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A
daptation and habituation are common in biologi-
cal systems for movement control [1], and the abil-
ity to adjust postural control performance is of
major importance during many human activities

[2], [3]. Postural control uses sensory information from the vi-
sual, vestibular, and somatosensory receptors in order to de-
tect and control the movements and coordinate voluntary and
reflexive muscle responses while maintaining stability [4],
[5]. The organization and coordination of the mechanical
body motions have been extensively studied from the perspec-
tives of biomechanical, neurological, and control system anal-
ysis [6]-[10]. However, the dynamical coupling between body
segments, where action of one segment will affect the motions
of other parts of the body, is difficult to analyze both theoreti-
cally and experimentally. The postural movements are re-
stricted by the muscular and skeletal organization and by the
geometrical configuration of the body consisting of segments
moving in an interrelated fashion to each other. The ability to
generate motions of the body segments are also related to the
requirements of muscle force and restricted by the flexibility
in the muscles, joints, and tendons [4], [11], [12].

The possibility that adaptation and muscle fatigue may
lead to multimuscle and multijoint coordination changes, and
reorganization of movements, has received little attention in
previous studies. The regulation of the orthograde posture
constitutes an essential topic of motor control not only to
maintain the static posture but also to ensure body stability
during various locomotory movements [13]. It is well known
that the CNS employs both feedforward (predictive) and feed-
back (reactive) control to compensate for the perturbations
that might occur during movement. Appropriate feedforward
compensations, based on an adaptive internal model of the
system and the expected external conditions, can greatly re-
duce the magnitude of required reactive responses [15]. The
adaptive adjustments by the CNS during the execution of a
postural task to reduce the likelihood of balance loss is of par-
ticular relevance to fall prevention [15], [16].

A recent development in posturography analysis is the use
of system identification to describe the feedforward and feed-
back properties of the postural control system [4], [7], [8]. To
assess dynamic feedback control by system identification
methods, a stimulus is required that has its primary effect on a
sensory input and can be applied in a well-defined manner

[17]. Vibration can be applied in a wide range of amplitudes
and frequencies according to a pseudorandom binary se-
quence (PRBS) schedule as used in system identification [17].
Vibration applied to a muscle or a muscle tendon increases the
firing of the muscle spindles, thus signaling that the muscle is
being stretched [18]. The stimulated muscle responds to this
with a reflexive contraction (tonic vibratory reflex) [19]. Vi-
bration of the gastrocnemius muscles induces a movement
backward whereas vibration of the paravertebral neck mus-
cles induces a movement forward [20], [21]. Acquisition of
motor skills is typically a gradual process requiring many rep-
etitions over a period of time [22], and several reports have
shown that the body movements induced during repeated ex-
posure to postural disturbances are gradually reduced [6],
[23], [24]. In this article we summarize experimental results,
which demonstrate that there are several modes of adaptation
to postural perturbations, and we discuss the properties of
these adaptive processes.

Experimental Methods
Subjects
The tests were performed on 12 subjects (six men and six
women; mean age 26 years, range 15-32 years). The subjects
had no history of vertigo, central nervous disease, or injury to
the lower extremities. At the time of the investigation, no sub-
ject was on any form of medication or had consumed alco-
holic beverages in the previous 24 hours. Informed written
consent was obtained from all subjects. The experiments were
performed in accordance with the Helsinki declaration of
1975 and approved by the local ethical committee.

Methods
Postural control was evaluated by perturbing stance while the
test subjects stood on a force platform (400 × 400 × 75 mm)
equipped with strain-gauge sensors. Forces and torques actu-
ated by the feet were recorded with six degrees of freedom by
a force platform and sampled at 10 Hz by a computer
equipped with an analog/digital converter. Perturbations
mainly causing anteroposterior postural disturbances were in-
voked by vibratory stimuli simultaneously applied toward the
right and left gastrocnemius muscles [21]. The test subjects
were exposed to vibration at 1.0-mm amplitude at a constant
frequency of 85 Hz turned on and off according to a PRBS
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(pseudo-random binary sequence) schedule [17] with pulses
between 0.8 and 6.4 seconds for a duration of 205 seconds.
The stimulation period was preceded by 30 seconds recording
time of unperturbed quiet stance.

Procedure
The subjects were tested for five consecutive days. Two tests,
one with eyes open and the second with eyes closed, were per-
formed at approximately the same time (±1 hour) every day.
After brief information about the test procedure, the subjects
were equipped with vibrators on both gastrocnemius muscles
and placed on the force plate where headphones relaying mu-
sic were attached. The subjects were instructed to stand erect
but not at attention, with arms crossed over the chest and feet
at an angle of about 30 degrees open to the front. They were
told to focus on a mark placed 1.5 m straight ahead of them on
the wall, or to stand with their eyes closed. The subjects
stepped down from the force platform and relaxed for three
minutes between the trials.

Data Analysis
The variance of body sway during the five days was obtained
for five periods during the test: the quiet stance period (0-30
seconds) before stimulation was applied, and from four peri-
ods (1-4) during the stimulation (30-80, 80-130, 130-180, and
180-230 seconds, respectively). By using regression, the

torque variance values were found to be dependent on the
squared height and squared weight of the subjects. The torque
variance values were therefore normalized by dividing the
values by the subject’s squared height and weight, and, for
representation purposes, multiplied by 1,000.

The measured anteroposterior torque during vibratory
stimulation was also analyzed with a method that considered
the adaptation of postural control. The adaptation analysis
method, where the adaptation of posture as well as the adjust-
ments of the stimulation responses during the trial are quanti-
fied by iteratively estimated nonlinear functions, is described
in detail elsewhere [25].

Results
The properties of the adaptive adjustments during the
posturographic test suggest that several partly independent
adaptive processes are involved in the formation of new motor
programs that are better able to consider and suppress the per-
turbations induced by the vibratory proprioceptive stimula-
tion (Figure 1). One adaptive process can be seen in the
progressive reduction of body sway induced by the individual
vibratory perturbations during the test. The body sway re-
sponses to the vibratory perturbations are primarily reduced
during the initial 100-120 seconds of stimulation, which con-
tained 25-35 perturbations in our particular sequence. An ad-
ditional slower adaptive process adjusts the body posture and

center of pressure position. In re-
sponse to vibratory stimulation ap-
plied to the gastrocnemius muscles,
the test subject had initially a tendency
to lean backward (positive values) but
selects after a while a more forward
position and maintains this position
throughout the remaining test. The
red line illustrates the predicted re-
sponse data from an analysis method
that is designed to consider the effects
of the above described adaptation
processes [25]. The high accuracy be-
tween the model simulation values
and recorded body sway suggests that
this method might be applicable to
quantify the adaptive changes in
posturographic recordings.

The body sway during quiet stance
has a circular shaped distribution (Fig-
ure 2). The distribution of the body
sway increased primarily in the
anteroposterior direction but also in
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Fig. 1. The top graph shows the pseudorandomized vibratory stimulation applied to the
gastrocnemius muscles. The bottom graph shows measured anteroposterior torque
(green) from a normal test subject exposed to vibration with eyes closed and the
model simulation values (red). Note the changes in sway amplitude and body position
over time after the stimulation onset.



the lateral direction during vibratory stimulation of the gas-
trocnemius muscles. The elliptic distribution profile of the
body sway is largely maintained over time even though the av-
erage center point of pressure position and body sway ampli-
tudes are altered.

In addition to the two adaptive processes active during the
trial (Figure 1 and Figure 2), a third more long-term adaptive
process or habituation is shown by the improvements gained
by repeating the posturographic tests (Figure 3). At the start of
each day, the response to the perturbations was controlled
more efficiently than then at the start of the previous day.
Based on previous experience, normal subjects were able to
further refine the strategy and reduce the energy expended on
correctional movements to maintain balance and to withstand
the perturbations.

Discussion
Adaptation to a novel postural chal-
lenge causes the generation of a modi-
fied motion strategy, reflected by both
quantitative and qualitative alterations
of the body sway responses. However,
there is large interindividual variation
in the adaptation pattern. Some sub-
jects rapidly select a more resilient
posture and suppress the effects of
stimulation, whereas others adjusted
their responses over a longer period
[25]. This suggests that there exists a
large variety of dynamic strategies,
rather than a single particular configu-
ration that assures stability [10], [26].
The properties of the adaptive adjust-
ments imply that at least three partly
independent adaptive processes are in-
volved in the formation of new motor
programs that are able to consider and
suppress postural disturbances such
as vibratory proprioceptive stimula-
tion: 1) suppression of the individual
vibratory perturbation, 2) adoption of
a posture that is better able to with-
stand the disturbances, 3) use of the
experience from previous exposures
to withstand vibratory stimulation
when the trial is repeated. These
adaptive processes can be manipu-
lated separately and act at different
time scales [13], [14], [25], [27].

The first adaptive process can be seen in the progressive re-
duction of body sway induced by the stimulation during tests,
which might be caused by reweighting the available sensory
inputs. The movements induced by stimulation of a single
sensory input will be detected by other sensory receptors, and
the sensory mismatch could be reduced by reweighting the
sensory information to more reliable sensory inputs [9], [23].
The suppression of mismatching disturbances from sensory
lesions by reweighting the sensory information is most likely
an important part of the adaptation and rehabilitation process.
The movement responses to stimulation are primarily
changed during the initial 100-120 seconds, which contained
25–35 perturbations in our particular sequence. This number
of perturbations appears to be sufficient to instigate a new or
improved control strategy [28], [29] that reduces the effects
of vibratory stimulation. Thus, within a relatively short
timeframe, healthy humans are able to adapt and adjust their
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postural control and multijoint movement patterns in order to
reduce the effect of repeated postural disturbances or effects
of muscle fatigue [30]-[32].

The adaptive adjustments to the individual perturbations
are combined with a second adaptive process: “strategic” ad-
justments of body posture or body kinematics such as lean-
ing forward [2], [3], [6]. Perturbations evoked by vibratory
stimulations induce simultaneous body movements in all
body segments, corresponding to an approximate single-link
pendulum pattern [20], [33]. Since ankle joint stiffness de-
pends on the moment carried by the joints [34], there is a pos-
sibility that by leaning more or less forward a proper level of
ankle stiffness can be chosen by adjusting the postural align-
ment. In terms of motion control, a more rigid body posture
might have several advantages. A co-contraction of the antag-
onistic muscle groups increases the stiffness of a joint and in-
creases the damping of the induced motions [35]. The overall
effect is increased mechanical stability, though at a greater
metabolic cost [36]. Buchanan et al. observed that the muscle
activity patterns and multijoint movement patterns were al-
tered by the frequency of the support surface translation with-
out loss of stability [37]. This finding suggests that the
postural control system, without suffering loss of stability, is
able to gradually alter the kinematical properties by recruiting
or suppressing the biomechanical degrees of freedom. More-
over, reducing the degrees of freedom of the object to control
(i.e., the stability of the human body) to only one segment
with single-link pendulum characteristics may considerably
simplify the control task at hand. Novice subjects learning a
new skill may utilize this strategy of reducing the number of
degrees of freedom [38].

A third more long-term adaptive process or habituation is
shown by the improvements gained by repetition of posturo-
graphic tests. At the start of each day, the response to the per-
turbations was controlled more efficiently than at the start of

the previous day. Based on previous experience, subjects were
able to further refine the strategy and reduce the energy ex-
pended on correctional movements to maintain balance and to
withstand the perturbations [24], [39]. A comparison between
the results from the initial five days of consecutive testing and
the tests performed after 90 days shows that normal subjects
retained their capability to respond appropriately to the stimu-
lus [24]. Thus, previous experience of the test situation and
the perceived level of postural threat during the test situation
have a profound long-term influence on postural control [24],
[30], [40]. This suggests that the vibratory perturbation elicits
the development of a long-term memory or a strategy for this
specific kind of stimulation [41]. This process of adaptation
could be defined as “consolidation, as the postural strategy
during inactivity has been refined and the motor responses
further improved [41].

Conclusions
The presented findings suggest that patients with balance dis-
orders would benefit from rehabilitation programs that in-
clude a mixture of exercises aimed at training specific motor
tasks or motor programs. The exercises should be repeated
with intervals and be sufficiently long and challenging if to
initiate by active learning a process of adaptation and habitua-
tion. Moreover, in the clinical follow-up, the adaptation to the
test situations should be considered if balance tests such as
posturography are repeated regularly on patients suffering
from balance disorders. Measured improvement may not all
be due to recovery but merely an effect of adaptation to the ex-
amination environment itself.

Per-Anders Fransson received the master
of science degree in electrical engineering
in 1991 from Lund University, Lund, Scan-
dinavia. He is member of Swedish Vestibu-
lar Society. In his scientific work, he has
been involved in research in mathematical
modeling of adaptive systems, system
identification, signal processing analysis,

and biomechanical research. Since 1991, he has participated
in research at the Vestibular Laboratory within the Depart-
ment of Otorhinolaryngology, Lund University Hospital,
where he also has been an advisor to students presenting mas-
ter of science and projects.

Rolf Johansson received the master of sci-
ence degree in technical physics in 1977, the
bachelor of medicine degree in 1980, the
doctorate in control theory in 1983, was ap-
pointed Docent in 1985, and received the
doctor of medicine degree (M.D.) in 1986,
all from Lund University, Lund, Scandina-
via. He is a member of SIAM, IEEE, the

Barany Society, and he is a Fellow of the Swedish Society of
Medicine. He is professor of control theory at Lund Univer-
sity’s Department of Automatic Control. In his scientific work,
he has been involved in research in adaptive system theory,
mathematical modeling, system identification, robotics, and
signal processing. Since 1987, he has also participated in re-
search and as a graduate advisor at the Faculty of Medicine,
Lund University Hospital. Johansson was awarded the 1995
biomedical engineering prize (the Ebeling Prize) of the Swed-

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE MARCH/APRIL 200356

To
rq

ue
V

ar
ia

nc
e

7

6

5

4

3

2

1

0
Period 1

Period 2
Period 3

Period 4

Day 1
Day 2

Day 3
Day 4

Day 5

Fig. 3. Mean normalized variance [Nm/(Kg·m)]2 for a group
tested with eyes closed consecutively for five days with
posturography. The graph shows the body sway variance dur-
ing the five days and during four consecutive 50-s periods dur-
ing the vibratory stimulation from the trial each day (denoted
1–4, from the time periods 30–80, 80–130, 130–180, and 180–230
seconds, respectively). The body sway during quiet stance for
0-30s is not shown in the figure. Note the sway reduction during
each day’s test and between tests on consecutive days.



ish Society of Medicine for distinguished contribution to the
study of human balance through application and development
of system analysis and robotics. In 1993 he published the book
System Modeling and Identification [Prentice Hall, Englewood
Cliffs, NJ (Information and System Sciences Series Ed. T.
Kailath)]. Currently he is coordinating robotics research with
participants from several departments of Lund University.

Fredrik Tjernström graduated as M.D. in
2001. He is now a second-year resident in
otorhinolaryngology as well as a research
student in otoneurology, where he special-
izes in adaptive process in postural control.

Måns Magnusson received his M.D. in
1981 and became an approved specialist in
otorhinolaryngology in 1987. In 1987 he
was accepted as a faculty member in the
ENT clinic at the University Hospital of
Lund. In 1988 he was made associate pro-
fessor. In 1992 he became consultant and in
1996 senior consultant in ENT. In 1996 he

was assigned director of undergraduate studies in otolaryn-
gology. In 1997 he was promoted to a side chair professorship
of otolaryngology and in 1999 to full professor. He has been
the primary investigator and in charge of research in the ves-
tibular lab since 1985 and in charge of clinical work since
1988. He has published more than 90 papers in reviewed med-
ical and science journals, mostly in the field of otoneurology.
He is a member of the Barany Society, International Society
of Posture and Gait Research, European Academy of
Neurootology and Otology (advisory board member), and the
Swedish Medical Association.

Address for Correspondence: M. Magnusson, Department
of Otorhinolaryngology University Hospital of Lund, S-221
85 Lund, Sweden. Tel: + 46, 46 171705. Fax: + 46, 46
2110968. E-mail: mans.magnusson@onh.lu.se.

References
[1] J. Eccles, “Learning in the motor system,” presented at Progress in Brain Re-
search, 1986.
[2] F.B. Horak and L. M. Nashner, “Central programming of postural movements:
adaptation to altered support-surface configurations,” J Neurophysiology, vol. 55,
pp. 1369-81, 1986.
[3] E. A. Keshner, J.H.J. Allum, and C.R. Pfaltz, “Postural coactivation and adapta-
tion in sway stabilizing responses of normals and patients with bilateral vestibular
deficits,” Exp. Brain Res., vol. 69, pp. 77-92, 1987.
[4] R. Johansson and M. Magnusson, “Human postural dynamics,” CRC Crit. Rev.
Biomed. Eng., vol. 18, pp. 413-437, 1991.
[5] M. Kleiber, G. Horstmann, and V. Dietz, “Body sway stabilization in human pos-
ture,” Acta Otolaryngol (Stockh), vol. 110, pp. 168-174, 1990.
[6] B. Maki and G. Ostrovski, “Scaling of postural responses to transient and contin-
uous perturbations,” Gait Posture, vol. 1, pp. 93-104, 1993.
[7] R. Kearney and I. Hunter, “System identification of human joint dynamics.,”
Crit. Rev. Biomed. Eng., pp. 55-87, 1990.
[8] A. Ishida, S. Imai, and Y. Fukuoka, “Analysis of the posture control system under
fixed and sway-referenced support conditions,” IEEE Trans. Biomed. Eng., vol. 44,
no. 5, pp. 331-336, 1997.
[9] J. Massion, “Movement, posture and equilibrium: interaction and coordination,”
Prog. Neurobiol., vol. 38, no. 1, pp. 35-56, 1992.
[10] L. Nashner and G. McCollum, “The organization of human postural move-
ments: a formal basis and experimental synthesis,” Behav. Brain Sci., vol. 8, pp.
135-172, 1985.

[11] P. Williams, Gray´s Anatomy, 38th ed. Edinburgh, London: Churchill Living-
stone, 1995.
[12] S. Carlsöö, “The static muscle load in different work positions: an
electromyographic study,” Ergonomics, vol. 4, pp. 193, 1961.
[13] V. Gurfinkel, Y. Ivanenko, Y. Levik, and I. Babakova, “Kinesthetic reference for
human orthograde posture,” Neuroscience, vol. 68, no. 1, pp. 229-243, 1995.
[14] D. Wolpert, Z. Ghahramani, and M. Jordan, “An internal model for
sensorimotor integration,” Science, vol. 269(5232), pp. 1880-1882, 1995.
[15] M. Pavol and Y. Pai, “Feedforward adaptations are used to compensate for a po-
tential loss of balance,” Exp. Brain. Res., vol. 145, no. 4, pp. 528-538, 2002.
[16] Y. Pai and K. Iqbal, “Simulated movement termination for balance recovery:
can movement strategies be sought to maintain stability in the presence of slipping
or forced sliding?,” J. Biomech., vol. 32, no. 8, pp. 779-786, 1999.
[17] R. Johansson, System Modeling and Identification. Englewood Cliffs, NJ:
Prentice Hall, 1993.
[18] P. Matthews, “What are the afferents of origin of the human stretch reflex, and is it
a purely spinal reaction?,” in Progress in Brain Research, H.J. Büttner, U. Cohen, B.
Noth, Eds. Amsterdam, The Netherlands: Elsevier Science, vol. 64, pp. 55-66, 1986.
[19] G. Goodwin, D. McCloskey, and P. Matthews, “Proprioceptive illusion induced
by muscle vibration: contribution by muscle spindles to perception,” Science, vol.
175, pp. 1382-1384, 1972.
[20] F. Hlavacka and M. Krizkova, “Body leaning induced by galvanic vestibular
and vibratory leg muscle stimulation,” in Multisensory Control of Posture, T.
Mergner and F. Hlavacka, Eds. New York: Plenum Press, pp. 229-236, 1995.
[21] G. Eklund, “Further studies of vibration-induced effects on balance,” Upsala J.
Med. Sci., vol. 78, pp. 65-72, 1973.
[22] J. Wolpaw, “Acquisition and maintenance of the simplest motor skill: investiga-
tion of CNS mechanisms,” Med. Sci. Sports Exerc., vol. 26, no. 12, pp. 1475-1479,
1994.
[23] L. Nashner, “Adaptation of human movement to altered environments,” TINS,
pp. 358-361, 1982.
[24] F. Tjernström, P.A. Fransson, A. Hafström, and M. Magnusson, “Adaptation of
postural control to perturbations: a process that initiates long-term motor memory,”
Gait and Posture, vol. 15, no. 1, pp. 75-82, 2002.
[25] P.A. Fransson, F. Tjernstrom, A. Hafstrom, M. Magnusson, and R. Johansson,
“Analysis of short- and long-term effects of adaptation in human postural control,”
Biol. Cybern., vol. 86, pp. 355-65, 2002.
[26] M. Schieppati, A. Giordano, and A. Nardone, “Variability in a dynamic postural
task attests ample flexibility in balance control mechanisms,” Exp. Brain Res., vol.
144, no. 2, pp. 200-210, 2002.
[27] F. Lestienne and V. Gurfinkel, “Posture as an organizational structure based on
a dual process: a formal basis to interpret changes of posture in weightlessness,”
Prog. Brain Res., vol. 76, pp. 307-313, 1988.
[28] R. Johansson, M. Magnusson, and P. A. Fransson, “Galvanic vestibular stimula-
tion for analysis of postural adaptation and stability,” IEEE Trans. Biomed. Eng.,
vol. 42, pp. 282-292, 1995.
[29] P.A. Fransson, R. Johansson, A. Hafström, and M. Magnusson, “Methods for
evaluation of postural control adaptation,” Gait and Posture, vol. 12, no. 1, pp.
14-24, 2000.
[30] B. Maki and R. Whitelaw, “Influence of expectation and arousal on cen-
ter-of-pressure responses to transient postural perturbations,” J. Vestib. Res., vol. 3,
no. 1, pp. 25-39, 1993.
[31] S.F. Donker, T. Mulder, B. Nienhuis, and J. Duysens, “Adaptations in arm
movements for added mass to wrist or ankle during walking,” Exp. Brain Res., vol.
146, pp. 26-31, 2002.
[32] J.N. Cote, P.A. Mathieu, M.F. Levin, and A.G. Feldman, “Movement reorgani-
zation to compensate for fatigue during sawing,” Exp. Brain Res., vol. 146, pp.
394-398, 2002.
[33] F. Hlavacka, T. Mergner, and B. Bolha, “Human self-motion perception during
translatory vestibular and proprioceptive stimulation,” Neurosci. Lett., vol. 210, no.
2, pp. 83-86, 1996.
[34] A. Bergmark, “Stability of the lumbar spine: a study in mechanical engineer-
ing,” J. Physiol., vol. 60 suppl., pp. 1-52, 1989.
[35] T. Milner and C. Cloutier, “Damping of the wrist joint during voluntary move-
ment,” Exp. Brain Res., vol. 122, pp. 309-317, 1998.
[36] N. Hogan, “Adaptive control of mechanical impedance by coactivation of an-
tagonist muscles,” IEEE Trans. Automat. Contr., vol. 29, pp. 681-690, 1984.
[37] J. Buchanan and F. Horak, “Transitions in a postural task: do the recruitment
and suppression of degrees of freedom stabilize posture?,” Exp. Brain Res., vol. 139,
no. 4, pp. 482-494, 2001.
[38] P. McDonald, R. van Emmerik, and K. Newell, “The effects of practice on limb
kinematics in a throwing task,” J. Motor Behav., vol. 3, pp. 245-264, 1989.
[39] T. Ledin, A. Kronhed, C. Möller, M. Möller, L. Ödkvist, and B. Olsson, “Effects
of balance training in elderly evaluated by clinical tests and dynamic
posturography,” J. Vestib. Res., vol. 1, no 2, pp. 129-138, 1991.
[40] A. Adkin, J. Frank, M. Carpenter, and G. Peysar, “Postural control is scaled to
level of postural threat,” Gait and Posture, vol. 12, no. 2, pp. 87-93, 2000.
[41] T. Brashers-Krug, R. Shadmehr, and E. Bizzi, “Consolidation in human motor
memory,” Nature, vol. 382(6588), pp. 252-255, 1996.

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE MARCH/APRIL 2003 57


	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


