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Abstract. The objective of this work is to develop a model
representing the physiological systems driving fast head
movements in frontal plane. All the contributions occur-
ring mechanically in the head movement are considered:
damping, stiffness, physiological limit of range of mo-
tion, gravitational field, and muscular torques due to vol-
untary activation as well as to stretch reflex depending
on fusal afferences. Model parameters are partly derived
from the literature, when possible, whereas undetermined
block parameters are determined by optimising the model
output, fitting to real kinematics data acquired by a mo-
tion capture system in specific experimental set-ups. The
optimisation for parameter identification is performed by
genetic algorithms. Results show that the model repre-
sents very well fast head movements in the whole range
of inclination in the frontal plane. Such a model could
be proposed as a tool for transforming kinematics data on
head movements in ‘neural equivalent data’, especially for
assessing head control disease and properly planning the
rehabilitation process. In addition, the use of genetic algo-
rithms seems to fit well the problem of parameter identifi-
cation, allowing for the use of a very simple experimental
set-up and granting model robustness.

1 Introduction

The objective of this work is to develop a model
which, taking into account anatomical and physiological
considerations, is representative of fast head movement
in the frontal plane. The infra-orbital line and the head
position are proposed in the literature largely as variables
controlled primarily by the central nervous system, since
evidences of their stability in space during complex move-
ment are known (Berthoz and Pozzo 1988; Pozzo et al.
1990, 1991; Amblard et al. 1997; Barberini and Macpher-
son 1998).

Correspondence to: A. Pedrocchi
(e-mail: pedrocchi@biomed.polimi.it,
Tel.: +39-2-23993346, Fax: +39-2-23993360)

The model proposed here is a complex model describ-
ing all effects occurring in head movement in the frontal
plane; it is thus inherently different from a modelling
approach aimed at modelling only muscle activity, but it
includes all contributions, active and passive. It can be
compared to a model-based plant used for neuroprosthe-
ses studies (Riener and Edrich 1999) in terms of objectives,
but it is completely different in methodological approach.
Indeed, in those cases complex experimental set-ups were
adopted for identifying single muscle parameters, while
our approach is global; parameter identification exploits
a genetic algorithm approach, and experimental set-up
for model identification is thus very simple.

Current knowledge in neurophysiology (Kandel et al.
1994) allows one to describe the control system of head
movements in the frontal plane in response to lower seg-
ment perturbations, as reported in Fig. 1. It is assumed
that neural signals concurring to the correction of the
infra-orbital line alignment with the horizontal direction
are linearly combined. Actually, this hypothesis is not ex-
ploited for this work and will require further investigation
for future development.

The considered sensory systems monitor in a direct or
indirect way the inclination of the head with respect to the
horizontal (8 angle in Fig. 1). Those systems’ outputs are
then composed to produce the alphamotoneuron activity.
(s¢) are (Guitton et al. 1986):

e Proprioception, which is divided into two differ-
ent blocks: Hy,, representing relative proprioception,
depending on joint sensors, estimating head position as
aresult of the kinematic chain from the lower segments,
and H,p, the absolute proprioception, which estimates
gravity direction, depending on graviceptor action.

e Vestibular system (Bronstein 1988; Pozzo et al. 1991),
which is represented by two blocks: Hy,, static vestibu-
lar inputs from internal ear sensors, and Hyy, dynamic
vestibular inputs from semi-circular canal action.

e Vision H,.

In addition, there are two more contributions. The
first is the feed-forward control (Hgy), representing
the anticipatory postural adjustments accompanying
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(a)

(b)

voluntary movements involving shoulder axis (y angle in
Fig. 1). The latter block represents neck receptors (Hya),
which are still part of proprioception but directly act, by
spinal reflexes, on neck movement (monitoring directly 6
angle in Fig. 1).

In this complex control scheme, the first aim of mod-
elling is represented by the transfer function between the
alphamotoneuron input signal s, and head inclination.
This paper describes the identification and the validation
of this part of the system ( Hy, and Hyp, in Fig. 1). It offers a
tool for any further investigation aimed at defining quan-
titatively the “neural contribution” of each sensory system
by the inverse transformation of the movement performed
in the neural equivalent input.

2 Model description

The starting point for the definition of the model is
the sixth-order system introduced by Zangemeister et al.
(1981), which has been proposed for modelling head rota-
tions in the coronal plane. Currently, it is still the most
widely used model for such systems, and it has given rise
to other muscular models.

A functional model is presented in Fig. 2, analysing the
neuro-physiological and mechanical mechanisms concur-
ring to head inclination in the frontal plane. The output
variableis 6, defined as the angle between the shoulder axis

Fig. 1. a Definition of angles: y is the angle between
shoulders and horizontal, 6 the angle between the
infra-orbital line and the shoulder axis, 8 the angle
between the infra-orbital line and the horizontal plane.

b Systems involved in head stabilisation. Hy, represents
the neck articular sensors, Hy, the neuro-mechanical
neck model, Hy the feed-forward control system
contribution, Hy, the relative proprioceptive systems, Hyp
the absolute proprioceptive systems, Hy the visual system,
Hi. the static vestibular system and Hgy the dynamic
vestibular system contributions

and the infra-orbital line in the frontal plane (Fig. 1b). The
initial conditions are that the head is perfectly vertical and
still, and it is supposed that the shoulders are fixed in the
horizontal position; hence in this configuration 6 is equal
to B (y is zero).

As presented in Fig. 2, some mechanical contributions
are to be considered in the definition of the total torque:
tissue stiffness, damping and the action of gravity. Their
contributions are added to the muscular torque so as to
compose the total torque at the head equivalent joint.

First, we describe how those mechanical contributions
are expressed in the model.

2.1 Intrinsic passive stiffness(Hpi, Hs)

Stiffness (Zangemeister et al. 1981) depends mainly on
muscle elongation and on biological characteristics of the
other tissues involved in the movement. Stiffness char-
acteristics are represented in the model by two separate
blocks:

Hitiffness = pl + H;. (1)
The first implements the physiological limit (Hp, block),
representing the substantial effects of ligaments and joints
as the inclination increases. The Hp, block is modelled by
an exponential function of 8, with two specific parameters
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Fig. 2. Complete neuromechanical model. A complete description is
given in Sect. 2

(gain G, and exponential factor E,), not available in the
literature and thus identified by genetic algorithms:

Hy = Gpef? . ()

Thisis an alternative to complex passive stiffness identi-
fication based on a particular experimental set-up, which
does not lend itself easily to generalisation (Riener and
Edrich 1999) or application to head movement (it is pro-
posed in the literature only for limbs).

The second block (H;) takes into account the linear part
of the passive intrinsic stiffness characteristic, the so-called
low stiffness:

H,=K#, (3)

where K is assumed to be equal to 0.5 Nm/rad as for
the head rotation (Zangemeister et al. 1981). These two

blocks represent the passive intrinsic stiffness due to tis-
sue characteristics. In the literature, it is often opposed to
reflex-mediated stiffness (Sinkjaer and Magnussen 1994),
which is included in our model in the stretch reflex block.
There is another important effect on muscle stiffness — the
active modulation, i.e. the stiffness increase due to vol-
untary muscle co-contraction. This is not included here,
where we assume no co-contraction during the movement
analysed. This hypothesis is supported by experimental
observations of null EMG activation over the antagonist
muscles during the fast inclination of the head used in our
experiments (see appendix). In the case of further develop-
ments of the current model, this hypothesis should always
be verified or the model should be modified properly.

2.2 Damping block(Hgamping)

Another mechanical element considered is the damping
(Hdamping) of the systems involved in the movement:
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muscles, connective tissues, ligaments and joints (Zange-
meister et al. 1981). This contribution is modelled with a
linear block depending on the head angular velocity:

Hdamping = BG . (4)

We have chosen to identify damping parameters (B)
by genetic algorithms. Indeed, damping characteristics
strongly differ between head rotation and head inclination
because the different movement planes completely change
the mechanical role of vertebrae and intervertebral disks.
Hence, it does not seem appropriate to adopt the value
proposed for head rotations in the work of Zangemeister
et al. No other references were found in the literature for
neck muscle damping values in frontal plane movements.

2.3 Gravity block (Hgrayity)

Since the head barycentre and the rotation centre are non-
coincident, unlike head rotation in the coronal plane, the
influence of the gravitational field (Hgravity) has been con-
sidered, as follows:

ngavity = mgle . (5)

In the range of head inclinations in the frontal plane,
we approximate sin(6) with 6, which introduces an error
below 3%.

In order to determine head barycentre [/ in (5)], the vol-
ume of a 3D-head model has been projected on the frontal
plane. The position of an average, approximated head rota-
tion centre has been localised by studying the real move-
ment geometry; it turned out to be 99.4 mm down the line
connecting the zygomatic bones in the median position
(see appendix for details).

2.4 Muscular torque generation

In the model, muscular torque is governed by an equiv-
alent motoneuron activation input (s,) (Hannaford and
Stark 1985; Zangemeister et al. 1981). This signal acts
directly on the Hyyscular activation Dlock representing the vol-
untary force generation, whose function can be approxi-
mated by a 1-pole transfer function, as in (6):

G

Hmuscular activation — 7 - (6)

1+ ps

The time constant (p in (6)) is 50ms, the same as in
Stark’s works (Hannaford and Stark 1985) since the mus-
cles involved in the investigated movements are the same
(Kandel et al. 1994). The gain of this transfer function [G
in (6)] was determined by traction experiments conducted
on two normal voluntary subjects (average age 26), which
provided a maximum moment generation of 3 N m (see
appendix for details on this experimental activity). The
alpha activation, s,, which here represents the voluntary
activation of alphamotoneurons, comes from the suprasp-
inal control centres. s, fallsin the range (—1, +1). Its signed

value represents the difference of the activation of the two
equivalent muscles, one right and one left equivalent mus-
cle (Hatze 1981).

Actually the input of the muscular activation block is
regulated by a spinal synapse block, which receives in-
puts from fusal afferences and the central nervous system
(CNS) (sa, 5, and sip) (Fig. 3). The way those inputs are
composed strongly depends on the motor task. In physiol-
ogy, the role of interneurons is very broad, modulating the
stretch reflex on synergistic muscles, inhibiting the stretch
reflex on antagonists and modulating the gain of stretch
reflex depending on signals coming from the CNS, i.e. the
motor task. In our work, we model the role of the inter-
neurons such that sj, is the interneuron inibitory signal,
which inhibits the stretch reflex during voluntary move-
ments (as explained in detail in the following discussion).
Actually, we model the complex mechanisms of inhibition
and modulation of the stretch reflex due to supraspinal
control (such as the stretch reflex of antagonist muscles
and the presence of voluntary muscle activation).

In addition, there are fusal afferences which activate
the stretch spinal reflex (Fig. 3). We assume here that their
effect does not produce any contribution to muscular con-
traction during voluntary activation of muscles because of
the counter-effect of the inhibitory interneurons (si,) but
governs muscular contraction through the stretch reflex
mechanism when muscle length needs to be stabilised.

The stretch reflex (Kandel et al. 1994) originates from
muscle spindles localised within the belly of postural mus-
cles and run in parallel with the main muscle fibres. The
value the CNS assigns to muscle length at the end of the
movement depends on the sum of the facilitation and
inhibition signals. Then, fusal afferences detect muscle
length variations and trigger the spinal reflex: if length in-
creases, they excite the motoneurons; if length decreases,
they inhibit the motoneurons (and even excite antago-
nists). Thus, stretch reflex opposes muscle length varia-
tions, when a position is to be stabilised (Kandel et al.
1994). The stretch reflex has a double dependency, both
static and dynamic, on the velocity and on the difference
A9 between the desired position (reference angle) and the
actual position 6. This model well represents the two main
afferent signals coming from spindles: group IA and group
I1B. In addition, it includes a delay due to line transmis-
sion.

The block is thus composed of a function of head angu-
lar velocity (y4) and A6 (y5) and a delay block, which takes
into account the transmission delay (7;). Two different
solutions with respect to the definition of the delay were
compared: a pure delay (e7/*’) and a modification of the
time constant of Hyuscular activation- 1 n€ chosen solution was
pure delay, as expressed in (7), which best fits the curves
and also best corresponds to physiology:

Hstretch reflex = (J/SAQ + Yd Q.)eijST' . (7)

The delay 7; (which corresponds to the monosynap-
tic reflex loop) can be estimated through a theoretical
approximate calculation; a possible value for T should



381

0
Reference AB Static
— value — | afferences j
S, generator ( 7, ) Delay
+ (Ty)
0 Dynamic Fusal
— P afferences afference
(7a)

Spinal H muscular activation
—> —>

Synapses Muscular
A A Torque
SO! Sm

Supraspinal control

Fig. 3. Stretch reflex block diagram

range between 13 and 25 ms. Since it is a wide range and
considering the numerous variations occurring in its defi-
nition, 7; will be identified together with the static gain y;
and the dynamic gain y4 by a genetic algorithm.

Vollbo et al. (1981) demonstrated that the fusal affer-
ences are activated also during voluntary contraction and
not only when position is to be stabilised. This is ex-
plained by the co-activation of intrafusal muscular fibres
(gammamotoneuron activation s,,) during alpha activa-
tion (s, ), which assures that the spindle in tension during
muscle contraction will be maintained (Pearson and Gor-
don 2000).

The existence of alpha—gamma co-activation produces
a contraction of the intrafusal fibres so as to adapt the ref-
erence angle during contraction, depending on the level
of voluntary activation. In this sense, it is proposed that
the stretch reflex may function as a servomechanism, that
is, a feedback loop in which the output variable (actual
muscle length) automatically follows a changing reference
value (intended muscle length). In theory, this mechanism
could permit the nervous system to produce a movement
of a given distance without having to know in advance the
actual load or weight bearing to be moved. In practice,
however, the stretch reflex pathways do not exert sufficient
influence over motor neurons to overcome large unex-
pected loads (Pearson and Gordon 2000).

Currently, the conditions under which independent
activation of alpha and gamma motor neurons occurs in
humans have not yet been established.

In our model, the servomechanism has been included
only partially, i.e. gamma activation s, (co-activated by the
supraspinal control with alpha) is present to adjust the ref-

erence angle during voluntary movement. s, is a control
input to the reference value generator. However, unlike
physiology, this servomechanism relies on the angle itself
(6 from feedback line) instead of being modulated on the
activation producing it (s, ); thus the possibility is excluded
of using the stretch reflex as trajectory refinement to unex-
pected perturbation during movement, which is also rare
in practice. Actually, the possibility of including this con-
trol will be proposed in the discussion, but it is not included
in this work.

In order to define the reference value, a reference value
generator is introduced (Fig. 3). It works like a 6-fol-
lower when s, is active and as a maintainer when s, is
inactive. This way it is possible to memorise the posi-
tion just when movement stops (the last frame with s,
active), and this position is assumed to be the desired one
to be stabilised until another voluntary movement is per-
formed.

During voluntary contraction, afferences from spindles
do not produce any muscular action, i.e. the stretch reflex
is inhibited by interneurons (si,), but are sent to the up-
per levels of CNS for high control of muscle length varia-
tions.

In conclusion, stretch reflex is included in our model
as a stabilisation effect aimed at maintaining head incli-
nation when no voluntary motion is required; this mech-
anism is able to work at any muscle length due to gamma
activation. The gains (static and dynamic) of the stretch
reflex are supposed to be fixed under the considered condi-
tions and are identified by genetic algorithms as described
in the discussion below; no references in the literature have
been found to guess these values.
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3 Methods
3.1 Experimental activity

In order to validate the model, head movements of
seven voluntary subjects (average age 26) were ac-
quired using an optoelectronic system for kinematics and
electromyography acquisitions. For the kinematics data,
we used four markers placed on right and left zygomatic
bones and on right and left acromions, while for the elec-
tromyography we used four bipolar surface electrodes
placed on sternocleidomastoids (right and left) and on tra-
pezius (right and left). Three protocols were recorded: fast
full-scale movements, fast movements with target angles,
and stabilisation after small unpredictable perturbations.
For the test related to target angles, a white inclined bar
with a black background was projected in a dark room
in front of the subject, who was asked to align his eyes
with the bar as quickly as possible. The projected image
was chosen randomly between a set of 24, 12 in a clockwise
direction and 12 in a counterclockwise direction, obtained
rotating the bar at 5° steps covering the range from 0° to
60°. Small unpredictable perturbations were produced by
pulling, unexpectedly, a nylon wire fixed on one side of a
helmet on the subject’s head.

3.2 Identification algorithms

Genetic algorithms (GAs) have been used for the identifi-
cation of the viscosity coefficient [ B in (4)], the parameters
of the Hy, block (2), the gains of the stretch reflex block
(7) (ys and y4) and its delay (7;). GAs fit particularly well
in our optimisation problem because they do not require
any particular regularity on the function, make use of a
stochastic search method, avoiding the local minima prob-
lem, converge faster than other optimisation algorithms
like Monte Carlo and can be easily adapted to the analysed
problem (Davis 1991; Holland 1975).

The basic concept of GAs is the survival of a population
of individuals. An individual is characterised by his genes,
represented by the full set of parameters to be determined.
Just as in nature the individual himself is the expression
of his genes, in GA the genotype is represented by the un-
known parameters and the phenotype is the output related
to a particular genotype (fitness).

GAs manage a set of individuals for some generations.
For each generation, every individual phenotype is eval-
uated and assigned a fitness value, which represents his
adaptation to the environment. Once the GAs have eval-
uated the current generation, a new generation is created
from the old one using a set of stochastic rules and applied
to the fitness values of the previous generation, aimed at
generating a set of individual candidates to survive. This
process is executed until there is no fitness increment for a
fixed number of generations or until a maximum number
of generations is reached. The creation of the new gener-
ation is done in two steps:

1. Selection of the individuals from the old generation.

2. Implementation of the genetic operators to modify
some of the selected individuals to create new individ-
uals for the next generation.

For the selection process, a probability of survival is as-
signed toeachindividual, based onitsfitness value. Allindi-
viduals are listed by decreasing fitness. The first individual,
with the highest fitness value, has a probability g of surviv-
ing to the next generation, while the i-th individual has a
probability P; of surviving according to the follow rule:

_gx(—g)"!
== gV

where N is the number of individuals in the generation, #n;
is the position of the i-th individual in the list, ¢ is the sur-
vival probability assigned to the best individual (n; =1).
The probability ¢ is defined for the specific problem.

Each individual has an associated interval, with ampli-
tude related to its survival probability P; such that all indi-
viduals range in the interval between 0 and 1. When a ran-
dom variable uniformly distributed from 0 to 1 is generated,
aparticularintervalisselected, as well as the corresponding
individual, which will take part in the new generation. Ge-
netic operators are applied to selected individuals. There
are two classes of genetic operators: recombination, which
modifies the genotypes of two individuals, and mutation,
which changes the genotype of the single individual. That
is, implemented mutations are: uniform mutation, bor-
der mutation, non-uniform mutation and multiple non-
uniformmutation. Recombinations used are: simple, arith-
metic and heuristic. For a detailed description of each ge-
netic operator see Michalewicz (1994).

Once the selection of survived individuals is performed,
half of the individuals of the population are modified
by genetic operators; some differences in this criterion
are implemented in the different phases of the study and
will be discussed in the following discussion below. The
choice of the individuals to be modified is random, keeping
the same probability of application for all the operators.
Regarding the termination criteria, different solutions are
adopted and will be discussed for each phase of the work.

®)

4 Model identification

The identification process was divided into two steps: in
the first, Hyamping and Hp [the parameters: B in (4); Ep,
Gy in (2)] have been identified; in the second, the stretch
reflex block parameters [7;, ¥s and yq4 in (7)] were com-
puted. The raising phase of fast full-scale movements was
used to identify the Hgamping and Hp; hence, during the
raising phase of such fast movements, the stretch reflex
contribution was assumed to be inhibited by interneuron
sin, thus leaving s, as the only input to muscular activa-
tion. This hypothesis is supported by the analysis of the
electromyography data. The EMG, recorded for the fast
full-scale movements, showed only a very high activation
of homolateral muscles during the whole raising phase of
the movement (see appendix for details).



On the other hand, the movements after small unpre-
dictable perturbations were used for the identification of
the structure and of optimal values of the stretch reflex
block parameters. The movements were small and unpre-
dictable, and the absence of voluntary force generation
was hypothesized, i.e. s, and s;j, can be considered null,
and thus the return to the equilibrium position only relies
on the stretch reflex.

4.1 Determination of the Hyamping and Hpy blocks

For the identification process we used 85 out of 153 fast
full-scale movements acquired on all seven subjects, lim-
iting the analysis to only the raising phase, as previously
discussed. The choice to use only part (about 60%) of the
recorded curves is necessary to build a testing database
(not used in the identification to avoid biases), used to
verify the generalisation ability of the model. Movement
onset was defined on the leading edge of angular velocity
at 0.05rad/s; movement ends on the trailing edge, when
velocity returns equal to 0.05 rad/s.

To synchronise and normalise the curves, they were
rescaled in time and amplitude. From such processed data
the mean curve and its standard deviation were calculated.
The assumption of this phase of the identification (related
to the type of movement: raising phase of fast full-scale
inclination) is that s;, is activated so as to cancel the con-
tribution of the stretch reflex opposed to the voluntary
motor activation; hence the only input to Hyuscular activation
is 5. Anyway, s, is coactivated with s,; thus the reference
value generator works as a follower (servomechanism of
the stretch reflex presented in the model description sec-
tion).

The input s, was estimated from considerations on
EMG traces: we processed the EMGs recorded for fast
full-scale movements and computed a reference trace (see
appendix). This reference was assumed to be equal to the
contribution of the muscular force in the model, i.e. the
output of Huscular activation-

Hence the corresponding s, was estimated with a nor-
malised three-rectangle pattern (rectl: amplitude 1, dura-
tion 0.14s; rect2: amplitude 0.5, duration up to 0.30s
(At =0.165); rect3: amplitude 0.22, duration up to 0.52s
(At =0.225)).

The fitness n; for the j-th individual (i.e. the j-th triplet
of possible solutions) was defined as

3 Nid(cj (D) m(i))

i std(i) ’ ©)

where N is the number of samples, c j(i) is the i-th sample
of the j-th output curve corresponding to the j-th individ-
ual, m(i) is the i-th sample of the mean curve calculated
from the experimental data and std(i) is the i-th sample
of the standard deviation determined by the experimental
data. d(,) is the distance function. The genotype of the j-th
individual is defined by the triplet (B j, Gy, j, Ep j), which
corresponds to a phenotype represented by the ¢j curve.
To fix the number of individuals for each generation and
the number of generations needed before the GA ended, a
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preliminary study was done. We fixed the number of indi-
viduals at 50 and studied the results of 20 independent
GAs evolving for 200 generations. The fitness improved
very fast during the first 30 generations and continued to
increase slowly after that. This suggested that the GA was
stabilised only after a large number of generations and
did not guarantee that the absolute minimum would be
reached. To solve this problem, we chose a hybrid imple-
mentation: we calculated more independent GAs, each
one composed of 50 individuals, let them evolve for 100
generations, and then plotted the distribution of the best
individuals determined from each GA (one individual for
each GA), visualising the fitness in the search space. Very
broad parameter ranges were initially defined; successive
restrictions focused the analysis on the basis of previous
cycles’ results until the the optimum value for the unknown
parameters was determined. In this way we determined the
minimum and maximum edges for the parameters. With
the last cycle we determined the optimum value for the
unknown parameters: G, =79.432Nm/rad, E,=5.394,
B=1.707 Nms/rad, which is equivalent to a fitness of
3.152, corresponding to a mean error for each sample of
2.9% with respect to the mean real data curve.

4.2 Determination of the stretch reflex parameters
(vss va and T;)

Once the damping and physiological limit blocks were
determined, we proceeded with the second step of the iden-
tification process, keeping the defined mechanical contri-
bution fixed. In this phase, the hypothesis that there is no
voluntary movement activation, i.e. s, is null, as well as s;,
and s,, has been stated. Under this assumption, the only
mechanism activating the muscles is the stretch reflex. This
is assumed true since we considered the first reaction to
small and unpredictable perturbations to the head posi-
tion.

Under this configuration the unknown parameters of
the model are y;, 34 and T}, as defined in (7).

To build the mean curve needed for the identification
process, we considered the data recorded for stabilisation
movement after a small external unpredictable perturba-
tion. The curves were translated to have all final angles
equal to zero, representing the occurred stabilisation. We
considered the data only from the first minimum after the
first fast return phase to the end of the movement.

We implemented GAs similarly to the first identifica-
tion phase, i.e. a hybrid solution, using the same fitness 7.
The search space for the unknown parameters was fixed
by a preliminary consideration: for y; and y4 we tested
only the value for which the output moment was of the
same order of the voluntary moment, while a 7; range of
13-25ms was imposed, as was expected by physiological
considerations.

The optimal identified values are: y, =8.33 N m/rad,
ya =0.568 N m sec/rad and 7; = 0.014 s, which correspond
to a fitness of 0.069 equal to a mean error of 0.15% for
each sample with respect to the mean curve of real data.
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Table 1. Identified model parameter values

Equation Parameter Value Origin

Hgiffness (Hs) 3) K 0.5 Nm/rad Zangemeister et al. (1981)
Hyitiness (Hp1) ) Gp 79.432 N m/rad GA

E, 5.394 GA
Hgamping 4) B 1.707 Nm s/rad GA
Hitretch reflex 7 Vs 8.33 N m/rad GA

Yd 0.568 N m s/rad GA

T; 0.014s GA
Hinuscular activation (6) G 296 Nm Experiments (see appendix)

P 0.05s Zangemeister et al. (1981)
Hgravity (5) m 49kg Anthropometrical tables

/ 12.8cm Experiments (see appendix)
4.3 Model implementation 40 o
In Table 1, the values of all the parameters used in the 5 2°[ / 0.9974
model are reported. The model is implemented in Matlab 0 A
Simulink 6.1. 0 05 1

40 "
5 Model validation 520/ 09982
&
y,
5.1 Model validation for fast full-scale movements 00 05 1
The identification process lets us determine the optimal 40 S —
value for all the unknown parameters of the model for the & 59 / 0.9822
two phases of the considered movement. To validate the ’
found values, we compared the complete model output 0
with the 153 fast full-scale curves acquired by the ELITE 0 05 1
system. 40 SN
In order to make a consistent comparison, all the curves & 20 r g

were resized so that they had an initial angle equal to zero, ® / 0.9962
and we cut them so that they had a duration of 1.5 s until 0
stabilisation. For this validation phase the same s, signal, 0 05 1
derived by EMG as in the first phase of the identifica- 40 -
tion, was used. Sg was co-activated with s,, and s, was =
assumed to inhibit the stretch reflex during alpha acti- @ 20| / 0.9948
vation and then, being inactive, allowed the stretch re- 0 /
flex mechanism (fusal afferences) to activate the muscle. 0 05 1
A very good fitness of the model over the fast full-scale t[sec]

movements (including the stabilisation phase) is quan-
titatively confirmed by the square correlation coefficient
(r?=0.955+0.053, N=153); some examples are given in
Fig. 4.

Model validation for fast full-scale movements is con-
firmed also by the analysis of two more parameters: the
time to reach the maximum angle and the absolute value of
the maximum reached angle. The model presents a mean
time to reach the maximum angle equal to 0.24 s, while the
median value calculated from the experimental data set is
0.28 s and mean value is 0.31 s. Regarding the maximum
reached angle the model shows a mean output equal to
34°, while the mean value from experimental data is 33.8°.

The robustness of the identified model is hence sup-
ported both by the use of all 153 curves (only 85 were
used for identifying the parameters) and by the use of the
whole curve (raising + stabilisation). Indeed, the identifi-

Fig. 4. Examples of experimental curves and correlation coefficient
(blue experimental data, red model output). The curves shown here
belong to testing data (not used for identification). Model output well
reproduces experimental trials, as confirmed by correlation coeffi-
cients. The difference between model behaviour and each trial is
within experimental data variability

cation process was split into two separate phases for the
identification of the parameters relative to the first and
second raising phases for the identification of the stretch
reflex parameters.

5.2 Model generalisation

To generalise the model validity, its ability to represent
medium-scale range movements has also been studied. For
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Fig. 5. Target angle results: 15°, 20°, 25°, 30°. The upper panels give
the kinematics data used for validation and the simulated curves (red
thickest) along with the average correlation coefficient between the

this purpose, the data for fast movements toward a target
angle were considered. In this case we needed to deter-
mine the voluntary signal s, for the model. The curves
were divided into four groups, clustering the ten curves
that had a final angle closest to 15°, 20°, 25° and 30°, and
for each group the mean curve was calculated (Fig. 5).

Again, under these configurations it was assumed that
the si, deactivated the stretch reflex when s, was not zero,
and s, co-activated with s,. On the other hand, when s,
was zero, s, and si, were zero, too, and the fusal afferences
were the unique input to Hpyuscle activation Tepresenting the
stretch reflex.

To determine the optimal input signal s, for each group
of curves, a genetic approach was used. It was assumed
that s, was constituted by three adjacent rectangles be-
cause of the study made on the EMG and of the results
in the literature (Kandel et al. 1994). Since six parame-

model output and the recorded curves. The lower panels show the cor-
respondent triphasic input signals identified by GA for each target
angle

ters are to be determined (duration and amplitude of each
rectangle), GAs were adopted in a six-dimensional space.
In this s, identification process, we chose to use the same
n fitness and a hybrid implementation of GAs that we
used previously. Because of the six-dimensional research
space, it is worthwhile to use a large number of individu-
als. We chose to have a population of 500 individuals, but
this choice implied an increase of computational time. To
face this problem, we required the GA to finish if there
was no improvement in the fitness for more than ten con-
secutive generations. To maintain a high dynamic and to
limit the effects of a possible premature termination, a
large number of individuals was involved in the process
of genetic modification; in particular 266 individuals for
each generation were modified and equally distributed be-
tween the genetic operators. For each group of curves, 80
GAs were calculated. The GAs determined a triphasic s,
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for each group (Fig. 5). Time-amplitude characteristics
were in agreement with the results in the literature (see,
for example, Hannaford and Stark 1985). Moreover, the
morphological comparison between the target angle data
and the output curves generated using the identified s,
showed great correlation, as shown in Fig. 5.

5.3 Complete model performance

To test the behaviour of the model in the whole range of
inclinations in the frontal plane, the four identified s, have
been interpolated to build the input signals for angles in
the whole range (15-30°). For every 2° angle in this range,
we used the corresponding interpolated s, as model input
and compared the theoretical angle to the one reached
by the model. It was found that the model generated an
output curve whose final angle was very close to the the-
oretical angle (Table 2).

6 Discussion and conclusions

The aim of this paper was to determine a model for fast
head movements in the frontal plane, which includes the
main anatomic and physiological aspect of the head-
neck joint control, because of its intrinsic relation with
the alignment of the infra-orbital line with the horizon-
tal plane. The first part of the paper was devoted to the
identification of the principal contributions to head move-
ment and of the relations between them. Thus, in par-
allel with the voluntary force generation, we considered
the contribution of gravity field, damping, tissue stiffness,
physiological limits imposed on the movement by ana-
tomical constraints and stretch reflex. Some of the relevant
parameters were derived from the literature (namely, when
we could extend the results of Stark and his workgroup’s
model about head rotation on the coronal plane). In par-
ticular, we adopted the dynamics of the voluntary moment
generation (for the gain we used experimental traction
tests; see appendix) and the low stiffness coefficient pro-
posed, while we discarded the damping coefficient because
the characteristics of the tissues in the two movements are
strongly different. Furthermore, we introduced new blocks
representing the physiological limits, the gravity field and,
most of all, the effect of the stretch reflex.

Finally, the structure of the stretch reflex block was
thought to take into account some physiological evidences

Table 2. Percent error over the whole range of inclinations of the
model output using interpolated inputs

Desired angle (°) Error (%)
17 —0.64
19 —0.93
21 —0.44
23 1.34
24 —0.30
26 0.41
28 0.67

such as its dependency on the relative position (A9) and
angular velocity and the delay due to the line transmis-
sion (7). Spinal synapses activity was modelled according
to physiological considerations, taking into account basi-
cally two mechanisms: the co-activation of alpha (s,) and
gamma (s,) efferences and the presence of interneuron
inhibition (si,) of the stretch reflex during voluntary con-
traction (when s, is active).

The model determined in this way presented six
unknown parameters: the damping coefficient B, the gain
Gy and exponent Ej, for physiologic limit block, the static
ys and dynamic y4 gain and the delay T for the stretch
reflex block (reported in Table 1).

The identified values of those parameters can hardly be
compared to other works in the literature. In the case of
the damping coefficient [ B in (4)], we found a value which
is one order of magnitude different from the one proposed
by Stark et al. for head rotation (in the horiziontal plane).
Actually, this could be due to the fact that a completely
different role is played in the two movements by the verte-
brae and the intervertebral disks. The physiological limit
block parameters (2) reproduce well the expected sharp
exponential curve, which is also found by experimental
data for limbs’ elastic property identification (Riener and
Edrich 1999). In this framework, it is worth noting the sim-
plicity of the experimental set-up used in our case, espe-
cially considering that head motion was the movement
studied.

Regarding the stretch reflex block identification, as far
as we know, many studies are available which model the
fusal afferences and investigate the physiology of the mod-
ulation of those afferences, but much less is available in
the literature on the stretch reflex gain modulation. Actu-
ally, except for the good performance of the model in our
experimental validation, we did not find similar models
in the literature to compare the y; and y4 values (7). On
the contrary, the value found for the stretch reflex delay
[T; in (7)] definitely corresponds well to the approximate
calculation based on the length and velocity of the mono-
synaptic reflex.

For the identification of the optimal values for these
parameters, two different protocols were adopted: fast
full-scale movements and stabilisation after a small and
unpredictable perturbation. The data were acquired using
ELITE and the numerical identification was performed by
GAs.

The successive verifications of model validity and abil-
ity to generalise showed the good performance of the
whole model. The comparison between the output curve
of the model with the fast full-scale data confirmed how
the identified model is representative of the fast full-scale
real voluntary movements. In addition, it has been dem-
onstrated that the model is a useful instrument for rep-
resenting the whole range of fast head inclination in the
frontal plane. In fact, the results of the identifications for
the optimal s,, for target angles are in complete agreement
with other studies and experimental data in the literature.
This characteristic is proved also by the behaviour of the
model in response to an input signal obtained by interpo-
lation of the identified ones. Using an interpolated signal



relative to a desired angle (see section on model general-
isation) the model generated curves with final angles very
close to the desired ones over the whole range of possible
inclinations in the frontal plane.

Three strong hypotheses have been assumed for the
definition of the current model. First is the linear summa-
tion of the neural inputs. This hypothesis will be discussed
on the basis of future investigations adopting the model in
specific protocol set-ups; it is not explicitly exploited for
the current neuro-muscular model. Second is the absence
of active stiffness modulation due to co-contraction. This
assumption is strongly related to the choice of modelling
only fast movements where we assume only two contri-
butions to stiffness: the passive stiffness (represented by
the low stiffness block and the physiological limit block)
and reflex-mediated stiffness (due to the stretch reflex).
The third stiffness contribution usually discussed in the
literature (see for example Sinkjaer and Magnussen 1994)
is the one determined by voluntary co-contraction; this
latter has been neglected here because EMG recorded
tracings supported the hypothesis that no voluntary
co-contraction was relevantly observed in the types of
movement studied (see appendix). Future applications of
the model to different movements will need to consider
such a contribution.

The third hypothesis relates to the function of the spinal
synapses, which produce alpha and gamma co-activa-
tion and the activity of interneurons (si,), which inhibit
the stretch reflex during voluntary contraction. In this
way, during voluntary contraction fusal afferences (which
are modulated on the servomechanisms, thus updating
the reference length value, due to s, activation) are only
going to supraspinal centres and are not used for trajec-
tory refinement. Actually, the use of the stretch reflex for
trajectory refinement during voluntary movements has
been proposed by physiologists when small unexpected
loads occur, but in practice, the contribution of the stretch
reflex is rarely able to perform the correction (Kandel
et al. 1994). This simplifying assumption is necessary be-
cause we modelled the reference angle calculated from the
feedback line (Fig. 3) and not directly coming from sup-
raspinal control and in addition because we completely
inhibit the stretch reflex during contraction. Actually, it
could be possible to modify the model to include this ef-
fect. We can assume that a noise on the total torque is
included which accounts for unexpected small perturba-
tions. On the other hand, we may assume the existence of
a complete reproduction of the model without noise in the
supraspinal control, a sort of efference copy (it should be
in the cerebellum). This efference copy could be used to
generate the reference value coming with gamma activa-
tion. Thus, the reference value corresponds to a required
desired angle, coming from CNS, and is compared with the
actual value coming from an actual feedback line (where
the noise could have introduced a disturbance in move-
ment trajectory). Hence, the fusal afferences can measure
this noise and the stretch reflex can produce a muscular
activation so as to correct the irregularity provoked by
the unexpected perturbation. In this way, the inhibitory
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interneurons should be used accordingly to modulate the
gain of the stretch reflex.

In conclusion, in this work we have built a model
for head-neck segment fast movements in the frontal
plane, which, with respect to the principal anatomical and
physiological aspects, represents, under few assumptions,
the neuro-mechanical response to an equivalent neuronal
input signal. It could provide a useful tool for investigat-
ing how the various sensorial systems contribute to the
modulation of the alpha activation.

Furthermore, the use of GAs in this field seems to be
very promising with respect to classical parameter identi-
fication of muscle models which are often based on very
complex experimental set-ups. From this perspective, it is
worth discussing the usability of such a methodology for
biomechanical modelling in general. Usually, limb mod-
elling uses a composition of models, one for each mus-
cle acting at the considered joint. This approach can ap-
ply to different movements of the same joint but requires
very complex and not as reliable measures of each mus-
cle’s parameters. Those parameters, used especially to de-
fine the force length/velocity curves, are usually identified
either by dedicated experiments, where the contribution of
the single muscle is hardly separated by its agonist muscles,
or by measures on cadavers. Our approach is much more
reliable when co-activation of agonist muscles is present
and is very simple to apply when the tissues participating in
the production of joint movement are complex. Further-
more, the experiments required for identification are very
simple. On the other hand, our model is very movement
dependent because the parameters’ values are applicable
only to the joint movement which was used to identify
them (for example only in the frontal plane and at high
velocity). In addition, we have parameters which describe
all the effects and we are unable to separate the contribu-
tions of the different tissues and muscles.

So far, our model is completely time invariant, and no
modelling of fatigue is included. In principle, it could be
added to muscular activation modelling by modulating
the maximal moment exertable, but dedicated experiments
would be required for evaluating the impact of fatigue.
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Appendix
EMG data processing and results

Data processing The EMG signal was recorded by bipo-
lar electrodes placed on left and right sternoicleidomas-
toids and left and right trapezes. A band-pass pre-filter
(10-200 Hz) was applied, and the signal was then recti-
fied and lowpass filtered with a transition band from 5 Hz
(max. attenuation 0.3 dB) to 10 Hz (min. attenuation 3 dB)
(Basmajian et al. 1975).

A threshold defining the EMG activation level was
determined on the basis of the mean value and standard
deviation of the activation recorded during initial posture
(baseline EMG). The threshold (for each muscle) was fixed
when EMG tracing overcame the double of the standard
deviation of the baseline. No activation of the antagonist

muscles was ever observed during the raising phase of the
fast full-scale movements.

Calculation of reference EMG A reference EMG has been
used to determine the input voluntary activation for the
raising phase of the fast full-scale curves (ballistic move-
ments of the head). Twenty-eight EMG traces were used
for the estimation of the reference EMG. EMG traces were
subtracted by the baseline and normalised by their maxi-
mum values in order to compensate possible asymmetries
of electrodes positioning and different muscle character-
istics.

To estimate the reference EMG, we used the average
EMG. The input signal s, used was composed of three
rectagular stimuli (Stark et al. 1985):

— rect 1: Amplitude 1 duration 0.14s.
— rect 2: Amplitude 0.5 duration 0.16s.
— rect 3: Amplitude 0.22 duration 0.22s.

To validate the identified s,, the reference EMG has
been compared to the output of the Hyyuscular activation
produced.

Head geometrical and inertial parameter estimation

Head barycentre In order to estimate the position of the
barycentre of the head, we performed a study on a geomet-
rical and analytical three-dimensional model. The model
was designed to reproduce normal human head propor-
tions and scaled on subjects’ sizes. Then, we made 101
slides of the model in the horizontal plane. Projecting the
slides in the frontal plane we built a head map M, where
all the point values were proportional to the thickness of
the head at that level. We scaled the values of this map
so as to reach a total head mass equal to 4.9 kg (derived
from anthropometrical tables for a man weighing 70 kg).
In this way we calculated the discrete distribution of mass
and then the static components of the static moments fol-
lowed by the position of the barycentre, divided by the
head total mass. The head barycentre resulted at 28.6 mm
above link between the zygomatic bones.

Barycentral inertial moment of the head By using the same
map M defined for the head barycentre estimation, the
inertial moment of the head was calculated, leading to a
value of J, =0.025 kg m?, which is slightly bigger than the
one used by Stark and colleagues, who assumed the head
to be a sphere filled with water.

Headrotational axis We used inclination movements of the
head to estimate the head rotational centre in the frontal
plane. Data were low-pass filtered to reduce error. The
head rotation centre was determined to be 99.4 mm away
from the link between the zygomatic bones at its midline.
Hence, the distance between the head barycentre and the
head rotational centre [l in (6)]is 12.8 cm.



Maximal moment experimental estimation

To estimate the maximal moment generated by the head
inclination, i.e. the gain of the Hpyuscular activation block,
experiments were performed on three subjects. The sub-
jects sat with head horizontal and asked to align their head
with the vertical plane, keeping the shoulder fixed (they
were firmly fixed to a support). A thread was fixed to a
helmet worn by the subjects, and the thread was aligned
with the horizontal plane of the head barycentre by a ver-
tical support (without friction). Different loads (from 0.5,
1,1.5,1.8,2,2.3,2.5and 3 kg) were attached at the thread
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extremity. The thread was long enough to be in tension
with the loads still on the floor. The subjects were asked to
move the head as fast as possible to bear the load. Ten trials
for each side and for each subject were executed. The max-
imal load raised was 2 kg. By geometrical considerations,
the moment arm was calculated (depending on the head
inclination, which was acquired with the ELITE system,
as with the other experimental activities). The correspond-
ing maximal moment exerted by the head turned out to
be 2.96 N m, which has been approximated to 3 N m in the
Hinuscular activation block.



