evaluated by several authors. Johnson

et al. (1994) explain that the trapezius plays only a minor role in extension of the neck and serves
merely as a manipulator of the shoulder girdle. This assertion is supported by the experimental results
of Moroney et al. (1988a), who calculated muscle contraction forces for maximum voluntary efforts.
The sternocleidomastoid produced the largest contraction forces in all voluntary strength exercises,
except in attempted extension. However, due to moment arms the largest contribution to attempted
flexion was attributed to the infrahyoids. In extension, the largest contribution is made by the

8

semispinalis muscles. Dissection of the musculature in the cervical spines of four cadavers, performed
by Nolan & Sherk (1988), also indicated that semispinalis cervicis and capitus muscles appeared to be
primarily responsible for extension of the head and neck. However, the flexor and extensor muscles
of the present model should represent the lumped effects of the gross musculature of the neck. Based
on this consideration, the muscular lines of action will be chosen according to those of the
sternocleidomastoid and splenius capitis as described by Deng & Goldsmith (1987).
In the study of coordinated skeletal movement it is commonly accepted that the role played by

nonlinear muscle mechanical properties must be considered. Ignoring these nonlinear characteristics
can lead to incorrect conclusions on neural control (Audu & Davy, 1985; Lehman, 1990). In
biomechanical studies, mostly Hill type muscle models are applied. These phenomenological models
are derived from experimental data of isolated muscles and capture the specific visco-elastic properties
of muscle tissue. At present Hill type muscle models are almost universally accepted by engineers as
an appropriate mathematical representation of muscle mechanics. Most Hill type muscle models
consist of a combination of springs and contractile elements. Behavior of these elements is described
by nonlinear force-length and force-velocity relationships. Parameters of these relationships can be
found in literature (e.g. Winters & Stark, 1988; Yamaguchi et ai. 1990). The most obvious deficiency of
Hill models is that they are basically viscoelastic analogies that have little connection with the
underlying physiological mechanisms of muscle contraction (Zahalak, 1990).
MADYMO version 5.1.1 provides a Hill type muscle model, consisting of a contractile element (CE),
which describes active force generation and a parallel elastic element (PE) describing passive muscle
properties (Figure 2.3). The muscle model specifies muscle force as a static function of three variables:
active state, muscle fiber length, and muscle fiber lengthening velocity. The active state must be
regarded as an input signal to the muscle model that has to be defined by the MADYMO user. The
fiber length and lengthening velocity are variables that are bicausally related to the system in which
the muscle model is included. The properties of the nonlinear force-length and force-velocity
relationships that describe the behavior of the contractile and parallel elastic element are set by a series
of adjustable parameters. A detailed description of the MADYMO muscle model can be found
elsewhere (Happee & Thunissen, 1994; TNO Crash Safety Research Centre).
In order to keep up with the state-of-the-art in muscle modeling, the contractile and parallel elastic

elements should be connected to a series elastic element (SE) (Winters & Stark, 1985). This implies that
two force models should be connected directly, which is not possible in MADYMO. The inclusion of
muscle mass can facilitate this connection. However, the inclusion of such a mass also introduces
additional dynamics in the model. Therefore, as a start, the series elastic element will be omitted in
order to obtain a description of muscular force generation that is relatively transparent. The properties
of the two muscles of the present head-neck model are chosen after Happee & Thunissen (1994).
Herein, the maximum force that can be generated by the flexor is considerably lower than the
maximum extensor force. The values of these forces are presented in Table 2.2.
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Figure 2.3. The MADYMO muscle model. The righthand figure elucidates the force generation in the
contractile element (CE).

Table 2.2. Relevant muscle parameters, as used in one-pivot neck model.
Name

flexor

extensor

Represented

sternocleidomastoid, scalenus,

splenius capitis, splenius cervicis,

muscles

longus capitis, and longus colli

spinalis capitis, spinalis cervicis,
semispinalis capitis, semispinalis cervicis
longissimus capitis, longissimus cervicis,
and the upper part of the trapezius

Maximum force

1100 (N)

2500 (N)

2.4 JOINT CHARACTERISTICS
Some passive joint characteristics should be attributed to the joint of the one-pivot neck model. These
characteristics include damping and stiffness of the ligaments and intervertebral discs that surround
the vertebral joints. Wismans et al. (1986) provide some passive joint characteristics, but since they
were based on volunteer tests, they include muscular effects and thus should not be used here.
Quasi-static tests on intact vertebral joints consisting of the ligaments, discs, and facet articulations
have been conducted by various investigators. These tests were usually executed on a single motion
segment, containing two adjacent vertebrae and the surrounding tissue. In most tests, the lower
vertebra was fixed and forces and moments were applied to the upper vertebra in three orthogonal
directions. Moroney et al. (1988) determined the average segment stiffness in sagittal flexion and
extension tests by linear regression of moment-rotation responses, with the slope of the regression line
as a definition for the average stiffness. However, the moment-rotation curves are nonlinear and thus
difficult to describe by just one stiffness coefficient. Shea et al. (1991) determined the moment-rotation
response and strength of the mid (C2-C5) and lower (C5-Tl) cervical spine in similar tests. The mid
cervical region was found to be significantly stiffer than the lower region. The sagittal moment-rotation
curves for the cervical spine segments were nonlinear, even for small applied loads. The curves
display a region of low stiffness near zero displacement, which increases by a factor of 10-100 times
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before reaching failure. The upper cervical spine (CO-C1-C2) is more flexible than the lower part. The
moment-rotation relationships of this part of the cervical spine proved to be highly nonlinear with a
neutral zone that takes up approximately 50 percent of the maximum angular displacement (Goel et

al. 1988). Some data provided by the authors can be found in Table 2.3.

Table 2.3. Data of the moment-rotation relationships for different locations in the ceroical spine.
Authors

Wismans et al. (1986)

Moroney et al. (1988a)

Shea et al. (1991)

Goel et al. (1988)

Location

Lower pivot (model)

Cervical motion segment

Cervical motion segment

Occipito-Atlanto-Axial complex

Stiffness

1.22 (Nmldeg)

0.43 (Nmldeg) flex.

- (nonlinear)

- (nonlinear)

0.73 (Nmldeg) ext.

In order to include a representation of joint characteristics in the model, the moment-rotation
relationships of all the cervical motion segments must be lumped into an approximate characteristic
that is attributed to the joint of the one-pivot neck model. In the determination of such a lumped
moment-rotation relationship it is assumed that the cervical spine can be seen as a series connection
of torsional springs. When a constant stiffness is attributed to each of these springs the overall stiffness
can easily be determined. Here, the constant stiffness for each individual joint is chosen according to
the average stiffness as reported by Moroney et al. (1988a), i.e. 0.58 Nm/deg or 33.14 Nm/rad. With this
choice the overall torsional stiffness at the joint of the one-pivot neck model is 4.73 Nm/rad. It is felt
that the nonlinear character of the actual moment-rotation as reported by Shea et al. (1991) should be
incorporated to capture the different effects of the joint in neutral and large deflection angles of the
one-pivot neck model. The qualitative description of the nonlinear joint characteristic is therefore
chosen as an approximation to the curves presented by Shea et al. (1991). This approximation can be
expressed by:

k '" csign(<!»<!>2

(2.1)

in which lj> is the angular position at the lower pivot in radians. The constant c determines the
magnitude of the moment-rotation relation. Considering the lumped approximation of the joint
stiffeness by a value of 4.73 Nm/rad, the value c=lO is believed to yield a reasonable description of the
joint characteristics of the cervical spine (Figure 2.4). This choice is validated by a simple test of the
one-pivot neck model. The model is set in an upright position and subsequently exposed to the forces
of gravity. Obviously, the head falls forward with a certain speed. However, the model does not come
to rest in a constant position. Therefore, some joint damping is added in order to obtain a response
that seems natural.
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Figure 2.4. Different moment-rotation relationships of the joint in the one-pivot neck model. The nonlinear
characteristic is employed in this study.

2.5 EXCITATION AND ACTIVATION OF SKELETAL MUSCLE
An accurate model of neuromuscular dynamics should also include a description of neural excitation
and active state dynamics (Bahler, 1968). These dynamics are due to the neurological and biochemical
processes that precede the generation of muscle force. Neural excitation processes comprise the socalled size-principle, neural conduction, and neural pool dynamics (Hannaford, 1990; Zheng et aL,
1984) and can be lumped into a simple model of normalized neural excitation (E) as proposed by
Winters & Stark (1985):

E

I
= -(u-E)

(2.2)

'te

with u as the neural input and a time constant t e of 45 msec (Bahler 1968; Winters & Stark, 1985). The
temporal dynamics between the neural excitation signal and the active state of the muscle can be
modeled in various ways. The active state (A) represents the fraction of instant muscle force relative
to the maximum voluntary muscle force Fmax' An important feature that should be incorporated in a
representation of active state dynamics is a fast rise and slow decline. A simple description meeting
all requirements is provided by Winters & Stark (1985):
(2.3)

At physiological temperatures, the time constant for activation t ae is estimated at 10 msec, and for
deactivation (tac>at 40 msec (Bahler, 1968; Winters & Stark, 1985). The inclusion of neural excitation and
active state dynamics complete the muscle model that is employed in this study. In Figure 2.5 the
interaction between these dynamics and the generation of muscle force is elucidated.
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Figure 2.5. Block diagram of the relationship between excitation, activation and muscle mechanics.

2.6 DISCUSSION
The complete one-pivot neck model constitutes an inverted pendulum approximation of the human
neck. The joint of the pendulum contains a nonlinear moment-rotation relationship describing the
effects of ligaments and intervertebral discs on neck movement. The pendulum is surrounded by a
muscle configuration that is asymmetrical with respect to geometry as well as to the maximum muscle
forces that can be generated. Neurological and biochemical processes that precede muscle contractions
are also included in this model.
The force generation of the muscles in the one-pivot neck model is described by nonlinear force-length
and force-velocity relationships. In fact, a series elastic element should be incorporated in the
description of muscle dynamics in order to keep up with the state-of-the-art in muscle modeling.
However, incorporation of this element has several drawbacks and therefore a more simple model is
used. This decision excludes possibilities to model the muscular lines of action along curved paths.
It is, however, widely acknowledged that muscles have to pass around bones and other tissues and

that the lines of action should be modeled as such (Andrews & Hay, 1983; Nussbaum et al., 1995).
Nevertheless the current model is believed to form a good starting point for the design of a controller.
As insight is increased more model detail may be added. The MADYMO input deck is presented in
Appendix A. Figure 2.6 shows the one-pivot neck model as it is implemented in MADYMO.

Figure 2.6. The one-pivot neck model implemented in MADYMO.
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3. DESIGN OF A CONTROLLER FOR THE ONE-PIVOT NECK MODEL

In this chapter a control strategy is selected that can control the one-pivot neck model presented in

Chapter 2. A requirement herein is that the selected control strategy should bear some resemblance
to the nervous system in terms of input/output behavior. Therefore, first some basic aspects of the
nervous system are presented. More comprising discussions on this topic can be found in the
textbooks by Carpenter (1990), Roberts (1978), and Schmidt (1985). In the next sections the
development of a controller for the one-pivot neck model is addressed. The settings of this controller
are be based on stability and performance requirements, following from data obtained in goal-directed
movement experiments with volunteers. Resulting controller behavior is discussed in the last section.

3.1 A BRIEF INTRODUCTION TO NEUROPHYSIOLOGY
Human movement results from muscle contractions. These contractions and the involved muscle forces
are graded by the central nervous system (CNS), which includes the brain and spinal cord. The CNS
is characterized by a hierarchic structure with the brain at the top level in this hierarchy and the motor
cortex as the control center where movement is planned. However, a description of the higher control
actions will be omitted in this study because in movement generation the spinal cord is assumed to
prevail (Tomovic & Bellman, 1970). The spinal cord mediates the lower-level control loops. With
respect to this study, the myotatic or stretch reflex is considered as the most important of these control
loops.
Within the CNS, the stretch reflex forms the most peripheral control mechanism that is responsible
for movement generation and posture maintenance. Basically, the stretch reflex forms a feedback
system that consists of a spinal motoneuron pool, the innervating nerve fibers, and the muscles with
their sensors (proprioceptors). Within the loop, the motoneuron pool forms the most important part
because it is the sole output path from the nervous system for the excitation of skeletal muscle. If the
higher control centers are incised from the spinal level, a rigidity of the body appears. This is due to
the absence of regulation of the low-level reflex loops. In fact, the still intact stretch reflex tends to
maintain a status quo for muscle length (McMahon, 1984). Hence, the stretch reflex can be seen as a
mechanism that executes the tasks that are directed by higher control centers (Crago et al., 1976). After
an external disturbance (e.g. an unexpected load disturbance), the stretch reflex will react in such a
way that the original position is recovered.
In the neck, stretch reflexes of all isolated muscles work together and form the cervical motor system.

Modeling this system thus constitutes the construction of stretch reflex models. Several models of the
stretch reflex have been proposed in literature (e.g. Gielen & Houk, 1987; Mains & Soechting, 1971; Lan
& Crago, 1994; Yurkovich et al., 1987). Unfortunately these studies concentrate on physiological detail

rather than application to detailed simulation models of the human skeleton. In this study attempts
are made to construct a model of the stretch reflex that can control position and velocity of the onepivot neck model as presented in Chapter 2. A major design criterion herein, is that the latencies,
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inherent to transmission of physiological signals, are incorporated in this model. These latencies cause
a feedback delay of sensory information. However, in this chapter a controller will be selected, based
upon the assumption that undelayed sensory information is available. The effects of feedback delays
will be discussed in Chapter 4.

3.2 CONTROL THEORETICAL APPROACHES
The CNS mediates the neck muscles in order to generate head movements or stabilize the head-neck
system in a certain posture. Therefore, it is assumed in this study, that the controller aims of the CNS
are to a certain extent similar to the aims of controller design in robotics. In general, the objective in
robotics is to control the position and velocity of the end-effector of a multilink manipulator within
certain accuracy bounds. Therefore, trajectory control strategies can be helpful in the construction of
a controller for the one-pivot neck model. Asada & Slotine (1986) present three approaches to
trajectory control problems: Individual joint Pill control, computed torque control (CTC), and sliding
mode control (SMC). Pill ignores global dynamics and attempts to control the manipulator locally.
Unfortunately, this method lacks a satisfactory tracking accuracy in the presence of gravitational forces
and joint flexibilities (Spong & Vidyasagar, 1989). CTC is more sophisticated, because this strategy is
based entirely on a mathematical representation of the plant. However, CTC is severely limited in the
presence of uncertainties in the mathematical description. SMC design is also based on a mathematical
representation of the system, but offers the possibility to achieve a specified level of performance by
proper design of a robustifying term in the control law. Both CTC and SMC strategies thus require
a mathematical description of the system that has to be controlled.
A prerequisite for the application of the CTC or SMC strategies in this study, is the definition of an
analytical description of the one-pivot neck model upon which the control actions can be based. Such
a description will be referred to as the controller model. With the aid of this controller model it is
attempted to guide position and velocity of the one-pivot neck model along prespecified trajectories
or stabilize static positions. Herein, it is critical to understand how the nonlinearities in the head-neck
dynamics can be accounted for. However, an exact analytical description of the one-pivot neck model,
as it is implemented in MADYMO, cannot be given. A reasonable approximation of the dynamics of
the model can be generated, but such an analytical description will be quite complex due to the
assymetrical geometry of the model and the description of muscle dynamics. For the implementation
of a controller in MADYMO, it would be very attractive if a simple controller model could be used.
Such a controller model will be erroneous and requires a robust control strategy in the sense that the
sensitivity of the performance to uncertainties in the mathematical description is minimal. SMC
provides this possibility. Essentially, SMC enables one to use a simplified controller model on purpose,
neglecting e.g. flexibilities, time delays, and high-frequency dynamics. Thus, by the application of SMC
it is possible to circumvent a detailed analytical description of the one-pivot neck model as would be
necessary in CTC. Hence, SMC is believed to be an attractive technique for the implementation of
neural aspects in the one-pivot neck model,
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3.3 THE CONSTRUCTION OF A CONTROLLER MODEL

As a first step in the controller design, a controller model will be defined, upon which a feedback
control law u can be based that is able to guide the angular position of the one-pivot neck model along
a prespecified trajectory. In the study of maximally fast goal-directed movement it has been shown
that a nonlinear third-order approximation of the biological system is capable of reflecting the basic
characteristics of measured neural signals in these movements (Happee, 1992). Therefore, a nonlinear
third-order controller model will be used in this study.
Since the muscle actuators of the one-pivot neck model can only generate tensile forces, a pair of
antagonistic muscles is needed to control motion at the joint. In order to keep the controller model
design as simple as possible, this antagonistic muscle pair will be treated as a single actuator that can
generate both positive and negative torques at the joint. In this way only one input has to be specified.
Positive values of the input signal are assigned to the flexor and negative values to the extensor of the
one-pivot neck model. These inputs are limited to a maximum of one reflecting full controller activity.
The neural excitation (E) and active state (A) dynamics for the two separate muscles are lumped into
a linear first-order approximation of these neurological processes with a bandwidth equal to that of
the neural excitation dynamics as described by Eq. (2.2). The controller model is completed by a
second-order approximation of the inverted pendulum and muscle dynamics of the one-pivot neck
model. This approximation involves a torsional stiffness at the joint and assumes that the actuator
force is proportional to the neurological input signal. The complete controller model thus forms a
third-order system that can be expressed by:
I

Xl '" _(u -Xl)
t,

Xz '" x 3

(3.1)

x3 '" cl sin(X3) -czxz +C3XI
with Xl as an approximation of physiological processes, X z as an approximation of the angular position
at the joint of the one-pivot neck model, and x3 as an approximation of the angular velocity. The
parameter cI represents gravitational and inertial aspects of the inverted pendulum, Cz represents the
torsional stiffness at the joint and c3 reflects maximum muscle forces and muscle moment arms. The
controller model is elucidated in Figure 3.1.

Figure 3.1. Controller model for the one-pivot neck model.
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It is not easy to see from system (3.1) how the input u should be designed to control the tracking

behavior of the output x2• The problem of this design would be reduced if a simple relation between
the system output and the control input can be established. To generate such a relation, the so-called
Input/Output-linearization approach can be used (Elmali & Olgac, 1992; Vidyasagar, 1993). The
deliberate choice of joint position x2 as output has the advantage that the controller model is exactly
linearizable, i.e. its relative degree equals its order n. This property implies the absence of internal
dynamics in the controller model. Physically it means that the number of times one has to differentiate
the output in order to have the input explicitly appearing is exactly equal to the order n of the system.
In fact, the linearization procedure transforms the original system into a canonical form by defining
suitable nonlinear state transformations. These transformations lead to a new equivalent system:

(3.2)

with

Z1=x2 .

This new system can be expressed in condensed form by:

Z?> '" I(z) + Bu(t)

(3.3)

The new state vector z contains angular position, angular velocity, and angular acceleration of the
controller model, respectively. Since the motion trajectory of the one-pivot neck model is typically
specified in terms of these quantities, they are natural variables to use for feedback. The availability
of joint acceleration measurements in the CNS is not a generally accepted idea, although some authors
have argued that the nervous system also employs acceleration as feedback (e.g. Ramos & Stark, 1987).
Since the control input enters the first equation of system (3.1) linearly, the transformed system
maintains an affine nature. From Eq. (3.3) a feedback control law can be selected that compensates the
nonlinearities in the one-pivot neck model. Herein, position, velocity, and acceleration measurements
obtained from the one-pivot neck model are used as the variables Z1' Z2' and Z3' However, since Eq.
(3.3) arises from an erroneous model, an input based on this model may give a rather poor tracking
performance. The controller model can nevertheless be used to control the one-pivot neck model when
the feedback control law is augmented with robustifying terms that compensate for the presence of
modeling imprecision and disturbances.

3.4 DEFINITION OF A SLIDING MODE CONTROL SCHEME
The sliding mode controller is based on the attractive manifold concept, i.e. a hypersurface is defined
as a function of the output tracking errors of the one-pivot neck model (Figure 3.2). Once the error
trajectories have reached the manifold, an error-based switching action makes the tracking errors
'slide' to zero. The advantage of this approach is that the resulting error dynamics are constrained on
the surface and thus become intrinsically independent of the original system dynamics.
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e2

t=o

s=e1+Le2

Figure 3.2. Graphical interpretation of the controller strategy for a simple two-dimensional case.
In the design of a sliding mode controller for the one-pivot neck model a hyperplane in the state-space
R3 must be defined on which the discontinuous control switchings take place. By this plane, the error
dynamics are completely defined:

s

=

0

with
(3.4)

where e is the position tracking error of the one-pivot neck model. The error dynamics can be
considered as a second-order lowpass filter, that filters the input s. The problem of tracking the threedimensional vector

zd

can be reduced to that of keeping the scalar quantity s at zero, since s=O

represents a linear differential equation whose unique solution is e=O. If the scalar s can be kept at
zero, the dynamics of the one-pivot neck model are constrained to Eq. (3.4) and asymptotic tracking
is achieved. Thus, in effect a third-order tracking problem is replaced by a second-order stabilization
problem. The simplified problem of keeping the scalar s at zero can now be achieved by choosing the
control law u such that outside of the surface:
(3.5)

where 11 is a strictly positive constant. This function investigates the attractiveness of the sliding
surface in the sense of stability by using the second method of Lyapunov (Vidyasagar, 1993).
Essentially, Eq. (3.5) states that the squared 'distance' to the surface, as measured by s2, decreases
along all system trajectories. This function constrains the trajectories of the one-pivot neck model to
point towards the surface. Negative semidefiniteness of the Lyapunov stability criterion, as expressed
by Eq. (3.5), constitutes the attractivity condition of the sliding surface

s =s =0.

The controller model as expressed by Eq. (3.3) can be used to force the trajectories of the one-pivot
neck model towards the sliding surface, as will be explained below. The time derivative of Eq. (3.4)
yields:
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(3.6)

Substitution of the controller model as expressed by Eq. (3.3), in Eq. 3.6 gives:
(3.7)

Hence, a continuous control law that would achieve

s =0

is given by:
(3.8)

However, the controller model is only an approximation of the dynamics of the one-pivot neck model.
Therefore, application of the feedback control law as expressed by Eq. (3.8) does not guarantee that
the trajectories of the one-pivot head neck model reach the sliding surface. In order to force these
trajectories towards the sliding surface defined by Eq. (3.4), a discontinuous term across this surface
is added to ueq :
(3.9)

where k is a positive constant. With Eq. (3.9) as a choice for the input

U

of the one-pivot neck model

it follows that stability in the sense of Lyapunov, as expressed by Eq. (3.5), is established if the control
discontinuity k is chosen large enough. It can be derived theoretically (Van de Wal, 1993) that k should
obey:
(3.10)

with /;. expressing the modeling errors of the controller model with respect to the one-pivot neck
model. As a result, the control discontinuity across the surface must increase with the level of
modeling errors. Theoretically determined settings may, however, be too conservative. Therefore, in
this study a more pragmatic method will be employed: based on desired step responses, adequate
settings will be selected. In effect the procedure of SMC yields a feedback control strategy that is quite
intuitive: 'if the error is negative, push hard enough in the positive direction (and conversely).' Finally,
it should be remarked that the controller is implemented in a FORTRAN subroutine which is coupled
toMADYMO.

3.5 SETTING OF PARAMETERS THAT DEFINE THE SLIDING SURFACE
The setting of controller parameters should satisfy a controller performance that can be compared with
results obtained from experiments with volunteers. In literature, a lot of such experiments are
described. However, most of these studies describe reflex actions in the limbs. Because experimental
data on fast voluntary flexion-extension movements of the neck is lacking, it is felt that experimental
data obtained for limbs should fill the gap and serve as a basis to set the controller parameters. Most
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of the aforementioned experimental research has focussed on step-tracking movements in which only
movement endpoint and duration have been specified. Therefore, the setting of controller parameters
will focus mainly on obtaining good simulation results for this type of movement.
The definition of the sliding surface plays a major role with respect to the performance of the
controller in maximally fast step-tracking movements. If k is chosen appropriately, the coordinate s
will be kept zero from the moment the sliding surface is reached and therefore, perfect tracking is
asymptotically achieved. To emphasize the filter structure, the error dynamics can be rewritten in the
well-known standard form for second-order lowpass filters:
(3.11)

Once the error trajectories of the one-pivot neck model are constrained on the sliding surface s=O they
are forced to follow the prescribed dynamics of filter (3.11) and thus exponentially decrease to zero.
The time required for the tracking errors to fade to zero and thereby establish perfect tracking is
largely determined by the poles of the sliding surface. These poles can be set at will. For convenience,
here only critically damped error dynamics will be considered. With this restriction, the error
dynamics can be seen as a sequence of two first-order lowpass filters with equal bandwidths,
expressed by the parameter <On=A.. This parameter hereby determines the error dynamics completely
and thus influences the system response directly. In Figure 3.3 the natural response of filter (3.11) is
plotted for several values of the pole A.. The desired end position is 30 deg (or 0.5 rad). It can be seen
that increasing A. leads to a faster response. From the literature, it follows that maximal fast step
responses of volunteers take about 150-300 msec (Happee, 1992; Vincken & Denier van der Gon, 1985),
hence 1..=30 yields an acceptable response. However, these results do not fully reflect the step-tracking
behavior of the one-pivot neck model, because only the ideal error dynamics with s=O are presented.
In a complete response, this sliding phase is preceded by a 'reaching phase' (Figure 3.2). This phase

must be considered as the part of the step-tracking response in which the error trajectories of the onepivot neck model are forced towards the sliding surface.
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Figure 3.3. Step responses of pre-set error dynamics for A. set at values 20, 25 and 30, respectively. A setpoint
of 0.5 rad is used.
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3.6 CONTROLLER SETTINGS
In the previous section the setting of the sliding surface parameters was based upon the assumption
that the tracking errors of the one-pivot neck model were such that the system was already in the
sliding surface from the beginning of the stepresponse. In general this will not be the case and a
complete response will start with a phase in which the tracking errors are forced towards the sliding
surface. It can be shown as follows, that the error trajectories of the one-pivot neck model reach the
sliding surface in finite time. Integration of the Lyapunov function expressed by Eq. (3.5) from t=O to

t=treach yields:
t

< S(t~O)
--11-

(3.12)

reach -

Thus by adjusting the controller discontinuity k the time required to reach the surface can be
influenced. As can be seen from Figure 3.4 the setting of the controller discontinuity determines the
velocity profile of the step-response. Experimental results yield that the path limbs take when moving
from one position to another is highly stereotyped. The velocity profile is bell-shaped with
approximately the same time spent in acceleration as in deceleration and is invariant under
transformations of movement amplitude and duration (Soechting & Lacquaniti, 1981).
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Figure 3.4. Step responses of the controlled one-pivot neck model for different values ofgain kfrom 2000 to 6000
with steps of 1000.
From Figure 3.4 it follows that increasing the controller discontinuity above k=6000 does not result in
a faster response. This phenomenon is explained by the limitation of the input signal (maximum value
is 1). Considering the input signal in detail reveals a sequence of fast switchings across zero. By the
definition of the controller model, positive values of the calculated input are addressed to the flexor
and negative values to the extensor. From the modeling of the neural excitation and active state
dynamics in Chapter 2 it follows that the active state of both muscles is a filtered version of their
respective input signals. For both muscles the input switchings have a non-zero mean which results
in a non-zero active state as depicted in Figure 3.5. This phenomenon might be referred to as cocontraction (Vincken & Denier van der Gon, 1985; Winters et al., 1988), a situation in which the
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antagonistic muscles around a joint are both generating force in order to stabilize the joint. It is an
interesting result that the controller can describe this phenomenon, but it is not considered as a
desirable aspect for the purposes of this study.
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Figure 3.5. Active states for both muscles in case k=6000.

The co-contraction phenomenon can be overcome by a modification of the control law. By replacing
the sign function by a saturation function the control discontinuity is smoothed out in a thin
'boundary layer' ~ near the switching surface. Hereby, lhe control input yields:
(3.13)

With:
sign(s)
sat(s,~)

=
{

i-

if

Is I > ~

(3.14)

if

Is I ::;

~

The coordinate s can now be interpreted as the output of a first-order lOw-pass filter whose input is
caused by modeling uncertainties (Van de Wal, 1993). The bandwidth of this filter is determined by
the quotient of the controller discontinuity k and the boundary layer width

~.

It can be shown that

this operation leads to tracking accuracy within a guaranteed precision interval e (Slotine and Li, 1991).

In this case the precision interval yields:
(3.15)
The boundary layer controls two tasks: tracking accuracy and filtering of unmodeled dynamics. With
a larger boundary layer width, high-frequency unmodeled dynamics are filtered at sacrifice of a less
precise tracking accuracy. Application of this modification is shown in Figure 3.6. The boundary layer
width

~

is set at 2. Obviously, the co-contraction phenomenon is absent. This becomes clear when the

input signal is considered (Figure 3.5). From this figure it can be seen that the neural input contains
some fast switchings that occur at the end of the velocity peak. These switchings can be seen as the
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mechanism that decelerates the movement and prevents overshoot. When the boundary layer width
is increased, the fast switchings in the neural input disappear, leading to a smoother input signal that
contains no special actions in order to decelerate the system. This results in an overshoot as can be
seen in Figure 3.7.
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Figure 3.7. A saturation function with a large boundary layer width (1;=200).
In addition, Figure 3.8 depicts the stepresponses of the head-neck simulation model for three different

setpoints: a desired angular position at the lower pivot of 0.3, 0.5, and 0.7 rad respectively. In the
simulation the previous determined settings are maintained, i.e. k=6000, A.=30, and 1;=2. Obviously, the
limitation of the input (maximum value is 1) results in a slower response for higher setpoints. As can
be seen from Figure 3.9, the duration of the first input burst is longer for increasing setpoint values.
This first burst is associated with flexor action, which results in an acceleration of the neck. The input
restriction has a direct influence on this acceleration as can be seen from the velocity profile. The
acceleration/deceleration ratio is considerably increased for higher setpoints. The deceleration phase
is completely determined by the definition of the sliding surface and can thus be considered invariant
for different step responses. From Figure 3.7 it can be concluded that the current controller settings
do not result in an optimal stepresponse for higher setpoint values. Of course, better behavior can be
obtained by adjusting the gain k. This implies, that the boundary layer width 1; has to be adjusted as
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well, in order to prevent co-contraction. In fact, it can be concluded from Figure 3.7 that the current
controller behaves quite well when setpoints are defined that deviate considerably from the setpoint
used in the determination of the controller settings.
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3.5 DISCUSSION
It follows from experimental work that paired agonist/antagonist activation is the basic unit of

movement control (Brown & Cooke, 1990; Happee, 1992). Herein, a regular pattern of phasic muscle
activation as seen in electromyographic (EMG) activity is generally associated with fast movements.
An initial burst of agonist activity (AG1) is followed sequentially by a burst of activity in the

antagonist (ANTI) and a second period of agonist activity (AG2). This is the so-called tri-phasic
pattern (Cooke & Brown, 1990). The controller of the one-pivot neck model also reveals a tri-phasic
input pattern when fast goal-directed moveIIl:ents are simulated. In fact, this activation pattern is due
to the introduction of a saturation function in the control law. The resulting controller behavior agrees
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well with the findings of Oguztoreli & Stein (1983) who showed that optimal neural functioning
during movement tasks yields a bang-bang type of control.
An advantage of the suggested controller is that parameters are relatively easy to interpret. In general,

it can be postulated that the sliding surface parameters determine the invariant response characteristics
.of voluntary movement. The controller discontinuity gain k, and the boundary layer width ~ determine
the speed of the step response and the amount of co-contraction, respectively. Co-contaction of
antagonistic muscles is often seen in learning tasks and disappears as skill increases (Vincken & Denier
van der Gon, 1985). Co-contraction is, however, not considered as a desirable phenomenon with
respect to the aims of this study. Therefore, the controller settings are chosen such that this
phenomenon is absent during the simulation of goal-directed movements. The controller settings are
based upon the simulation results for a setpoint of 0.5 rad. With this choice the performance of the
controller for higher setpoints is not as good as it is for the 'design setpoint'. Better performance for
these setpoints can be obtained by adjusting the controller parameters.
In fact, the CNS is capable of selecting particular output signals (from all those that can be sensed) that

are most appropriate to serve as feedbacks to satisfy the control objectives. Most investigators assume
that all available states are used for feedback (Gerdes & Happee, 1994; Lan & Crago, 1994). It is
known, however, from pilot-vehicle analyses that visual cues dominate the pilot's response (McRuer
& Jex, 1967). Similar results have been obtained in experiments with deafferented monkeys which

revealed that proprioception is not a necessary source of information for the execution of voluntary
movement (Bossom, 1974). During recovery of the animals, extension and grasp movements appeared
to depend heavily upon visual control. Because of the resemblance with visually perceptible skeletal
movement, it seems natural to consider joint position, velocity, and accleration as outputs of the onepivot neck model.
It is believed that sliding mode control carries great potential towards modeling the nervous system.

Results for the current controller compared favorably with available experimental data. For point-topoint movements the controller provides predictions on movement trajectory, muscle control inputs
and antagonist muscle stiffness. The simulated movements capture the major invariant characteristics
of voluntary movements, such as a sigmoidal movement trajectory and a bell-shaped velocity profile.
The most important shortcoming of the current controller is the assumption that sensory information
is directly available. In reality this information is considerably delayed. The inclusion of delayed
sensory information and the investigation of the effects on the controller performance are adressed in
the next chapter.
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4. FEEDBACK DELAYS AND THE NECESSITY OF AN OBSERVER

In the previous chapter, a sliding mode controller was presented that appeared to be able to govern

movement generation of the one-pivot neck model. In this chapter, more physiologic detail is added
in the form of feedback latencies. It will be shown that it is necessary to invoke an observer of the
head-neck simulation model in order to circumvent the drawbacks of these feedback delays. With the
combination of the controller and the observer, step response simulations are performed in order to
determine feasible observer settings. Herein, the controller settings that were determined in chapter
3 are maintained. The objective is to arive at stable closed-loop behavior, combined with good
performance. These concepts are elaborated in Section 4.3.

4.11HE INFLUENCE OF FEEDBACK DELAYS ON CONTROLLER PERFORMANCE
The controller presented in Chapter 3 can be considered as the first attempt of this study to model the
regulatory actions of the cervical motor system. So far the controller design was based upon the
assumption that sensory information is simply available. In reality the feedback information to the
CNS is corrupted by latencies inherent to physiological signal transmission. These latencies are due
to the limited conduction velocity of neural motor signals along the nerve fibers and transfer processes
at the interconnections of the fibers. An important implication of these latencies is that sensory
information can only become effective after a total loop delay 'to However, experiments reveal that in
fast goal-directed movements a large part of the motion is executed before delayed sensory
information from the limbs is available (Happee, 1992). Obviously, the CNS has found a way to
compensate for these delays.
In this section it is investigated how such latencies in the sensory information influence the controller

performance. Therefore, these latencies are modelled as a lumped control loop delay. A time-delay is
esentially an infinite-order system, but it can be approximated by a finite-order Pade-filter, as is done
in this study. Herein, a total-loop delay of 25 msec will be used. It can be argued that this choice
represents a rather short delay when compared to reported values that range from 25 to 50 msec for
the stretch reflex (Carter et al., 1990; Lacquaniti & Soechting, 1986). However, the proximity of cervical
muscles to the spinal cord gives rise to the assumption that cervical stretch reflex latencies are quite
short (Tennyson et aI., 1977).
Figure 4.1 shows simulation results for the new situation. Just as before, the desired end-state of the
one-pivot neck model consists of a prespecified joint angle with a zero velocity. First, the original
controller settings are tested. The controller provides a fast response, but does not succeed in
stabilizing the desired end-position. This can be overcome by decreasing the controller gain k and the
error dynamics bandwidth A, as can be seen from Figure 4.1b. By this operation the setting time
becomes considerably larger, as was shown earlier in Chapter 3. It can be concluded that delayed
sensory information makes fast movements of the one-pivot neck model with a stable end-position
impossible when the current controller is applied. A similar conclusion was drawn by Gerdes &
Happee (1994) considering several feedback control laws.
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Figure 4.1. The influence of feedback delays on the controller performance. a) depicts step responses for the
original controller settings. In b) the controller gains are decreased, which leads to a considerably slower
response that contains no oscillations.

4.2 THE INTERNAL REPRESENTATION CONCEPT
Sensory information from the musculoskeletal system can only become effective after a physiological
delay which includes transmission time over nerve fibers. These latencies make fast and accurate
executions of skeletal movements merely impossible as has been shown in the previous section.
However, it follows from experimental work that in fast goal-directed movements a large part of the
motion is executed before the delayed sensory information is available. It can be suggested that such
movements arise from preprogrammed commands, but such an open-loop control cannot correct for
disturbances. In fact, the question to what extent muscle command signals are generated
independently of sensory information and to what extent they are affected by sensory information
forms a major controversy in neurophysiological literature.
In the field of manual control studies it is a common idea that the control actions of humans are based

on a (mental) representation of the control task (Baron & Kleinman, 1969; Stassen et al., 1990).
Similarly, in human movement studies, it has been suggested that the CNS employs a so-called
internal representation (IR) of the human neuromuscular system and its environment (Denier van der
Gon et al., 1990; Rasmussen, 1983). Gerdes & Happee (1994) hypothesized that the CNS uses such an
IR in order to circumvent the drawbacks of the physiological loop delay. With the help of
mathematical simulations they demonstrated that an IR, implemented as a state-estimator, can explain
both the open-loop and closed-loop aspects of human motor control. Thus in effect, an internal
representation unifies movement control and posture maintenance in a single scheme. Therefore, this
hypothesis will be adopted in this study. A block scheme of the controller and observer combination
is depicted in Figure 4.1. Taking into account neural inputs u, the IR predicts the neuromechanical
system states before they are reflected in sensory information. Only after the total loop delay

't

can

sensory information affect the estimated states and thereby indirectly influence the input u. Hence, the
first period of the activation pattern is generated open-loop with respect to sensory information,
whereas the remaining part is the result of a combination of open-loop and closed-loop control.
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4.3 DEVELOPMENT OF AN OBSERVER FOR THE ONE-PIVOT NECK MODEL

In order to supply the controller with accurate information about the system states at every time
instant it is necessary to develop an observer for the one-pivot neck model. Such a device can be seen
as a mathematical implementation of the aforementioned human IR. In order to keep definitions clear,
this mathematical model of the IR will be referred to as the observer.
If a system is linear, its state vector can approximately be reconstructed by building an observer which

is itself a linear mathematical system, driven by the available outputs and inputs of the original
system. For nonlinear systems, a similar procedure can be employed: use a mathematical model of the
given system, drive it with the available outputs and inputs as the original system, and use the state
vector of the model as an approximation to the unknown state vector. Obviously, the accuracy of this
approximation depends heavily upon the similarity between the observer model and the system that
is controlled. In their study, Gerdes & Happee (1995) assumed the IR to be an exact copy of the system
that is controlled. This is a viable assumption owing to the years of motor learning in adults and the
enormous potential of the CNS. However, in this study it is practically impossible to implement an
observer as an exact copy of the one-pivot neck model. This arises from the functional requirement
that the observer model should be defined in analytical terms, whereas the one-pivot neck model is
implemented in MADYMO. At best, a reasonable approximation of the dynamics of the one-pivot neck
model can be generated, but an analytical description model will inevitably be corrupted by modeling
errors.
An erroneous observer model can nevertheless be used to estimate the states of the one-pivot neck

model. So-called sliding mode observers (SMO) offer advantages similar to those of sliding controllers,
in particular inherent robustness to modeling errors. These observers can be made robust against
neglected nonlinearities, disturbances and other uncertainties (Slotine et al., 1987). Just as sliding
controllers the observers are based on the attractive manifold concept, i.e. a hypersurface is defined
as a function of the observation errors. Once the error trajectories have reached this hypersurface, an
error-based switching action makes the observation errors 'slide' to zero.
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The generation of sliding behavior can be illustrated easily with a simple second order system with
input switching according to the value of a single component of the state:
(4.1)

where k1 and kz are positive constants. The corresponding phase-plane trajectories are illustrated in
Figure 4.2. It can be shown that sliding behavior occurs in the region:
(4.2)
which is referred to as the sliding patch. The resulting dynamics on the patch can be expressed by:
(4.3)

thus X z exponentially decreases to zero after reaching the sliding patch and can be made arbitrarily
fast by tuning of the parameters k1 and kz. This sliding behavior can be used in observer design, as
will be explained below.

X,

Figure 4.2. Sliding behavior in the phase-plane.
Consider now a second-order observer structure for the estimation of angular joint velocity using only
information of angular position at the joint:

21

=

Zz - k1 sign (21)

(4.4)

22 = f(z,u) -k2 sign(21)
where 21

=

Zl -Zl represents the estimation error, or the difference in estimated and measured angular

position of the joint in the one-pivot neck model. The term f(z,u) reflects the analytical observer
approximation of the angular acceleration at the joint. Here, it is assumed that the difference between
the estimated angular acceleration at the joint of the one-pivot neck model and the real angular
acceleration at this joint is bounded by:
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(4.5)

a

where <I>(z,u) is a nonlinear, uncertain function of the MADYMO model state variables z. The
subsequent estimation error dynamics can be expressed by combining Eq. (4.4) and Eq. (4.5):

i 1 = 22 - k1 sign (21)

(4.6)

Sliding behavior of this observer can be generated by choosing k2 according to:
(4.7)
with k1 as the other parameter with which the dynamics of in the sliding patch can be specified, as
follows from Eq. (4.3). Thus, the states of the one-pivot neck model can be estimated with the aid of
the available measurement for the joint position. Essentially, it follows from Eq. (4.5) and Eq. (4.7) that
modeling errors can always be overcome by adjusting the gain

kz..

When sensory information is not

corrupted by feedback delays there is no need to employ an observer model that is more advanced
than the controller model. However, preliminary investigations with an observer model that was equal
to the controller model revealed severe stability problems. These problems are due to the combination
of high observer gains combined with delayed sensory information. In an attempt to decrease the
observer gains it is decided that a more accurate observer model must be employed to overcome these
problems.
The observer model is implemented in a FORTRAN subroutine, which is coupled to MADYMO.
Basically, the observer model is an analytical approximation of the one-pivot neck model of similar
order. Neural dynamics, muscle dynamics, and system inertia are modeled by nonlinear ordinary
differential equations. The description also includes an approximation to the joint characteristics, the
asymmetric muscle configuration, and the geometrical nonlinearities. In the next sections, this model
will be employed in the development of an observer. First, undelayed sensory information will be
used as input to the observer in order to gain some insight about the accuracy of the observer model.
Later it is investigated how observer parameters must be set in order to ensure that the observer
provides accurate state estimations based on delayed sensory information.

4.4 APPLICATION OF AN OBSERVER THAT USES UNDELAYED POSITION MEASUREMENTS
Initially, it is tried to gain some insights into observer settings, following the separation principle. In
the linear case, the estimator can be designed separately from the controller according to this principle.
Essentially, the separation principle is based on the fact that for linear systems the eigenvalues of the
combination of controller and observer are equal to those of the separate controller and observer.
When both the controller and observer are stable, the combination is stable as well. Unfortunately, all
assumptions to justify a design based on the separation theorem are far from the situation analyzed
here. As a consequence, nothing can be said beforehand about the stability and performance of the
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combination of controller and observer. Here, the combination of the controller and the observer is
considered to be stable if the step response of the controlled results in a tracking movement of the
one-pivot neck model that is free of oscillations about the end-position. Thus, when a constant position
is reached, the closed-loop system is considered to be stable. Performance is defined as the ability of
the controller and observer combination to direct the one-pivot neck model towards a stable endposition within a certain time interval. Herein, it must be emphasized that a combination of the
controller and the observer which succeeds in executing a step-tracking task within 300 msec without
overshoot can be considered as being optimal with respect to the aims of this study.
By studying the behavior of the one-pivot neck model that is controlled with exact knowledge of the
states, it appeared that a good state estimation could be obtained by using the observer of Eq. (4.4).
Figure 4.3 gives an impression of the observer performance. However, the effective observer
performance can only be judged in a closed-loop arrangement. This results from the fact that in
nonlinear systems, the controller and observer may strongly influence their mutual behavior.
Application of the controller that uses the state estimates provided by the observer with controller and
observer settings similar to those of Figure 4.3 lead to a very poor response.
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Figure 4.3. Observer performance for separated controller and observer.

It was conjectured that the poor performance was due to the application of sign-functions in the

observer. More specifically, the inherent observer switchings were believed to cause discontinuous
state estimations with which the controller was apparently not able to establish the desired endposition. By replacing the sign-terms in the observer by a saturation function, as defined by Eq. 3.14,
the performance problem was considerably improved. Figure 4.4 depicts the closed-loop performance
for settings that must not be considered as the optimal settings. It appears that better performance can
be obtained by adjusting the observer gains. However, consideration of the neural input signal u
revealed that the observer settings that provided the step response of Figure 4.4 cause a fast switching
in this signal which resulted in the co-contraction phenomenon as described in Chapter 3. By
increasing the boundary layer width of the s-dynamics in the controller, this undesirable phenomenon
was overcome.
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Figure 4.4. Closed-loop system performance for non-optimal observer settings.

Unfortunately, by the introduction of a saturation function in the observer equations the property of
asymptotically converging estimation error dynamics is lost. Accuracy of the estimate can only be
guaranteed within certain bounds, since inside the boundary layer, the observer dynamics is acting
in the same way as that generated by applying an ordinary pole-placement observer (Luenberger
observer). It is, however, felt that the separate performances of controller and observer are of minor
importance with respect to total system performance. This justifies the application of a saturation
function.

4.5 APPLICATION OF AN OBSERVER THAT USES DELAYED POSITION MEASUREMENTS
From Eq. (4.3) and Eq. (4.6) it follows that accuracy of the state estimates is largely determined by the
value of gains k1 and k2 • With k 1 held constant, the performance of the observer will improve when
k2 is increased. However, when latencies corrupt the position measurement, a large gain may lead to

instable system behavior. Since the magnitude of the gain k1 is dictated by the maximum value of
observer model uncertainty (Eq. 4.5 and Eq. 4.7), it logically follows that the combination of controller
and observer can only be effective if the observer model forms an accurate representation of the onepivot neck model. In fact, the observer can now be considered as a predictor because it delivers
quantities at a certain time outside the interval of its input time sequence.
When a delay corrupts the position measurements, the increase of gain k1 will possibly result in
instable dosed-loop behavior. Therefore, a strategy should be developed to determine acceptable
observer settings. The strategy employed here, is that gain k1 is set at a value of 1 and is not adjusted
during the search traject. Thereafter, gain k1 is set at an initial value. The dosed-loop system
performance is investigated and when stable system behavior is detected, gain k1 is doubled and the
whole process is repeated. The process is continued until instability is reached. Then half the value
of k1, which led to unstable behavior, is selected as the ultimate setting. By employing this strategy,
a gain of 2560 was found to cause unstable dosed-loop behavior, as can be seen in Figure 4.5a. An
observer setting in which half the value of this gain, i.e. k2 with a value of 1280, reveals stable system

32

behavior, shown in Figure 4.5b. Thus, the setting, k1=1 and k2=1280, can be considered as a feasible
setting for the controller of Chapter 3 with a feedback delay of 25 msec. However, optimal settings,
according to the definition in Section 4.4, can only be obtained if gain k1 is adjusted as well, which will
not be executed here.
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Figure 4.5. Determination ofobserver settings when only a delayed position measurement is available. a) depicts
closed-loop system performance for k2=2560. Considering the estimation it is concluded that this system is
unstable. b) depicts the situation for k2=1280, which reveals a stable step response.

4.6 OBSERVER SEITINGS WITH DELAYED POSITION AND VELOCITY MEASUREMENTS
From the foregoing, some experience is obtained which can be used for the choice of observer settings
when delayed velocity measurements are also incorporated. As can be seen from Figure 4.5, the
position estimate is quite accurate, velocity is not. With joint position as the only measurement, the
sliding patch is located around the axis in the observation error phase-plane where the position
estimation error is zero. This can be illustrated when considering the x 1=O axis in Figure 4.2. It is
known, however, that the CNS also obtains information about joint velocity. Implementation of this
measurement yields for the observer error dynamics:
(4.8)

The availability of the velocity measurement in fact introduces a second sliding patch near the axis
in the error phase-plane where the velocity estimation error is zero. In Figure 4.2 this means that
another sliding patch is introduced for the axis x2=O. More specifically, the region of direct attraction
towards fast convergence is increased. Thus, the estimation errors will decrease faster to zero, i.e.
better observer performance is established.

In the new situation, instability will still occur if the observer gains are increased too much. Therefore,
again a strategy must be applied in order to determine optimal observer settings that lead to stable
closed-loop system behavior. For this purpose, the strategy described in Section 4.5 can be used once
more. Since gain k2 needs to be set to compensate for modeling errors, it is regarded as the variable
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that is primarily responsible for observer performance and thus for system performance. Application
of this strategy revealed that a gain k2=320, which is considerably smaller than in the previous section,
leads to an undesirable system performance. Subsequently, the setting k1=1 and k2=160 is regarded as
a feasible setting. The resulting system behavior for these settings is depicted in Figure 4.6. In order
to obtain optimal observer settings, gain k1 is adjusted. When this gain is increased, it appears that the
system performance is slightly improved. A setting of k1=10 yields optimal closed-loop behavior. The
stepresponse is shown in Figure 4.7. Therefore, the observer settings k1=10 and k2=160 are regarded
as the definitive settings.
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Figure 4.6. a) Determination of obseroer settings. a) depicts the closed-loop step response for observer gain
k2=320, which reveals non-smooth behavior with respect to the velocity estimation. b) shows a similar
response with k2 set at 160.
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Figure 4.7. Closed-loop system behavior for observer settings k1=10 and k2=160, which are considered optimal.

Untill now, the closed-loop system was tested for one particular setpoint. Here it is shown that other
setpoints can be reached as well. Figure 4.8 shows some results. Note that responses are not equal for
positive and negative setpoints. This is due to the fact that the one-pivot neck model is asymmetrical
with respect to the muscles: the neck extensor is stronger than the flexor. Moreover, the initial position
of the one-pivot neck model reflects the anatomical position where the neck link does not coincide
with a vertical line. This position requires the neck extensor to compensate gravity forces. When
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pulling backwards, as follows from a desired negative setpoint, the extensor has to pull the head and
neck a bit upwards in the field of gravity, before negative positions are reached. This geometrical
property of the model forms the explanation for the overshoot observed for higher negative setpoints.
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Figure 4.8. Closed-loop step responses for several setpoints. Here, the optimal controller and obseroer
combination is used.

4.7 DISCUSSION
In this chapter it was shown that feedback delays make fast movements of the one-pivot neck model

merely impossible. It was also shown that an observer is necessary to circumvent the drawbacks of
these delays. Application of an observer model that was similar to the controller model appeared,
however, to lead to instable system behavior. Therefore, it was decided to employ a more advanced
observer model. In this study a sliding mode observer is applied that differs somewhat from normal
sliding mode observers by the presence of saturation functions. These functions in fact provide an
ambiguous observer character. Outside of the boundary layer the observer acts as a sliding mode
observer and inside this layer the observer is a Luenberger observer. The settings of this observer
where determined following some stategies that were developed to avoid unstable system behavior.
It appeared that with the use of both delayed position and velocity measurements of the one-pivot

neck model, feasible observer behavior could be obtained.
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5. VALIDATION AND SIMULATION OF IMPACT RESPONSE

Until now a controller and observer for the one-pivot neck model of Chapter 2 have been constructed.
The controller and observer settings were determined by using experimental data on fast voluntary
movements. In this chapter the controlled one-pivot neck model is validated. Section 5.1 investigates
the performance of the controller in posture maintenance tasks. Section 5.2 compares the maximum
neck strength of the one-pivot neck model with values obtained from experiments with volunteers.
The last sections of this chapter investigate the controller behavior in impact simulations. The
acceleration pulses that are used to simulate controller behavior during impact are obtained from
volunteer tests. Impact behavior of the controlled one-pivot neck model is compared with a similar
model in which muscles maintain a constant activation. In this way the effect of reflexive muscle
action on the impact response is investigated. The responses of both models are also compared with
the responses of volunteers.

5.1 POSTURE MAINTENANCE OF THE ONE-PIVOT NECK MODEL
The controller and observer combination at hand is cap~ble of mimicking the principle features of fast
goal-directed movements as has been shown in Chapter 3 and 4. However, with respect to the aims
of this study the capability of the controller to ensure posture maintenance of the one-pivot neck
model is more important. This section investigates the disturbance correcting behavior of the controller
in such posture maintenance tasks.
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Figure 5.1. Forward torque disturbance during posture maintenance. At t=250 msec a torque pulse with a
height of +50 Nm and a duration of 100 msec is applied at the joint of the one-pivot neck model. a) depicts
the real deflection angle at the joint and the deflection angle estmated by the observer. b) shows the involved
muscle active states of the flexor (AG) and the extensor (AN).
There are several methods by which the disturbance correcting behavior of the controller may be
analyzed. In all these methods a disturbance is applied as an external input to the controlled system
and the subsequent response is considered. The disturbance applied in this study is a torque pulse

36

which acts on the joint of the one-pivot neck model. This approach forms a good test condition for the
investigation of the controller effectiveness in keeping the one-pivot neck model upright in the sagittal
plane. Moreover, the method provides information on the gross dynamics of the controlled muscles
around the joint. The torque disturbance method is also used by other investigators (Agarwal et al.,
1970; Gerdes & Happee, 1994; Yurkovich et al., 1987).

In this study torque pulses with a height of 50 Nm and a duration of 100 msec are used. Disturbance
correcting behavior is investigated for different positions of the one-pivot neck model. Figure 5.1
provides some results for the neutral position (setpoint is 0 rad). It can be seen from this figure that
the torque pulse forces the neck to move forward which elongates the neck extensor. In reaction to
this disturbance the controller evokes an antagonistic burst by which the extensor is activated. The
subsequent extensor contraction reverses the forward movement of the neck and accelerates it
rearward. The rearward motion then, is decelerated by the flexor following a short agonist burst.
Finally, the original position is recovered. The disturbance correcting behavior of the controller by two
bursts of activity is in agreement with the findings of Lacquaniti & Soechting (1986) and can be seen
as a representation of the stretch reflex. It is well known that this reflex produces a muscular force in
opposition to muscle lengthening (Colebatch & McCloskey, 1987; Crago et al., 1976).
The effectiveness of the disturbance correcting actions of the controller depends heavily upon the
muscle force that can be generated as becomes clear when the same torque pulse is applied in the
rearward direction (Figure 5.2). In this situation the controller first activates the flexor in order to
correct the disturbance. Since the flexor cannot generate as much force as the extensor (Chapter 2,
Table 2.2), the deflection angle of the neck is considerably larger than in the previous situation.
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Figure 5.2. Rearward torque disturbance during posture maintenance. At t=250 msec a torque pulse with a
height of -50 Nm and a duration of 100 msec is applied at the joint of the one-pivot neck model. Both the real
deflection angle at the joint and the deflection angle estmated by the observer are depicted.
Torque pulses with a heigth of 50 Nm and a duration of 100 msec were also applied in two other
positions of the one-pivot neck model. These positions represented a flexed (setpoint +0.5 rad) and an
extended position (setpoint -0.5 rad), respectively. The controller succeeds in stabilizing these positions
as well, although the effects of gravity are larger in comparison with the neutral position. In both
positions similar controller behavior as in the neutral position was observed. From the above it follows
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that the controller can compensate effectively for considerable torque disturbances. Moreover,
controller behavior reveals at least the principle features of the stretch reflex, i.e. recovering original
head position by two bursts of activity.

5.2 STRENGTH OF THE ONE-PIVOT NECK MODEL IN STATIC CONDITIONS

A measure for the capability of the neck muscles to restrain the head during impact can be obtained
by investigated the maximum neck strength in static tests (Foust et al., 1973; Schneider et al., 1976).
Experimental data obtained with volunteers are presented by several authors. In the normal test set
up the subject is seated with feet on the ground and the thorax stabilized by shoulder straps. A band
placed about the head of the test subject is attached by an inelastic rope to a force transducer (Figure
5.3). The subject is instructed to pull on the rope with maximum effort by using his neck muscles only.
The neck strength data obtained in this way reflect the maximum voluntary isometric neck muscle
strength. Such measurements can also be obtained for the one-pivot neck model. It is, however, not
possible to simulate the above test conditions exactly. This arises from the fact that setpoints for
muscle force cannot be defined. The controller is designed for tracking tasks and thus functions in
order to control the trajectories of the one-pivot neck model. Therefore the experiments must be
simulated in another way.

Figure 5.3. Schematic representation of testing procedure.
A static test in which a volunteer attempts to pull maximally in a rearward direction (attempted
extension) can be simulated by the application of a slowly increasing positive torque at the joint of the
one-pivot neck model. Then the controller tries to maintain the setpoint position by increasing the
extensor activation. The activation increases proportionally to the increase of the applied torque until
maximum activation is reached (A=l). If the applied torque is increased further the controller fails in
maintaining the head upright and the one-pivot neck model will yield in the direction of the applied
torque. The maximum torque for which the controller succeeds in maintaining a constant position can
thus be considered as the maximum neck strength of the one-pivot neck model. In order to avoid
undesirable reflexive actions of the controller it is necessary to apply the torques in a quasi-static way.
Table 5.1 contains the magnitudes of the maximum neck strength of the one-pivot neck model and
some experimentally obtained results.
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Table 5.1. Model and experimental data on maximum neck strength. SD denotes
standard deviation.
Source

Maximum strength

Model

25

in extension (Nm)

Mayoux-Benhamou

Moroney et al.

Schneider et al.

(1973)

& Revel (1993)

(1988b)

(1976)

10.4 (SO 6.3)

30

25.9 (SO 13.4)

40

18 (Females)
32 (Males)

in flexion (Nm)
Maximum strength

Foust et al.

72

25 (Females)

53 (SO 12)

42 (Males)

With respect to Table 5.1 it must be noted that Foust et al. (1973) divided their test group of 180
volunteers in 18 subgroups based on sex, age (18-74 years) and stature. In the table only the values
obtained with the strongest subgroups are reported. Regarding the neck strengths obtained with the
other subgroups, the authors concluded that effects of age and sex are evident, with the neck muscle
strength of males greater than that of females in every age group.
The maximum neck strength in extension for the one-pivot neck model is larger than the reported
experimental values. The maximum strength in flexion is roughly equivalent with the experimental
values. The neck strength of the one-pivot neck model arises from the choice of the maximum muscle
forces for the flexor and extensor (Chapter 2, Table 2.2). These maximum values are based on the
assumption that experimentally obtained maximum strength is somewhat less than absolute
physiological capacity. Foust et al. (1973) argue that measured voluntary neck strengths represent
about 80% of the maximum available physiological capacity. Subjects can hardly be expected to fully
activate muscles over some time without co-contraction of antagonistic muscles. Application of an
external force to a co-eontracting muscle system will result in individual muscle forces that are
considerably higher than in the situation where only one muscle has to compensate the external force.
However, the effective resistant force that is generated by the muscle system is equal in both
situations. Hence, individual muscle forces will be larger than the effective resistant force when cocontraction is assumed. The above considerations lead to the conclusion that the neck strength of the
one-pivot neck model compares reasonably with reported experimental values, although it is believed
that the maximum extensor force might be somewhat too large.

5.3 SIMULATION OF NECK BEHAVIOR UNDER IMPACT CONDITIONS
The aims of this study include the investigation of reflex enhanced muscle activity during impact
response of the head-neck system. This influence can be considered by the investigation of the
controller behavior of the one-pivot neck model in simulations of published experimental data. Herein
a comparison will be made between an 'active' and a 'passive' one-pivot neck model. The active model
forms the one-pivot neck model controlled by the combination of the controller and observer designed
in Chapter 3 and 4. The passive model represents the one-pivot neck model with a constant muscle
activation that is equal to the necessary activation for maintaining the one-pivot neck model in an
upright position in the field of gravity. Both the active and the passive one-pivot neck models are
exposed to acceleration pulses obtained from experiments with volunteers.
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The Naval Biodynamics Laboratory (NBDL) in New Orleans, USA, has conducted a large number of
human volunteer tests to study the head-neck response under impact conditions. The obtained data
of these tests provide an excellent base for mathematical simulations. In these tests the subjects were
seated in an upright position on a sled accelerator and exposed to short duration accelerations,
simulating frontal, oblique, and lateral impacts. Straps were used to prevent relative motion between
the sled and the torso of the subject, whereas the head and neck were allowed to move freely in
response to impact. Several degrees of impact severity were simulated by acceleration of the sled from
zero velocity. The resulting three-dimensional motions of the head and neck were monitored by
accelerometers and high-speed cinematography. A detailed description of the NBDL instumentation
and test methods is provided by Ewing et al. (1968).
A series of NBDL tests has been analyzed by Wismans et al. (1986 & 1987), using a two-pivot linkage
mechanism (Figure 5.4). This mechanism should not be considered as a representation of the very
complex anatomical structure of the cervical spine, but rather as a means by which observed headmotions of the NBDL volunteers can be described. Such a description consists of time histories of the
head and neck angles cp and

e. From the analysis of frontal impact tests it appeared that in the first

phase of the impact response the head angle lags behind in comparison with the neck angle. This is
due to the translational movement of the head in the first phase of the response. After this phase the
relation between the angles cp and

e becomes more or less constant. Since the one-pivot neck model

employed in this study has only one degree of freedom, describing both the head and the neck
deflection angle, comparison of the model response with the angle cp as reported in the analyzed
NBDL data seems to be most logical.

zt
lab. Isle d)
coordinafe
system

I

I
I
L._._._._
x

•

thrust vector of
accelerator

Figure 5.4. A two-pivot link£lge mechanism for the description of relative head motions. The angles cp and
both measured with respect to the sled coordinate system.

e are

It was observed that the measured T1 accelerations of the subjects deviated considerably from the

applied sled accelerations (Wismans et al., 1986). This is due to the flexibility of the restraint system
and the thorax of the test subject. As a consequence the peak input acceleration experienced by the
head-neck system was about twice the peak sled acceleration. It is obvious that the measured T1
acceleration pulses should be applied as input to the one-pivot neck model in order to simulate these
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tests. The NBDL database contains no rear impact simulations. For simulation of rear impacts some
volunteer tests conducted at the Japan Automobile Research Institute OARl) are used. These tests are
analyzed by Happee et aI. (1995), also using the two-pivot linkage mechanism of Figure 5.4.

5.4 SIMULATION OF FRONTAL IMPACTS
First, a volunteer test with a sled acceleration of 8g is simulated. Figure 5.5a depicts the T1 acceleration
time-history as obtained from the NBDL database. In Figure 5.5b the simulation results for both the
passive and the active models as well as the volunteer response are plotted. The maximum head
deflection angle of the passive model is considerably larger than the maximum head deflection angle
of the active model. Hence, the active model succeeds reasonably well in restraining the head. The
volunteer's head deflection angle is considerably lower in comparison with the active model. It should
be noted, however, that the volunteer is not blindfolded and thus visual reflexes may affect his
response. Visual reflexes are not described in the current one-pivot neck model and this can partly
explain the differences between the response of the active model and the volunteer. Furthermore it
is known that in the first phases of volunteer responses in frontal impact tests, the head angle <p lags
behind compared to the neck angle e. This is due to the translational nature of the initial head
movement (Wismans et aI., 1986). The one-pivot neck model cannot describe this phenomenon which
results in a head deflection that starts somewhat earlier than the head deflection <p of the volunteer's
response.
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Figure 5.5. Simulation of a 8g forward NBDL test a) Tl acceleration pulse. b) Responses of the active and
passive one-pivot neck model as well as the volunteer response.
The controller actions during the impact response are now analyzed in detail. Figure 5.6a shows that
the observer perceives a deflection angle at the joint of the one-pivot neck model that is considerably
delayed in comparison with the actual deflection angle. Nevertheless, the controller reacts by an
antagonistic burst in an attempt to maximally activate the extensor muscle. Figure 5.6b reveals the
time-course of the extensor activation which rises slowly regarding the time interval of the impact. As
a consequence, the extensor reaches its maximum activation late in the crash pulse.
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Although muscle activation is not maximal during the major part of the response, it is sufficient to
generate considerable muscle forces. This becomes clear when the contractile extensor forces of both
active and passive models are compared (Figure 5.7). It appears that there is a considerable difference
between the active and the passive model. It follows from the figure that the contractile force of the
extensor in the active model is basically the contractile force of the passive model multiplied by the
active state. The contractile force that can be generated is, however, not only dependent on the active
state but also on muscle length and lengthening velocity. Since the passive model has a constant
activation during the entire impact response, the influences of the extensor length on the contractile
force can be investigated more easily than in the active model. It can be seen that the contractile force
decreases severely during the later phases of the response, when the deflection angle is large. This
arises from the property of the contractile force-length relationship that force decreases with muscle
length.
Passive muscle properties appear to play only a minor role in the active model. A similar conclusion
was drawn by Happee & Thunissen (1994). The suggestion that passive muscle forces are not relevant
is contrary to what has been stated by others and may be due to the selected passive force-length
relations of the muscles in the one-pivot neck model. Some uncertainty exists about the parameters
describing the passive force-length relations of Hill type muscle models in impact simulations
(Happee, 1995). Contrary to the contactile force-length relationship the passive force-length relationship
provides larger forces when muscle length is increased. This can be seen in Figure 5.7b. The muscles
of the one-pivot neck model will elongate more drastically when their lines of action follow curved
paths. In the real human neck muscle paths are more or less curved since the muscles have to pass
around bones and other tissue (Andrews & Hay, 1983). Inclusion of curved muscle paths in the onepivot neck will therefore increase the influence of the passive muscle properties. By this modification
the passive stiffness of the model will be increased which will lead to lower deflection angles.
Moreover, the active part of the muscle forces will also be more effective and the model response will
be closer to the volunteer response than in the present simulations. Therefore it is recommended to
include curved muscle paths in future investigations.
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(AG) and extensor (AN) muscles during the impact.
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Figure 5.7. Muscle force during impact as exerted by the extensor during a forward 8g NBDL test simulation.
a) Forces in the active model b) Forces in the passive model.
Subsequently, a 109 NBDL frontal impact test is simulated. The effect of controller activity is less
apparent in this simulation (Figure 5.8a). Differences between the response of the active and the
passive models are small. Obviously, the one-pivot neck model behaves too compliant in comparison
with the volunteer. In a 15g frontal impact test (not shown here) this compliance led to a such a large
deflection angle that muscle moment arms became negative and, therefore, the response was very
unrealistic. Inclusion of curved muscle paths in the one.-pivot neck model circumvents the existence
of such negative muscle moment arms, which will result in a more realistic reponse for a 15g frontal
impact test.
A minor impact acceleration as simulated by a 4g JAR! impact run, reveals that the active one-pivot
model succeeds suprisingly well in restraining the head (Figure 5.8b). It must be noted herein that
accurate Tl accelerations were not available. The acceleration pulse had to be reconstructed from the
T1 displacements observed in the video analysis of this test. The applied T1 acceleration pulse is
therefore a bit uncertain. Nevertheless, the influence of controller activity seems to be very large in
this situation. The inertial loading of the head is moderate in comparison to the previous tests and
therefore the head deflection angle remains small. The extensor is not drastically elongated and thus
the force-length relation forms no major limitation for the muscle force that can be generated. As a
consequence the controller is capable of effectively correcting the loading disturbance.
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Figure 5.8. Simulation and experimental results for a 109 NBDL (a) and a 4g JARI (b) impact test.
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5.5 SIMULAnON OF REAR IMPACTS
In traffic, the violence of rear impacts is generally limited in comparison with frontal impacts (Otte
& Rether, 1985; Svensson, 1993). Accordingly, the volunteer tests performed at JAR! represent two low-

severity rear impacts of 2g and 3g, respectively (Happee, 1995a). Here the 3g impact test will be
simulated. The T1acceleration pulse is, however, hampered by the same uncertainties as .in the earlier
described 4g frontal test. The model response reveals the same phenomenon as was encountered in
the 4g frontal impact test. The corrective actions of the controller are very efficient which leads to a
modest head excursion in comparison with the volunteer response (Figure 5.9a). The flexor activation
(Figure 5.9b) does not exceed 0.6 which implicates that relatively small muscle forces can already have
a large influence in low-level impact accelerations. The maximum head deflection angle for this 3g rear
impact is about twice as large as the maximum head deflection angle of the 4g frontal impact test. The
difference in the maximum head deflection angles between frontal and rear impacts is due to the
difference in maximum muscle forces that can be exerted by the extensor and the flexor of the onepivot neck model. The differences in maximum head deflection angle between frontal and rear impacts
are in general agreement with the volunteer responses in both tests.
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Figure 5.9. Simulation of a 3g JARI rear impact test. a) Response of the active and passive model as well as the
volunteer response. b) Neural input and active states of the flexor (AG) and extensor (AN) muscles during
impact.

5.6 DISCUSSION
During the Impact simulations the controller of the one-pivot neck model tried to maintain the head
in an upright position. It was shown that the controller succeeds reasonably well in this task for lowlevel frontal and rear impacts. In fact, the disturbance correcting behavior of the controller in these
tests, resulted in maximum head deflection angles that were low compared to the volunteer responses.
Differences between frontal and rear impacts of similar severities reveal that the controller can more
effectively restrain the head in frontal impacts. This is in agreement with the volunteer responses. In
moderate impact situations the controller influence was less apparent.
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The controlled one-pivot neck model does not contain a description of visual reflexes. Volunteers may,
however, tense their neck muscles in anticipation of the impact and this pretensioning can partly
explain the low head deflection angles of the volunteers compared to the model responses in the
frontal 8g and 109 NBDL tests. It must, however, be concluded that the one-pivot neck model behaves
too compliant in these tests. The inclusion of curved muscle paths in the model will increase the
passive stiffness of the model and it is believed that this will lead to model responses that are closer
to the volunteer responses than the currently obtained responses. Muscle modeling by using finite
element techniques could be very attractive with respect to the inclusion of curved muscle paths
(Dietrich et aI., 1990). Finite element muscle modeling furthermore enables a more precise formulation
of the attachments of muscles and bony elements.
The findings of impact simulations can be summarized as follows. Reflex enhanced muscle activity,
as simulated by the controller of the one-pivot neck model can have a large effect on head-neck
kinematics. This effect depends heavily upon the severity of the impact. At present, the capacities of
the one-pivot neck model to describe reflex enhanced activity during moderate impact levels (8-15g)
are believed to be limited due to the compliance of the model. Therefore, model refinement with
respect to curved muscle paths seems to be a first requirement for future investigations.
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6. CLOSURE

6.1 CONCLUSIONS

• In this study a sliding mode controller was developed that could effectively control an inverted
pendulum approximation of the human neck. This so-called one-pivot neck model contains a
nonlinear joint characteristic and an asymmetrical muscle configuration. Neurological and
biochemical processes that precede the generation of muscle force are also included in the model.
• For point-to-point movements the controller provides predictions on movement trajectory,
muscle control inputs, and antagonistic muscle stiffness that are in general agreement with
available experimental data.
• Feedback delays in the sensory information that is used by the controller were introduced in
order to add more physiological detail to the one-pivot neck model. These delays made fast
movements of the one-pivot neck model impossible. It was necessary to include an observer of
the one-pivot neck model in the control structure in order to circumvent the drawbacks of these
delays.
• The controller and observer mutually influence their behavior and therefore observer settings
were determined in a closed-loop arrangement.
• The controller and observer combination is able to stabilize the one-pivot neck model in different
positions. Disturbance correcting behavior during posture maintenance tasks reveals the principle
features of the stretch reflex.
• Simulation of static neck strength tests revealed that the strength of the one-pivot neck model
is roughly equivalent with reported experimental values.
• Simulation of impact tests revealed that reflex enhanced muscle activity can have a large
influence on the kinematics of the model response. This holds especially for low-level impact
accelerations (3 and 4g).
• The controller can more effectively restrain the head in frontal impacts than in rear impacts.
Similar behavior was detected during posture maintenance tasks in which disturbance torques
were applied at the joint of the one-pivot neck model. This difference between frontal and
rearward disturbance correcting behavior arises from the larger maximum force of the extensor
in comparison with the flexor.

6.2 RECOMMENDAnONS
• Inclusion of curved muscle paths is necessary in order to investigate muscle reflexes in moderate
and severe impact conditions. Finite element modeling may form a suitable technique to
properly incorporate such curved muscle paths. Moreover, this modeling technique inherently
describes the effects of distributed muscle mass.
• The parameters that determine the passive force-length relationship of the applied muscle model
may have to be chosen different form the settings used in this study.
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• When curved muscle paths are included in the one-pivot neck model, a sensitivity analysis
should be performed to determine what properties of the model are most dominant with respect
to the predicted impact responses of the model.
• Validation is required for human neck behavior in posture maintenance tasks and goal-directed
movements. The possibility to obtain measurements of muscle activity during impact tests with
volunteers is believed to be limited due to the complex arrangement of the neck muscles.
However, such measurements will be inevitable for an elaborate validation of any neuromuscular
model of the neck.
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APPENDIX A

MADYMO INPUT DECK FOR THE ONE-PIVOT NECK MODEL
Simulation of human head-neck behavior
Human neck muscle reflex
Summer 1994
0.0000 0.3600
EULER
1.0E-4 5.0E-5 8.0E-4
0.0000 0.5000 0.0100 0.1000
~--------------------------~-------------------------------------------

SYSTEM 1
HEAD-NECK SYSTEM
CONFIGURATION
3 2 1
END
GEOMETRY
0.0000
0.0000 0.0000 0.0000
-0.0310 0.0000 0.0110 -0.0023
0.0000
0.0000 0.0000 0.1290
END
INERTIA
1.E3
1.E1
1.E1
1.E1
1.22
0.0100 0.0100 0.0100
4.78
0.0267 0.0293 0.0149
END
ORIENTATIONS
3 0 1 2 -0.6283
END
JOINTS
1 BRAC
2 REVO
3 REVO
END
ORIENTATIONS
1 0 1 3 1.571
1 1 1 3 1.571
2 1 1 3 1.571
2 2 1 3 1.571 1 -0.298
3 2 1 3 1.571
3 3 1 3 1.571 1 0.379
END
STIFFNESS
o 0.0 0.5 0.0
2 -1 0
END
FUNCTIONS
neck lower joint flexion
11
-1.745 -30.45
-1. 396 -19.49
-1.047 -10.96
-0.698 -4.87
-0.349 -1. 22
0.0
0.0
0.349
1.22
4.87
0.698
1. 047
10.96
1. 396
19.49
1.745
30.45
END
FLEXION TORSION RESTRAINTS
200 0 0 0 0 0 0 0 0
END
ORIENTATIONS
2 1 1 3 1.571
2 2 1 3 1.571
1 -0.298
END
ELLIPSOIDS
1 0.001 0.001
0.001 -0.031
3 0.001 0.001
0.001
0.000
3 0.105 0.073
0.105
0.000
3 0.020 0.015
0.020
0.105
1 0.031 0.051
0.039 -0.031
0.075
0.000
2 0.010 0.010
END
INITIAL CONDITIONS
O.

O.

O.

JOINT DOF
2 FREE 0.0
3 LOCK 0.0
END
END SYSTEM 1

O.

O.

0.0000
0.0000
0.0000

0.0
0.0
0.0
0.0
0.0
0.0

0.0000
0.0651
0.0550

0.011
0.000
0.105
0.105
0.011
0.075

2
2
2
4
2
2

THORAX + T1
NECK
HEAD

o
o
o
o
o
o

o
o
o
o
o
o

O.
O.

O.
O.
O.
O.

LOW PIV
UPP PIV
HEAD
NOSE
NECK BASE
NECK AXIS

O.

0.0
0.0

!---------------------------------------------------------------

FORCE MODELS
ACCELERATION FIELDS
prescribed acceleration and gravity
SYS BOD FNX FNY FNZ

A-2

1
0
102
END
FUNCTION
67
0.0 0.0
(points omitted)
67
0.0 0.0
(points omitted)
END
KELVIN ELEMENTS
zero force, included for visualization and length output
1 1 0.0304 0.0 0.0 1 3 0.0073 0.0 0.0377 0 0
1 1 -0.0666 0.0 0.0218 1 3 -0.0152 0.0 0.0377
END KELVIN
END FORCE MODELS

0.0
0

o

0.0
0.0

o
0.0

0.0
0

t-------------------------------------------------------------------

CONTROL MODULE
JOINT SENSORS
1 JNTPOS 1 2 1
2 JNTVEL 1 2 1
END JOINT ACTUATORS
CONTROLLERS
1 PID JOINT SENSOR 1 0 0 0
2 PID JOINT SENSOR 1 0 0 0
END CONTROLLERS
MUSCLES
flexor
1
HILL +
1
1
0 0.0304 0.0 0.0 +
1
3
0 0.0073 0.0 0.0377 +
CONTROLLER 1 1100.0 0.128 0.30 STD
0.25 0.075 1.50 0.54 0.80 10.0
extensor
2
HILL +
110
-0.0666 0.0 0.0218 +
130
-0.0152 0.0 0.0357 +
CONTROLLER 2 2500.0 0.128 0.30 STD
0.25 0.075 1.50 0.54 0.80 10.0
END MUSCLES
END CONTROL MODULE

STD

STD

STD

+

STD

STD

STD

+

!----------------------------------------------------------------------------

OUTPUT CONTROL PARAMETERS
lOUT IKIN TSKIN OPTKIN TSOUT
o
0
0.005 2
0.01
LINACC
1 3 0.0230 0.000 0.0550 1
END
ANGACC
130
END
JNTPOS
1 2
END
JNTVEL
1 2
END
Muscle contractile part (CE+PE)
MUSCLES

0

0

0

HEAD CG

1
2

END
END OUTPUT
~-----------------------------------------------------

END INPUT

-----------------------

o
0.0

o

B-1

APPENDIX B

FORTRAN SUBROUTINE FOR THE CONTROLLER AND OBSERVER
C***********************************************************************

C**** SUB R 0 UTI N E

C N T R H 3

****

c***********************************************************************

C**** MODIFIED SUBROUTINE CNTRH3 FOR IMPLEMENTATION OF A CONTROLLER ****
C**** AND OBSERVER FOR THE ONE-PIVOT NECK MODEL
****
C****
****
C**** Arguments :
****
C**** LSTART: Start flag
****
C**** DT
Current integration time step
****
C**** SIGINP: Controller input signals (input)
****
C**** SIGOUT: Controller output signals (output)
****
c****
****
C**** MADYMO 3D version 5.1
****
c**** CNTRH3
$Revision: 1.2 $ $Date: 94/04/29 11:16:29 $
****
C**** module
controllers
****
C**** called by
CNTRL3
****
c****
****
c**** (c)1994 TNO-WT, P.O. Box 6033, 2600 JA Delft, The Netherlands ****
C***********************************************************************
C

$
$
$
$
$
$
$
$

DOUBLE PRECISION DT, SIGINP(2) , SIGOUT(l) , NSTEP,
TO,TIME,TS,TE,TSR,TRST,
POS, VEL, VELC, VELO,
POSH, POSHC, POSHS, VELH, VELHC, VELHS,
EAG, EAGC, EAGS, EAN, EANC, EANS,
AAG, AAGC, AAGS, AAN, AANC, AANS,
AC, ACC, ACS, U, UC,
EP, EPC, EPS, EPD, EPDC, EPDS,
EV, EVC, EVS, EVD, EVDC, EVDS

$

DOUBLE PRECISION YIS, Y, YISO, YO,
CNSTNT(3)

C

K3, YD, YDO,

C

LOGICAL

LSTART, FIRST

C

INTEGER TEL
C

COMMON
COMMON
COMMON
COMMON
$

/COUNTER/ TEL
/SOLDI2/ NSTEP
/MAIN1/ TO,TIME,TS,TE,TSR,TRST
/KASPER/ POSHC,VELHC,EAGC,EANC,AAGC,AANC,ACC, UC,
EPC, EPDC, EVC, EVDC, VELC, VELO

C

C

Local variables

C

$
$
$
$
$
C
C
C

DOUBLE PRECISION LAG, LRAG, VAG, VRAG,
LAN, LRAN, VAN, VRAN,
FLAG, FVAG, TAG, UAG, FAG, MAG,
FLAN, FVAN, TAN, UAN, FAN, MAN,
F, ACCH, EPOS, EVEL, SAT,
E1, E2, E3, S, V, FHC, BHC, MS
Local constants

$
$
$
$
$

DOUBLE PRECISION LOA, LNA, LON, LNN,
SK, CESH, CEML, CESHL, C1, C2,
FAGMAX, FANMAX,
TNE, TAU,
K1, K2, XI, L2, L1, K,
POSD, VELD

C
C

SAVE NSTEPL, FIRST
C

DATA FIRST /.FALSE./
C

IF (FIRST .EQ . . TRUE.) THEN
POS
SIGINP(l)
VEL = SIGINP(2)
C

C

Attribute value to constants

C

LOA
6. 2D-2
LNA
1.67D-1
LON
3. 7D-2
LNN
16.0D-2
SK = 5.4D-1
CESH = 2.5D-1
CEML = 1.5DO
CESHL = 7.5D-2
FAGMAX = 1l00DO
FANMAX = 2500DO
C1 = 4.5D-5
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C2 =
TNE
TAU
Kl
K2
XI
Ll
L2

l2.SDO
= 4SD-3
= l2.SD-3
1.ODl
1.6D2
SD-l
900DO
60DO
6.0D3
K
POSD = O.ODO
VELD = O.ODO
C

IF (TIME.LE.O.ODO) THEN
POSHC = O.ODO
VELHC = O.ODO
EAGC
O.ODO
EANC
O.ODO
AAGC = O.ODO
AANC = O.ODO
ACC = O.ODO
UC = O.ODO
EPC = O.ODO
EPDC = O.ODO
EVC = O.ODO
EVDC = O.ODO
TEL = a
VELC = O.ODO

=

$

WRITE(99,' (A3B)')
'Simulation of Human Head-Neck Behavior'
WRITE ( 99, ' (A2) ,) ,
WRITE ( 99, ' (AB) , )
1
9'
, IR'
WRITE(99,' (A2)')
WRITE(99,, (AlB) ') 'Estimated position'
WRITE(99,' (AlB)') 'Estimated Velocity'
WRITE(99,, (A12)') 'Neural Input'
WRITE(99,' (A1S)') 'Agonistic Input'
WRITE (99 , , (AlB)') 'Antagonistic Input'
WRITE(99,' (A20)') 'Neural Excitation AG'
WRITE(99,' (A20)') 'Neural Excitation AN'
WRITE(99,' (A1S)') 'Active State AG'
WRITE(99,' (A1S)') 'Active State AN'
ENDIF

POSH = POSHC
VELH = VELHC
VELO = VELC
EAN
EANC
EAG
EAGC
AAN
AANC
AAG
AAGC
AC
ACC
U
UC
EP
EPC
EPDC
EPD
EV
EVC
EVD
EVDC
C

SIGOUT(O)
SIGOUT(l)

= AAG
= AAN

C

IF (U .GT. O.ODO) THEN
UAG = U
UAN = O.ODO
ELSEIF (U .EQ. O.ODO) THEN
UAG
O. aDO
UAN
O.ODO
ELSE
UAG
a .ODO
UAN
-1. ODO*U
ENDIF
C

EPOS = POSH-POS
EVEL = VELH-VEL
LAG = SQRT(LOA*LOA+LNA*LNA-2*LOA*LNA*DSIN(POSH+12.22D-2»
VAG = -1.ODO*«(LOA*LNA)/LAG)*(DCOS(POSH)-(12.2D-2)*DSIN(POSH»*VELH
LRAG
LAG/17.2D-2
VRAG
VAG/O.3DO

C

FLAG

EXP(-((LRAG-l)/SK)**2)

C

IF (VRAG .LE. O.ODO) THEN
IF (VRAG .LE. -l.ODO) THEN
FVAG
a .ODO
ELSE
FVAG = (l+VRAG)/(l-VRAG/CESH)

APPENDIX B
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END IF
ELSE
FVAG
END IF

=

(l+VRAG*CEML/CESHL)/(l+VRAG/CESHL)

C

IF (DSIGN(1.0DO,VAG)
TAG
40D-3
ELSE
TAG = 10D-3
END IF

.LT. O.ODO} THEN

C

EAGS
EAG + DT*«l/TNE)*(UAG-EAG})
AAGS = AAG + DT*«l/TAG)*(EAG-AAG}}
C

FAG
MAG

AAG*FAGMAX*FLAG*FVAG+FAGMAX*C1*(EXP(C2*(LRAG-1))-1)
(LOA*LNA/LAG}*DCOS(POSH) *FAG

LAN
VAN
LRAN
VRAN

SQRT(LON*LON+LNN*LNN+2*LON*LNN*DSIN(POSH-0.1745DO)}
(LON*LNN/LAN)*(DCOS(POSH)+(17.4D-2)*DSIN(POSH})*VELH
LAN/15.78D-2
VAN/0.3DO

C
EXP(-«LRAN-1)/SK}**2)

FLAN
C

IF (VRAN .LE. O.ODO) THEN
IF (VRAN .LE. -1.0DO) THEN
FVAN
O.ODO
ELSE
FVAN
(l+VRAN)/(l-VRAN/CESH)
END IF
ELSE
FVAN = (l+VRAN*CEML/CESHL}/(l+VRAN/CESHL)
END IF
C

IF (DSIGN(1.0DO,VAN)
TAN
40D-3
ELSE
TAN = 10D-3
END IF

.LT. O.ODO) THEN

C

EANS
AANS

EAN + DT*«l/TNE)*(UAN-EAN}}
+ DT*«l/TAN)*(EAN-AAN))

= AAN

C

FAN = AAN*FANMAX*FLAN*FVAN+FANMAX*C1*(EXP(C2*(LRAN-1)}-l}
MAN = (LON*LNN/LAN)*DCOS(POSH)*FAN
C

$

F = 47*DSIN(POSH)-47.6*DSIGN(1.0DO,POSH)*
POSH*POSH-9.52*VELH+4.76*MAG-4.76*MAN

C

C

Euler integration with fixed timestep

C

POSHS
VELHS
ACCH
EPS
EPDS
$

EVS
EVDS
$

POSH+DT*(VELH-K1*SAT(EP)}
VELH+DT*(F-K2*SAT(EV})
F-K2*SAT(EV)
EP+DT*EPD
EPD+DT*(-(TAU**(-2))*EP-2*(TAU**(-l})*
EPD+TAU**(-2)*EPOS)
EV+DT* EVD
EVD+DT*(-(TAU**(-2)}*EV-2*(TAU**(-1))*
EVD+TAU** (-2) *EVEL)

C

E1
E2
E3
S
V
C

POSH-POSD
VELH-VELD
ACCH
E3+L2*E2+L1*E1
-L2*E3-L1*E2-K*SAT(S/3.0D1)

ACS = AC + DT*«l/TNE}*(U-AC))
FHC = (47*DCOS(POSH)-60)*VELH-(420/TNE)*AC
BHC = 420/TNE
U = SAT«l/BHC)*(-FHC+V))

C
C

IF (TEL .EQ. 100) THEN
MS = 1.0D3*TIME
WRITE(99,' (E14.5) ') MS
WRITE(99,, (9E14.5) ') POSHS, VELHS, U,
$
UAG, UAN, EAG, EAN, AAG, AAN
TEL = 0
ENDIF
TEL = TEL + 1
C

C

Wegschrijven naar COMMON-block
POSHC = POSHS
VELHC = VELHS
VELC = VEL
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EAGC

EAGS

EANC

EANS

AAGC

AAGS

AANC

AANS

ACC
UC
EPC
EPDC
EVC

ACS

EVDC

U

EPS
EPDS
EVS
EVDS

END IF
C

FIRST = .NOT. FIRST
RETURN

C

END

C

Saturation function

C

DOUBLE PRECISION FUNCTION SAT {X}
DOUBLE PRECISION X
C

IF (ABS{X) .GT. 1.ODO) THEN
SAT
DSIGN{l.ODO,X)
ELSE
SAT = X
ENDIF
RETURN
END

