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Abstract Human posture control is maintained by proprioceptive, vestibular and visual feedback inte-
grated within the central vestibular and locomotor system. Lesions to the sensory feedback system, or to the
central nervous system, may impair postural control and equilibrium. It is therefore of interest to assess the
ability of postural control by measuring the displacement of the body center of gravity. Recordings of the
amplitude and frequency of spontaneous oscillations around the equilibrium position may describe the sway
and thus the control of posture. [DOI:10.12866/J.PIVAA.2013.09.002]1
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1 Introduction
Observations indicates that the apparent path of a pitch head movement during rotation is

skewed in a fashion that can not be related to semicircular canal or otolith activity [Alkan, 2011].
Turning counterclockwise and tilting his head forward, a person feels deviate rightwards. If the
movement is completed, he returns toward the midline. This scalloping movement depends on
force level [Bles, 2000]. Also the disorienting and nauseogenic potential depend on the head move-
ments [Han et al., 2005]. Motion sickness is produced by conflicting inputs from visual, vestibular
and somatosensory afferents, generally carries vestibulo–autonomic responses in humans [Ohyama
et al., 2007], [Bos et al., 2008], [Kennedy et al., 2010].

During rotation of the head, Coriolis forces might alter the movement of the head. If the head is
moved during body rotation, Coriolis forces are proportional to the velocity and mass of the head.
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It is known that Coriolis force is ~Fcor = −2m~ω × ~v, where m is the mass of the head, ~v its linear
velocity relative to the torso an ~ω is the angular velocity of the torso. Coriolis forces also act on
the otolith organs and semicircular canals of the inner ear.

If subjects move their heads about an axis that is not parallel to the spin axis, two unexpected
angular accelerations occur. First, during the head movement, a Coriolis force occurs. Coriolis
force produces transient acceleration about a third orthogonal axis. Second, if the head is turned,
the spin angular velocity is moved from one head plane to another, producing a sensation of de-
celeration about the first axis and acceleration about the second one. It is obtained the so-called
cross-coupled angular acceleration.

The unexpected and confusing sensation is accompanied by motion sickness symptoms. This
condition is referred to as Coriolis induced sickness [Holly, 2004]. The cross–coupled angular
acceleration is responsible for the confusing sensation and motion sickness [Bonnet et al., 2006].
The Coriolis force and of the cross–coupled angular acceleration depend on both the direction of
the subject in the horizontal oscillation of platform and the rotation of head movement.

The influence of linear acceleration on the semicircular canals was investigated. Experiments
were performed on a centrifuge equipped with a rotating chair to illustrate the relationship between
the magnitude of the acceleration field, the rotation rate of the subject, and the slow phase velocity
of vestibular nystagmus [Steer, 1963].

In the research [Holly, 2003] are investigated, through three–dimensional modeling, vestibular
coriolis effects in a centrifuge, in both 1–g and zero–g environments. The subject is considered to
be supine with head toward center. During each of the two directions of head yaw, perceptions are
investigated. Motion sickness typically occurs when the body is subjected to externally imposed
motions. There are situations in which sickness occurs in the absence of imposed motion. In
a study of spontaneous standing postural sway, subjects reported dizziness and motion sickness.
Reports of sickness were correlated with changes in postural sway [Smart Jr. et al., 1998].

Sensory conflict theories are currently the most accepted explanations of motion sickness
[Lackner and Di Zio, 2006]. Motion sickness arises when different sensory systems give con-
flicting information about the ongoing motion of the body. Also motion sickness arises when
the expected sensory feedback, from intended movements, does not correspond with that actually
generated. Motion sickness is a disorder associated with motion of human body. Many situations,
involving body motion, potentially involve some form of sensory conflict. In adition, effects of mo-
tion sickness depends on other aspects, as the visual field, eyes open and eyes closed [Joseph and
Griffin, 2008]. It seems appropriate to extend the concept of motion sickness dose value (MSDV),
based on data from laboratory studies, given by a squared relation between frequency–weighted
acceleration, arms, in ms−2 r.m.s., and duration of exposure, t, in seconds. The frequency range for
horizontal oscillation may need to be extended to frequencies below 0.1 Hz.

In recent years, there has been a growing interest among scientists to use mathematical mod-
elling [Biswal, 2009], test protocol [Dai et al., 2010] and numerical simulations [Kowalczyk et al.,
2011] to gain new insights into the problem of balancing. Honneger et al. [Honegger et al., 2012]
describe experimental procedures to obtain power spectral densities of pelvis, trunk and head.
In the study [Van der Kooij and de Vlught, 2007] Authors describe postural responses, evoked
by pseudorandom external periodic perturbations, by continuous time invariant feedback control.
Upright standing requires corrective joint torques to resist the gravitational forces. How humans
control corrective torques is a topic of long debate. Many researchers, especially those who are
involved in modeling, consider balance control as a process in which body sway is continuously
feedback. According to this view, we assume the hypothesis that the postural control system is
considered as a linear time–invariant (LTI) continuous feedback mechanism for stationary condi-
tions.
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In this study we consider that uncertainties are unavoidable in a real control system. The
uncertainty can be classified into two categories: disturbance signals and dynamic perturbations.
The uncertainty represents the discrepancy between the proposed mathematical model and the real
system. The proposed mathematical model is always an approximation of the true system. Those
modelling errors may negatively affect the stability, performance of a control system. The aim
of the present study is to discuss how dynamic perturbations are considered to identify feedback
parameters. Feedback parameters, offering an useful role in evaluating ability to maintain posture
control, are stimulated by a neural controller that produces corrective torque about the ankle joint
in relation to the internal orientation estimate.

2 State Space Representation
Employing state–space design techniques, the human–body model system is single–input,

multi–output (SIMO). Therefore, we will attempt to control both the head’s angle and the hu-
man body’s position. A set of differential equations, describing body sway dynamics, may be
written in state variable notation. The first step is to specify linearized differential equations which
describe the physical and phsiological situation at an appropriate level of detail. We suppose that
a human subject is standing on a horizontally oscillating platform. Simple models are described
below for the inverted pendulum dynamics of the body, semicircular canal afferent response to
pitching body motion, and utricular otolith response to gravito–inertial linear acceleration. A large
number of information about neuromuscalar and sensory system elements are required to represent
the movement control problem of human body. Using state–space approach, the differential equa-
tions, characterizing the behaviour of the human body and its neuromuscular and sensory systems
in response to commands from the CNS (central nervous system) and external disturbances, are
linearized. It is obtained a set of n first order differential equations in n state variables and their
first derivates. The state variables are sway body angle, angular displacement of endolymph with
respect to the skull and displacement of the utricular otolith. The set of n variables is conceptu-
alized as a n dimensional column vector x, referred to as the actual state of the system. The set
of first order differential equations, representing the entire physical system under CNS control and
the sensory organs providing feedback, may be cast into two matrix equations in x:

ẋ (t) = Ax (t) + Bu (t) , (1)

and

a (t) = Sx (t) + na (t) . (2)

Eq.(2) represents the output equation of the system. The square matrix A contains body and
sense organ model differential equation coefficients describing the natural, unforced behaviour of
these system elements in response to all internal forces normally present, including gravity. The
matrix B contains the mass and inertia terms. The S matrix describes which components of
the system behaviour may be seen by the model CNS. Vector column na in Eq.(2) is viewed as
externally applied disturbance noise.
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2.1 Body Sway Dynamics
The equation of motion for the inverted pendulum dynamics describing body sway is nonlinear
and may be linearized and written as follows:

ψ̈ = −Ab

Ieq
ψ̇ −

[
Ak

Ieq
− g

heq

]
ψ +

Tm
Ieq

− ẍe
heq

. (3)

sway angle

Tm

xe(t)

body center
of mass

Figure 1: Effects Frequency on motion sickness

2.2 Semicircular Canal Dynamics
The dynamic properties of the semicircular canal could be modelled as a torsion pendulum.

The angular displacement of endolymph ξ (t) is related to the angular acceleration of the head
ψ̈ (t) by a differential equation

ξ̈ = −Π

ϑ
ξ̇ − ∆

ϑ
+ ψ̈ . (4)

We suppose that the presence of rate sensitive and adaptive dynamics in the transduction and
encoding process are negligible. The change in afferent discharge rate ac (t) produced endolymph
motion ξ (t) is here modelled by

ac = −Scξ + nc . (5)

2.3 Otolith Dynamics
The displacement δ0 of the utricular otolith in response to gravitoinertial linear acceleration

[Goldberg and Fernandez, 1975] may be described by the equation:

δ̈0 = −B0

m0

δ̇0 −
K0

m0

δ0 +
∆ρ

ρ

(
gψ − dψ̈ − ẍe

)
. (6)

Progress in Vibration and Acoustics September 2013, Volume 1, Issue 1, 14



G.Aghilone M.Cavacece

Necleting the dynamics of the transduction and enconding process, the change in utricular otolith
afferent discharge rate a0 (t) produced by body motion is described by

a0 = S0δ0 + n0 . (7)

2.4 State Differential Equation
System state vector x is a six column vector

x =
[
ψ ψ̇ ξ ξ̇ δ0 δ̇0

]T
(8)

and the input vector u, as a two dimensional column vector

u =
[
Tm ẍe

]T
. (9)

The set of differential equations (4), (5) and (6) representing the system model are written in matrix
notation (1), where

A =



0 1 0 0 0 0

−Ak

Ieq
+

g

heq
−Ab

Ieq
0 0 0 0

0 0 0 1 0 0

−Ak

Ieq
+

g

heq
−Ab

Ieq
−∆

ϑ
−Π

ϑ
0 0

0 0 0 0 0 1
∆ρ

ρ
(g − d)

(
−Ak

Ieq
+

g

heq

)
−∆ρ

ρ

dAb

Ieq
0 0 −K0

m0

−B0

m0


(10)

and

B =



0 0
1

Ieq
− 1

heq
0 0
1

Ieq
− 1

heq
0 0

0 −∆ρ

ρ


. (11)

The relation Bu expresses how the actual state depends on the forcing terms in the system
of differential equations. In the present case, the forcing functions derive from motor outflow to
muscles originating in the CNS controller and from external disturbances applied to the body. If
a person impacts on an obstacle during movement or is set on a moving surface, the differential
equations represent the motion of the person.

2.5 Output Equation
By defining

a =

[
ac
a0

]
na =

[
nc

n0

]
(12)
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Eqs.(5) and (7) can be combined into a single matrix or output equation of the form (2), with

S =

[
0 0 Sc 0 0 0
0 0 0 0 S0 0

]
(13)

The character of the S matrix is of great significance in determining the possible strategies for
movement control. The S matrix describes which components of the system behaviour may be
seen by the model CNS. The brain oberves the physical state of body, in a noise free fashion. The
model CNS need subtract its measurements of actual system state from a desired state vector. Error
signal is used to drive action of the muscle. The CNS can measure the physical realities through
its imperfect sensory. Most of components of matrix S in Eq. (13) are zero, except those associate
with sensory organ response gains.

2.6 Neural Mismatch Model
All situations which provoke motion sickness are characterized by a condition of sensory re-

arrangement in which the motion signals transmitted by the eyes, the vestibular system, and the
nonvestibular proprioceptors are at variance with one another. Actual transactions are at variance
with previous transactions with the spatial environment. A closed–loop, negative feedback postural
control model is used to investigate human postural control. Sensory integration to form an inter-
nal body–orientation estimate is represented by a weighted summation of information provided by
proprioceptive (weigthting factor Wp) and graviceptive (weigthting factor Wg) sensory systems.
The proprioceptive system is assumed to signal body orientation relative to the feet and therefore
to the support surface (ψ − ψ∗), where ψ∗ is support surface orientation in space. Therefore the
internal orientation is given by e = Wgψ −Wp (ψ − ψ∗).

The model represents the postural–control as a position feedback–control system with the pro-
prioceptive and graviceptive system encoding body position. This may seem artificial because
many receptors encode velocity–related as well as position–related information. In generating the
corrective torque, the model utilizes both position and velocity information. A neural controller
models the corrective torque generated in response to the internal orientation estimate e. Neural
controller is implemented as a simple proportional–derivative controller. A neural controller pro-
duce corrective torque, Tm, about the ankle joint in relation to the internal orientation estimate e,
as follows

Tm (t) = KP e (t− τd) +KD
d

dt
e (t− τd) , (14)

whereKP andKD represent proportional and derivative controller, caused by sensory transduction,
neural transmission, nervous system processing, muscle attivation and force development.

Comparator subtracts reafferent information selected from neural store from information cur-
rently being signalled by the spatial senses. During an active body movement, efference is trans-
mitted to the neural store. A rapid search is made for the reafferent trace, usually associated with
the efferent command. The selected trace is sent to the comparator. The discrepancy is detected by
the comparator unit. The comparator unit send a mismatch signal along reflex patways responsible
for the production of motion sickness symptoms.

3 Model Simulations
In this study we adopt uncertain real parameters to represent real number whose values are un-

certain. Uncertain real parameters have a nominal value. The percentage description of uncertainty
is ±20%. Now, we discuss nominal values of parameters, selected to develop model simulations.
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Many research affirm that inertial characteristics, dimensions of the body, body segments form
an integral part of a biomechanical analysis of motion. Results of the studies indicate a very strong
dependence of moment of inertia on stature, weight and age. The pendulum had a mass of 61.65
kg with a centre supported 0.937 m from the axis of rotation. Using a spring of known stiffness
and by recording the damped oscillations of the pendulum, the moment of inertia was determined
to be 62.6 ± 2 kg m2 [Loram et al., 2001].

The numerical value ∆/Π can be experimentally evaluated by application of impulsive angular
acceleration, and ∆/ϑ can be evaluated from the subjective responses to sinusoidal angular ac-
celerations. In a review of the works, it is reported that the observed values of Π/∆ range from
8 to 10 for subjective sensation durations and from 16 to 20 for nystagmus durations [Marcus
et al., 1989]. Approximate model of otolith dynamics, applied in our model calculations, assumes
feedback terms B0/m0 = 1.69 s−1 and K0/m0 = 0.285 s−2.

In approximate model for the cupula–endolymph system, feedback terms are the damping
torque Π/ϑ = 50 s−1, determined by the viscosity of the endolymph system, and elastic torque
∆/ϑ = 10 s−2, determined by the stiffness of the cupula. The difference in density ∆ρ/ρ between
otolithic membrane and endolymph is ∼= 0.66.

Intrinsic mechanical ankle stiffness was measured by an experimental method [Loram and
Lakie, 2002]. The essence of the technique is that it measures the intrinsic stiffness which is
the stiffness before the nervous system has time to produce any change by reflex or other means.
Typical values of Ak and Ab are Ak = 1440 N m rad−1, Ab = 350 N m s rad−1.

The parameters KP = 970 Nm rad−1 and KD = 86 Nm rad−1 are derived from experimental
data anlyzed using curve fits to mean transfer function data otained in eye closed condition using
a low–amplitude support surface stimulus [Peterka and Loughlin, 2004].
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4 Results
If horizontal acceleration acts on human body, the results show that illness decreases with

increasing frequency from about 0.2 to 0.8 Hz [Cheung, 2006]. The results of our research confirms
that a positive gain in the magnitude or in the duration of horizontal oscillation can increase the
incidence or severity of motion sickness. The direction of horizontal oscillation (fore–and–aft or
lateral) has an important effect, because of natural frequencies of the postural responses. The
investigation of our research separates motion into two components: low frequency (≤ 0.7 Hz)
and high frequency (≥ 3.0 Hz).

The gain and phase of the estimated FRF from torque Tm and acceleration ẍe to body sway
angle ψ, angular displacement of endolymph ξ and displacement of the utricular otolith δ0 are
shown in Figs. 2, respectively. The gain of body sway angle ψ has a constant trend from 0.01 Hz
to 1 Hz. With increasing frequency the gain of body sway angle ψ decreases. The gain of angular
displacement of endolymph ξ increases from 0.01 Hz to 1 Hz. The gain of ξ reaches the highest
value at 1 Hz. With increasing frequency the gain of ξ decreases. The gain of displacement of
the utricular otolith δ0 is similar to one of body sway angle ψ. Results of our study confirm the
conclusion of other Authors [Loram et al., 2001]. Control of sway size by stiffness alone requires
an ankle stiffness that is greater than the toppling torque per unit angle of the pendulum. Reduction
of sway depends on the following processes: to register position, velocity and acceleration; to
control torque impulses to arrest the motion and to return to balance; to maintain the torque close
to that required for balance. These processes require fine control of muscular effort [Winter et al.,
1998]. Any random noise in the nervous activation of the muscle will tend to a loss of balance and
an increase in sway [Loram and Lakie, 2002].

During oscillation, body sway is often irregular or complex. A traditional static analysis can be
insufficient. Therefore, it makes sense to analyse the spectrum of oscillations rather than particular
frequencies only. To understand the correlations of the posture control variables, we propose a
model–based analysis of the control system, involving a platform perturbations. The values of the
parameters depend on the physical characteristics of the people. Many parameters are difficult to
estimate precisely. Then it seems suitable to assume deviations in those parameters, being the sys-
tem affected by uncertainties. The results of this study add to those of previous studies indicating
that the human body moves as inverted pendulum during stimulation by a linear acceleration. The
body motion is divided into low, mid and high frequency components. Motion sickness happens
into low frequency components. In case of platform perturbations, the visual flow depends on body
sway. Visual information about body orientation can offer ambiguous clues. In fact, the vestibular
system has to discriminate between forces acting on the otoliths, caused by whole body accelera-
tions or a change of the inclination vector of the body. Lateral motion, in the frequency range of
0.1 − 0.5 Hz, is provocative in inducing motion sickness. From the results we note a tendency for
the body to move as an inverted pendulum for low frequency below 0.7 Hz.

References
A.D. Alkan. Comfort on board evaluations for high speed vessels. In IX HSMV, 2011.

M.P. Biswal. Mathematical model for accurate measurement of head movements in simulators with frontal
field visual display. Ind J Aerospace Med, 53(1):11–18, 2009.

W. Bles. Appropriate use of virtual environments to minimise motion sickness. In RIO HFM Workshop,
2000.

Progress in Vibration and Acoustics September 2013, Volume 1, Issue 1, 18



G.Aghilone M.Cavacece

Nomenclature
M subject’s body mass
g gravitational acceleration
Icg moment of inertia of body about its center of mass
Ieq = Icg +Mh2 moment of inertia of body about the ankle joint
ψ sway angle of body, angle between true vertical

and a line passing through ankle jont and body center of mass.
ξ angular displacement of endolymph with respect to the skull
δ0 displacement of the utricular otolith
xe horizontal displacement of ankle point due to platform motion
Ak torque about ankle per unit ankle stretch angle ψ opposing

body motion. Results from passive mechanical characteristics of muscle
and connective tissue, and any spinal stretch reflex activity which is
functionally independent of supraspinal control

Ab torque about ankle angle per unit ankle stretch rate ψ̇
Tm torque about ankle joint actively generated by muscles under supraspinal control
ϑ the effective moment of inertia of endolymph
Π a viscous damping couple
∆ the elastic restoring coefficient of the cupula
m0 the effective mass of the otolithic membrane and otoconia
K0 otolithic membrane stiffness
B0 otolithic membrane damping
∆ρ/ρ difference in density between otolithic membrane and endolymph (∼= 0.66)
d distance from ankle joint to otholith orson
nc noise of neural origin
Sc neural sensitivity factor
n0 noise of neural origin
S0 neural sensitivity factor
h height of center of mass above ankle joint
xe horizontal displacement of ankle joint due to platform motion
heq = Ieq/ (Mh) effective lengh of body inverted pendulum
KP , KD proportional, derivative controller

C.T. Bonnet, E. Faugloire, M.A. Riley, B.G. Bardy, and Stoffregen T.A. Motion sickness preceded by
unstable displacements of the center of pressure. Human Movement Science, 25:800820, 2006.

J. E. Bos, W. Bles, and E. L. Groen. A theory on visually induced motion sickness. Displays, 29:4757,
2008.

A. Cheung, B. Nakashima. A review on the effects of frequency of oscillation on motion sickness. Technical
report, Defense Canada, 2006.

M. Dai, S. Sofroniou, M. Kunin, T. Raphan, and Cohen B. Motion sickness induced by off-vertical axis
rotation (ovar). Exp Brain Res, 2:207222, 2010.

J.M. Goldberg and C. Fernandez. Vestibular mechanisms. Annual Review of Neuroscience, 37:129–162,
1975.

Progress in Vibration and Acoustics September 2013, Volume 1, Issue 1, 19



G.Aghilone M.Cavacece

Y.H. Han, A.N. Kumar, M.F. Reschk, L.F. Somers, L.F. Dell’Osso, and R.J. Leigh. Vestibular and non-
vestibular contributions to eye movements that compensate for head rotations during viewing of near
targels. Technical report, NASA, 2005.

J.E. Holly. Perceptual disturbances predicted in zero-g through three-dimensional modeling. Journal of
Vestibular Research, 13:173186, 2003.

J.E. Holly. Vestibular coriolis effect differences modeled with three-dimensional linear-angular interactions.
Journal of Vestibular Research, 14:443460, 2004.

F. Honegger, J.W. Hubertus, and JH. Allum. Coordination of the head with respect to the trunk, pelvis, and
lower leg during quiet stance after vestibular loss. Neuroscience, 213:62–71, 2012.

J.A. Joseph and M.J. Griffin. Motion sickness: Effect of the magnitude of roll and pitch oscillation. Aviation,
Space, and Environmental Medicine, 79(4):390–396, 2008.

R.S. Kennedy, J. Drexler, and R.C. Kennedy. Research in visually induced motion sickness. Applied Er-
gonomics, 41:494503, 2010.

P. Kowalczyk, P. Glendinning, M. Brown, G. Medrano-Cerda, H. Dallali, and Shapiro J. Modelling human
balance using switched systems with linear feedback control. Journal of the Royal Society Interface, 9:
234245, 2011.

J.R. Lackner and P. Di Zio. Space motion sickness. Experimental Brain Research, 175:377399, 2006.

I.D. Loram and M. Lakie. Direct measurement of human ankle stiffness during quiet standing: the intrinsic
mechanical stiffness is insufficient for stability. Journal of Physiology, 545(3):10411053, 2002.

I.D. Loram, S.M. Kelly, and M. Lakie. Human balancing of an inverted pendulum: is sway size controlled
by ankle impedance? Journal of Physiology, 532:879891, 2001.

J.T. Marcus, W. Bles, and C.R. Holten. Influence of gravitoinertial force on vestibular nystagmus in man
observed in a centrifuge. Advances in Space Research, 9(11):213–22, 1989.

S. Ohyama, S. Nishiike, H. Watanabe, K. Matsuoka, H. Akizuki, N. Takeda, and T. Harada. Autonomic
responses during motion sickness induced by virtual reality. Auris Nasus Larynx, 34:303306, 2007.

R.J. Peterka and P.J. Loughlin. Dynamic regulation of sensorimotor integration in human postural control.
Journal of Neurophysiology, 91:410–423, 2004.

L. J. Smart Jr., R.J. Pagulayan, and T.A. Stoffregen. Self-induced motion sickness in unperturbed stance.
Brain Research Bulletin, 47(5):449457, 1998.

R. W. Steer. The influence of angular and linear accelerations and thermal stimulation on the human
semicircular canal. PhD thesis, Massachusets Institute of Technology, 1963.

H. Van der Kooij and E. de Vlught. Postural responses evoked by platform perturbation are dominated by
contnuous feedback. Journal of Neurophysiology, 98:730–743, 2007.

D.A. Winter, A.E. Patla, F. Prince, and Ishac M. Stiffness control of balance in quiet standing. Journal of
Neurophysiology, 80(3):1211–1221, 1998.

Progress in Vibration and Acoustics September 2013, Volume 1, Issue 1, 20


