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KEYWORDS Summary In 1995, David Winter concluded that postural analysis of upright stance was often
Posturography; restricted to studying the trajectory of the center of pressure (CoP). However, postural control
Center of pressure; means regulation of the center of mass (CoM) with respect to CoP. As CoM is only accessible
Center of mass; by using a biomechanical model of the human body, the present article proposes to determine
Segmental models; which models are actually used in postural analysis, twenty years after Winter’s observation.
Postural control To do so, a selection of 252 representative articles dealing with upright posture and published

during the four last years has been checked. It appears that the CoP model largely remains the
most common one (accounting for nearly two thirds of the selection). Other models, CoP/CoM
and segmental models (with one, two or more segments) are much less used. The choice of
the model does not appear to be guided by the population studied. Conversely, while some
confusion remains between postural control and the associated concepts of stability or strategy,
this choice is better justified for real methodological concerns when dealing with such high-
level parameters. Finally, the computation of the CoM continues to be a limitation in achieving
a more complete postural analysis. This unfortunately implies that the model is chosen for
technological reasons in many cases (choice being a euphemism here). Some effort still has to
be made so that bioengineering developments allow us to go beyond this limit.
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MOTS CLES
Posturographie ;
Centre de pression ;
Centre de masse ;
Les modeéles
segmentaires ;

Le controle postural

Résumé En 1995, David Winter faisait remarquer que [’analyse de la posture quasi statique
debout était souvent réduite a I’étude de la trajectoire du centre de pression (CdP). Pourtant, le
controle postural consiste en la régulation du centre de masse (CdM) par rapport au CdP. Comme
le CdM ne peut étre estimé qu’a travers [utilisation d’un modéle du corps humain, cet article
propose de déterminer quels sont les modeéles utilisés en analyse posturale vingt ans apres
’observation faite par Winter. Pour cela, une sélection représentative de 252 articles traitant
de la posture debout et publié lors des quatre derniéres années a été étudiée. Il apparait
que le modeéle n’utilisant que le CdP reste largement majoritaire (prés des deux tiers de la
sélection). Les autres modeles, CdP/CdM ou segmentaires (avec un, deux ou plus de segments)
sont nettement moins utilisés. Ce choix du modéle ne semble pas guidé par le type de population
étudiée. A l’inverse, méme s’il existe toujours des confusions entre le controle postural et des
concepts qui lui sont associés tels que stabilité ou stratégie, le choix du modéle est mieux
justifié d’un point de vue méthodologique lorsqu’il s’agit d’évaluer ces parametres de plus
haut niveau. Enfin, le calcul du CdM continue a étre une limite pour parvenir a une analyse
posturale plus complete. Cela implique que le modeéle est en réalité souvent choisi pour des
questions technologiques (choix étant alors un euphémisme). Des efforts restent donc a fournir

pour que les développements en bio-ingénierie permettent de dépasser cette limite.
© 2015 Elsevier Masson SAS. Tous droits réservés.

Introduction

The maintenance of quiet standing in humans has been the
subject of numerous publications over many years, from the
beginning of the 20th century onwards. From a mechanical
point of view, this task is quite a simple one to study. Only
two forces are involved: the weight and the ground reac-
tion force. Their points of application are respectively the
center of gravity (CoG), which is identical to the center of
mass (CoM), and the center of pressure (CoP). As the weight
of a given subject remains constant, only the evaluation of
the ground reaction force is needed, from the forces point
of view. Nevertheless, as explained by Stoffregen and Riccio
in 1988 [84] and recalled by Winter in his consistently cited
review article on human balance [90], this situation is not
stable, since any horizontal displacement of the CoM with
respect to the CoP will create a torque that will increase
this displacement and therefore lead to falling if nothing is
done to counterbalance it. Thus, owing to this mechanically
unstable situation, quiet standing needs a permanent con-
trol of CoP and CoM relative positions, such that the distance
between CoP and the projection of CoM onto the horizon-
tal plane remains on average equal to zero. The position of
the CoP can be modified through the distribution of plan-
tar pressures; whereas CoM is modified by displacements of
one body part relative to others. Let us denote that this
zero-mean distance is only a necessary condition. Due to
a restricted margin of stability, the length of the tempo-
ral interval during which this zero-mean condition must be
respected is actually very short. These spatial and temporal
margins of stability are indeed narrower than the one iden-
tified by Hof et al. [49] as they consider the excursion of
the CoP or the CoM independently one from the other with
respect to the convex hull of the feet (or possibly one single
foot).

A complete kinetic study of human standing posture
would therefore need to consider both CoM and CoP. This
implies measuring or estimating these through computation
from indirect measurement. It is well known that none of

them is an anatomical point. Position of the CoP is quite eas-
ily accessible through measurements provided by pressure
mapping sensors or, more usually in posturography, through
ground reaction force and torques obtained from a force-
plate. The CoM position is a bit more complex to estimate. It
has to be computed by taking into account relative motions
of each part of the body in relation to each other, pro-
portionally to their masses. An ideal measurement would
be some kind of real-time MRI giving the position of any
voxel of the body as well as its composition, to be able to
retrieve its mass. Unfortunately, such a device does not as
yet exist. The computation of CoM position obviously needs
to rely on a simplification of body representation. The most
common way to do so in biomechanics is to consider the
body as a set of rigid segments (first approximation) that are
articulated one with respect to the previous one in the kine-
matics chain through perfect joints (second approximation)
[92]. Consequently, studying a person’s posture or move-
ment (succession of postures) essentially means providing
the joint angles. With the hypothesis of rigid segments, it
follows that the center of mass of each segment is station-
ary with respect to its two extremities. Therefore, knowing
the mass of all body segments allows computation of the
global CoM as a weighted sum of each segment’s center of
mass. Even if some methods are proposed to have access to
individual values of inertia parameters [25], the most cur-
rent process is based on anthropometric tables [29]. This
computation has been validated, comparing CoM accelera-
tion to what can be obtained from forceplate measurement
[59]. Even if the widely accepted ISB recommendations for
the joint angles computation of joint angles for lower [93]
and upper body [94] are still debated, and some improve-
ments are regularly proposed (for example for the shoulder
[53] or the shank [22]), the principle of the articulated rigid
bodies model is never questioned.

Anyone interested in biomechanical analysis of human
motion agrees that the very usual 14-segments model can
be modified depending on the movement that is actually
studied, as recalled by Winter in his reference book [91].
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Indeed, in the case of quiet standing, much simpler models
are often used. The simplest one encountered is not even
segmental; it is limited to one single point, the CoP. How-
ever, in 1995, Winter denoted that ‘in the literature, there
is a major misuse of the CoP when it is referred to as ‘sway’,
thereby inferring that it is the same as the CoG’’ and he even
added that *‘some researchers even refer to the CoP directly
as the CoG’’ [90]. Indeed, as explained by Winter, sway must
refer to the relative position of the CoM with respect to the
CoP. By itself, CoP is insufficient to study postural control
that must be seen as CoM sway with respect to CoP.

Without actually estimating CoM, Horak and Nashner pro-
posed to study the control of disturbance rejection (i.e. a
sudden backward or forward motion of the support platform)
[50] by defining the ankle and hip strategies. The first one
corresponds to a single inverted pendulum movement arti-
culated at the ankle while the second one corresponds to a
double inverted pendulum articulated both at the hip and
the ankle. The analysis of postural control can be performed
using simpler models, such as solely single segment model
[55] or more elaborate models, such as multi-segments [21].

Twenty years after the observation made by Winter about
the overuse of the CoP model, the first and main goal of this
bibliographical study is to evaluate which models are cur-
rently used in the analysis of human upright posture. To
do so, a statistical analysis of the four last years’ scien-
tific literature within this wide scope has been conducted.
For clarity’s sake, two remarks must be made. First, this
study is not a systematic review as the point is not to
provide a meta-analysis on the results but only focuses on
article methodology. In addition, some vocabulary confu-
sions occur too regularly in the clinical and biomechanical
scientific communities. To avoid this issue later on in the
article, ‘‘posture’’ will always be used as referring to seg-
mental organization; thus, neither ‘‘posture’’ nor ‘‘sway’’
will mean CoP displacement.

The second goal of this study is to evaluate whether the
variability of the choice of the model could be due to cer-
tain potential factors. One of the most evident ones is the
population studied whose varying parameters are age or the
presence of pathology. Obviously, it will not be possible to
make an exhaustive analysis of the influence of any spe-
cific pathology that could affect postural control and only
a few examples will be highlighted. The aim is that those
examples are sufficiently representative to be in order to
discuss the potential link between the choice of the model
and a given pathology. Finally, as explained by Haddad et al.,
postural control can be — or rather should be — studied
with higher level parameters that are well known in control
theory, such as perturbation rejection in the case of dual
tasking, stability or control strategy [42].

Statistical analysis of recent bibliography

Article selection

In order to have a sufficiently large and representative set of
articles dealing with the biomechanical analysis of upright
standing available, the following multi-criteria research was
performed on PubMed: ‘‘(posture OR postural) AND (stance
OR standing OR balance OR sway)’’. Several complementary

filters were added. First of all, as we are interested in the
current state-of-the-art, research was restricted to articles
published since January 2011. Only the original studies were
taken into account and consequently the ‘‘review’’ articles
were excluded. The research was also obviously restricted to
the human species. Finally, to ensure readability and poten-
tial fast rejection articles had to be written in English and
an abstract had to be available. The first selection led to
4884 articles. To reduce this very large amount, a random
sub-selection of one article out of 6 was performed, leading
to 814 articles that were checked. For want of exhaustive-
ness, this random selection provided a reasonable number
of articles to ensure a representative sample.

These 814 articles were not all relevant. First of all,
some of them (75, i.e. 9.2%) were off topic — for example,
dealing with blood pressure, cardiology, very young children
(less than 9 months), orthopaedics of spine, etc. The arti-
cles considered were required to deal with maintaining an
upright posture without changing the supports, as presented
in Fig. 1. Apart from obvious bipedal quiet standing, this also
includes unipodal stance and perturbation rejection of these
two conditions. Conversely, many articles concerned with
upright posture actually deal with motion from or to this
condition, such as gait initiation, post-jump stabilization,
sit-to-stand, etc. Among the 739 remaining articles, 199
additional ones (24.4% of the initial set) had to be removed
since they were only interested in such movements. Let us
denote that several articles can deal with upright standing
and some other movement, such as gait. If the analysis of
upright standing was independent from the other motion,
such articles were kept in the selection until the last step.

Finally in many articles (288 i.e. 35.4%), no biomechani-
cal model was used. Generally, in these articles, the postural
evaluation is performed using clinical tests that do not
imply objective biomechanical measurement, such as Berg
Balance Test, Fullerton Advanced Balance Scale, Balance
Evaluation Systems Test, Star Excursion Balance Test, etc.
At the end, 252 articles (31.0% among the 814 initial ones)
actually used a biomechanical model and were therefore
retained for analysis. One side result of this selection is that
bioengineering journals are slightly more prone to publish
articles with models than clinical ones. Although no statis-
tics have been made regarding this specific point, as those
two sets of journals cannot precisely be defined, this never-
theless shows a potential discrepancy between development
of valuation methods and their actual application in clinical
routine. The complete list of these 252 articles is provided
as Supplementary data.

Models used

The statistical analysis consisted of classifying these arti-
cles depending on the biomechanical model they are based
on. First of all, let us emphasize that model does not mean
marker set. Model refers to how the human body is repre-
sented in a simplified manner; it is a qualitative definition.
Each model has parameters that account for the potential
evolution of body movements in this simplified represen-
tation. The step consisting of retrieving those parameters,
i.e. making a quantitative estimation of the model is called
identification. ldentification is usually performed using a
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Figure 1

Situations considered (top, from left to right: quiet standing on both feet, monopodal stance and perturbation rejection

of those situations while maintaining the same contacts on the floor) and examples of conditions excluded as implying a modification
of supports (bottom, from left to right: gait initiation, post-jump stabilization, sit-to-stand).

measurement process and identification is different from,
albeit complementary to, modelling. It is only at this step
that a marker set could be needed if the measurement
device is based on video technology. Let us consider the
example of the single inverted pendulum in the sagittal
plane, i.e. the body seen as one straight line. Such a model
would then have one parameter: the angle between this
line and the vertical. In the case of video measurement,
the marker set would potentially be one marker on the
ankle joint and another one on the top of the head. For the
same model (one single line for the whole body), alterna-
tive marker sets could be used (e.g. shoulder joints instead
of head). When the measurement is not performed through
video but from a device, such as an inclinometer, there might
even be no marker set at all for the same model.

The models considered in our meta-analysis are pre-
sented in Fig. 2. Six categories were taken into account:
CoP alone, CoM alone, CoP and CoM, single pendulum, dou-
ble pendulum and multi-segments. The terms ‘‘point-like
models’’ and ‘‘segmental models’’ will respectively refer
to the first three and latter three categories.

Moreover, within each of these categories, the model
can be restricted to one anatomical plane (the sagittal or
frontal one) or, on the contrary, include both planes. More
precisely, the point is to know whether only one or both
horizontal directions, i.e. antero-posterior (AP) and medio-
lateral (ML), are considered in the model. Indeed, in the case
of the CoP alone model, the analysis is best performed in
the horizontal plane, but could however be done in both AP
and ML directions. From now on, the terms *‘unidirectional’’
or ‘‘bidirectional’’ will respectively refer to models consid-
ering only one of the two horizontal direction, or both of
them.

Finally, let us denote that concerning more specifically
the single pendulum model, there is no consensus about
which angle is actually represented. As explained on Fig. 3,
it could be the anatomical ankle joint angle or the angle
between the vertical and a line representing the mean body
orientation. In this second case, it could sometimes be the
line going from the ankle joint to the top of the head or at
other times, the CoP-CoM line. In this latter case, the choice
between ‘‘CoP/CoM’’ and ‘‘simple pendulum’’ categories
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Figure 2

Different models used in postural analysis. From left to right: Center of Pressure alone (CoP), Center of Mass alone

(CoM) Center of Pressure and Center of Mass (CoP/CoM), single pendulum, double pendulum and multi-segments.

could be potentially ambiguous. The pertinent criterion is
whether the study focuses on the angle or not. However,
despite all these remarks, from now on, the kind of angle
studied within the simple pendulum category will not be
highlighted. Indeed, the underlying model is the same in all
these cases.

Results

The statistical results of the classification are provided in
Table 1.

Figure 3 Three different angles that could be considered in
the single pendulum model. From left to right: the ankle joint
angle, the angle between vertical axis and the longitudinal axis
of the body (i.e. the line passing through ankle joint angle and
top of the head) or the angle between vertical axis and the
CoP-CoM line.

First of all, it clearly appears that the simplest model
(CoP alone) largely remains the most often used in biome-
chanical analysis of human standing posture. It represents
almost two thirds of the articles of the selection. On the
other hand, the CoM model is hardly ever encountered. More
surprisingly, the double pendulum model is noticeably less
employed than each of the two other segmental models.
Finally, models are much often bidirectional. This has how-
ever to be moderated for segmental models, particularly for
double pendulum ones for which unidirectional models are
usual.

Discussion

Mono- or bidirectional models

From a global point of view, unidirectional models are
encountered in only 17.4% of the articles (44/252). How-
ever, there is a discrepancy between point-like models and
segmental ones. The percentage of unidirectional models
falls to 6.0% in the first set (only 9 articles upon 167). On

Table 1 Distribution of the 252 articles in the six categories
of biomechanical models.

Model Number of Number of articles
articles/and with unidirectional/
percentage bidirectional models

CoP 161 (63.9%) 9/152

CoM 6 (2.4%) 1/5

CoP/CoM 19 (7.5%) 2/17

Simple pendulum 24 (9.5%) 10/14

Double pendulum 14 (5.6%) 10/4

Multi-segments 28 (11.1%) 12/16
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the contrary, in nearly half (48.5%, 32/66) of the latter set,
the model is only considered in one of the two possible ver-
tical planes, usually the sagittal one (27/32). It can however
be noticed that the frontal plane is considered for some spe-
cific populations where asymmetry has to be evaluated, such
as in hemiparesis [7], adolescents with idiopathic scoliosis
[3] or in the case of a modified perceptual vertical gravity
line [38]. The ratio between uni- or bidirectional models is
most dissimilar in the case of the double pendulum model,
as only four bidirectional models are encountered versus 10
unidirectional ones.

Over-representation of CoP model

In the great majority of the 161 studies based on CoP model,
CoP displacement and the parameters that they are usually
extracted from (range, surface, etc.), appear to be suffi-
cient to distinguish groups or to prove the effect of some
given intervention. However, it is certainly notable, despite
the observation of Winter in 1995 about the confusion at that
time between CoP and sway, that within this set, the word
‘*sway’’ is still used as being synonymous with CoP displace-
ment. For example, 113 articles (70.2%), referred to ‘‘sway
surface’’, to account for the 95% ellipse of CoP positions.
It is regrettable that the seemingly high percentage of CoP
model studies seems to be mainly explicable by this con-
tinued confusion between the words ‘‘posture’’, ‘‘sway’’
and ‘*CoP displacement’’. Moreover, it has been shown that
even if numerous stability parameters have been developed
from CoP measurement, it seems that they indeed provide
some very similar information [78]. The other main reason
for this over-representation is that CoP is much more acces-
sible to measurement than are CoM and segmental motions.
This point will be discussed later on; but unfortunately, it
has to be concluded that very often the CoP model is cho-
sen not because of methodological reasons but because of
technological limitations.

However, in several cases, restricting analysis to the
CoP displacement is questionable, as when the goal is to
determine the effect upon posture of a stimulation, volun-
tary or not, on one given joint and when no evaluation is
carried out of the joint itself. When concluding that electri-
cal stimulation of one knee joint stabilizes posture [58], it
would be worth checking whether this is due to a diminished
knee joint motion. Similarly, when studying postural con-
trol in the presence of neck pain [77], upper body posture
evaluation would help, as it has been previously demon-
strated that the simple fact of bending the head forward
can have an effect on CoP displacement, even in healthy
subjects [83]. In the same way, in many studies, the goal
is to assess the consequence of a modified kinematics or
kinetics condition. It would have been interesting to know
how the trunk posture of children with backpack carriage
was modified as an adaptation to load increase [76]; or of
women with breast hypertrophy, who exhibit larger CoP dis-
placements compared to normal breasted women [4]. In
the analysis of the influence of wearing high heels, know-
ing how women compensate ankle hyperextension induced
by 7cm heels would be a valuable complementary inquiry
to observation of increasing CoP displacement [36]. Finally,
no actual evaluation of postural adaptations is made when

linking body mass index and posture [61] or in the conco-
mitant presence of obesity and severe knee osteoarthritis
[48].

Nevertheless, when enriched through adequate signal
processing, CoP raw data provide interesting parameters.
For example, these can exhibit some distinguishable signa-
tures of different movements while standing on both feet
[82]. The fractal dimension and entropy of CoP trace are
discriminant parameters in Down syndrome patients com-
pared to control subjects [79]. Time-to-contact, meaning
the time it would take for the CoP to reach the base of sup-
port boundaries given its current velocity, is an interesting
parameter to account for stability [89]. Non-linear analy-
sis through recurrence quantification analysis provides some
useful complementary information [2].

Nevertheless, CoP model is not the only one used as
36.1% of the studies within the set of 252 articles are based
on more elaborate models. Subsequently, we have tried to
investigate which criteria lead to the choice of model. The
potential influence of the population studied is discussed.
Next, thinking laterally about this issue, we will focus on
the influence of investigating some high-level parameters
of postural control (dual tasking, stability and strategy).

Population

The choice of model is hardly ever justified by the specific
concerns of a given population. Because the characteristics
of the population are highly variable, it is quite impossi-
ble to pretend to be exhaustive. It remains possible to try
to illustrate this assessment by focusing on two different
populations quite frequently observed in the set of 252 arti-
cles: adolescents with idiopathic scoliosis and the elderly.
Even if statistics performed within these subsets would be
of arguable value due to their limited extent, it seems that
all models are currently used within each subset in similar
proportion to the complete set. However, let us add that
this is not always the case. In contrast to this global result,
it is notable that in any of the 17 articles dealing with stroke
or hemiparesis, the biomechanical model used is always the
CoP alone. Let us finally insist on the fact that these three
samples remain examples of the meta-analysis.

Idiopathic scoliosis

Posture of adolescents with idiopathic scoliosis can be stud-
ied with CoP alone, whether exploring Time-to-contact to
base of support boundaries [40] or the influence of a surgi-
cal treatment, [27]. The CoP/CoM model is used to evaluate
the link between trunk posture and Cobb angle [24]. Finally,
multi-segment model allows the evaluation of propriocep-
tive information in sensory integration [3] or the reliability
of clinical postural indices [34]. Let us denote that in this
last case, the question is actually posture and not its control,
since only the mean segmental organization is considered
and not the concomitant regulation of CoM and CoP to main-
tain upright stance.

Elderly

Elderly subjects constitute an often-investigated population
in posture analysis. In those numerous studies, CoP model
is used to evaluate the role of vision and proprioception
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[5]; the influence of being in the rear limit of base of sup-
port since rear falls are more frequent [46]; the link with a
functional index of autonomy [30]; or the association with
systolic blood pressure during moderate exercise [67]. The
CoP model can help to see whether age is a worsening fac-
tor in case of sleep deprivation [80], upon anticipatory and
compensatory movements in lateral perturbation [19] or in
response to standing on altered surfaces [60]. This model
also allows quantification of the effects of an 8-week period
program [1], or two weeks’ bed rest [81].

The CoP/CoM model has been considered to measure the
effects of a visual memory task [6] or to verify if the antici-
patory soleus contraction effect is maintained in the elderly
[70] even if in that latter study, CoM is estimated as the
displacement of the third lumbar vertebra.

The simple pendulum enables to check whether elderly
drivers rated as unsafe have a larger sway, seen as the
horizontal displacement of the waist [62]. It is also used
to propose a model of neural control of small perturba-
tion rejection and the influence of the subject’s age on its
parameters [26]. Working with the double pendulum allows
demonstration that movements between lower and upper
body are less in antiphase in the elderly [56]; and to mea-
sure the immediate effect of an ankle foot orthosis in this
population [1]. Finally, a multi-segments model can be used
to evaluate the combined effect of obesity and age [16], or
to assess how the response to a smooth antero-posterior dis-
placement of the support plate is less efficient in the elderly
[86].

Hemiparesis and stroke

While the CoP model is the only one observed in the 17
studies concerned with hemiparetic patients, 14 are in both
planes and 3 in the frontal plane only. It is also notable that
in 8 of these studies, two force plates are used, i.e. one
under each foot. This allows a finer estimation of medio-
lateral asymmetry [10,69]. Apart from two other studies
dealing with Parkinson’s disease patients [37] or unilateral
amputees [23], such an apparatus is nearly never observed
in other populations, despite the fact that asymmetry could
be a reasonable concern in scoliotic children [24] or in lower
leg amputee subjects [73].

Even if CoP trajectory asymmetry is better analyzed
through a double forceplate device, considering in fact the
CoP trace under each foot, it is astonishing that no study
appears in that set whose goal is to evaluate the actual pos-
tural asymmetry, meaning the segmental organization of the
hemiparetic patient in the frontal plane.

High-level parameters of postural control

From a global point of view, studying how a dynamic system
is controlled commonly means evaluating how this system
reacts when perturbed. In the maintaining of an upright
stance, this can be done through the analysis of dual task
situations, the first task being the stance itself and the other
one being a potential perturbation. Another recurring ques-
tion is the evaluation of stability, i.e. for such a mechanically
unstable system stabilized through neuromuscular actions to
quantify the bounds within which some given state varia-
bles have to remain. Finally, as CoM position has to be

permanently controlled, a frequent concern is to study the
postural strategies used to do so.

Dual task

It can be noted that whatever the type of secondary task,
whether it is a reaction task or an increase of cognitive
load, the CoP model is nearly the only one encountered in
the articles dealing with dual tasking. Reaction task can be
auditory [8] or visual [31,45]. Cognitive load increase can
take various forms: speaking in whiplash patients [68]; an
auditory-memory task in blind persons [72]; a reading task
in dyslexic children [66]; counting backward [74] or word
list generation [88] in patients with multiple sclerosis; or
audio-visual distraction in post-stroke patients [13]. Inter-
estingly, one study shows that newly standing children have
an improved postural control, seen as a reduced CoP dis-
placement, when holding a toy in their hands [20].

Stability

Many studies use the word ‘‘stability’’ as a synonym of
*postural control’’ and even of ‘‘CoP control’’, making
the assumption that lower CoP displacement signifies better
stability, which is inexact. This confusion exists in the anal-
ysis of the influence of impaired hearing [28]; light touch
[35]; anxiety [39]; neck torsion in whiplash patients [96];
competitive match in soccer players [15]; and shoe design
in patients with rheumatoid arthritis [14]. Yet, the double
pendulum model is used to evaluate postural stability in
ankle-injured athletes [52] but in pure quiet stance only,
i.e. not really quantifying stability.

In two studies where a CoP/CoM model is mentioned
but in which CoM is actually computed as low-pass filter-
ing of CoP, which remains questionable, a true stability
evaluation is performed. The first uses a retropulsion test
(unfortunately not described) and the ratio between CoP
and CoM path lengths to quantify stability [9]; while the
other explores the best-fitting ellipse of CoM trajectory
when subjects bring their CoP to the maximal distance from
the middle of their feet in each direction [33]. Using only
CoP measurement, limits of stability can be assessed as the
maximal displacement of CoP before losing stability, i.e.
having to modify at least one foot position to avoid falling.
This interesting parameter has been encountered to eval-
uate the effect of balance training using virtual reality in
elderly [32], the influence of knee or ankle immobilization
[54] or the ability of cerebral palsy children to reject the
perturbation induced by arm raising [64]. A multi-segments
model is employed to explore the influence of low-back
pain on monopodal posture and to estimate stability through
two indices: kinetic, based on ground force; and kinematic,
based on segment orientation [65].

Finally, one article proposes a genuine stability analysis
of upright stance using non-linear methods of dynamical sys-
tems exploration and is based on a simple pendulum model
[17]. This theoretical model still needs to be experimentally
validated, in particular as it assumes that CoM displacement
can be fully predicted from ankle joint motions.

Strategy

In two articles mentioning strategy, but where this means in
fact classical postural analysis (since no ‘‘strategy’’ param-
eter is defined or used), the CoP model is employed [18,51].
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Not surprisingly, following Horak and Nashner’s proposal
[50], the most common model used when really dealing with
postural strategy is the double inverted pendulum, often
restricted to the sagittal plane. Indeed, some theoretical
and very detailed controller models have been proposed,
one allowing demonstration that the control scheme of the
double pendulum is possibly intermittent rather than contin-
uous [85], and a second one based on optimal control theory
[11]. Though very promising, both of these models are still
to be validated through comparison to real data. The double
pendulum has also been used to study control from sensory
feedback [47], to evaluate postural strategy in Parkinson’s
disease subjects [12] or coordination in ballet dancers [57].
Finally, it should be noted that one article uses a slightly
more complex model to examine phase synchronization in a
three segments model, also considering the knee [41].

Conclusion

Twenty years after Winter’s comment about CoP displace-
ment and postural control being too often confused, it is
unfortunately still to be noted that the CoP model remains
predominant. Most articles would be clearer if the authors
would simply talk about ‘‘CoP displacement’’ when refer-
ring to this parameter, being truly linked to postural control,
but only a partial view of this control. At the time that
Winter wrote his article, this could be explained by techno-
logical limitations. Unfortunately CoP displacement became
synonymous with postural control due to the fact that, in
the 1990s, technology was hardly able to measure param-
eters other than CoP. However in the current technological
era, the biomechanical and clinical community now needs
to break out of this vicious circle.

Indeed, in 1996, Hasan et al. observed that ‘‘the reason
the CoM is frequently ignored is that it cannot be measured
directly, whereas the CoP is readily obtained from a force
platform’’ [43,44]. They added that ‘‘independent, simul-
taneous measurements of the CoP and CoM are a necessary
step towards characterizing their relationship’’. Unfortu-
nately, CoM is sometimes still estimated through a simple
low-pass filtering of CoP [75]. However, this assumption
came from comparing low-pass filtering of CoP to an approx-
imation of CoM, the weighted sum of segment CoM and not
the real CoM. Such an approximation method is known to act
as a low-pass filter; moreover usually after a first low-pass
filtering of raw 3D data. The actual frequency spectrum of
the CoM is probably greater than what is retrieved through
low-pass filtering of CoP.

A first step to get a better estimation of CoM is to use
all the data provided by the forceplate. Indeed, even if, as
seen above, only the CoP position is usually considered, the
ground reaction force is also available, which very easily
allows computation of the CoM’s acceleration. The double
integration then needed to estimate its position is not triv-
ial, but the combination of ground reaction force and CoP
can lead to an acceptable estimation of CoM position [97].
By comparing three methods, weighted sum of segmental
motions, double integration of ground force and low-pass fil-
tering of CoP, it has been shown that there could be a small
but effective discrepancy between low-pass filtering and the
two other methods [63]. A promising approach proposes to

estimate CoM position through a combination of kinemat-
ics and dynamics measurements, taking advantage of both
[71]. Unfortunately, the use of precise 3D human motion
measurement devices is not yet fully feasible or at least
widespread in clinical routine, due to device costs and the
subject preparation that is often needed. Some preliminary
results of body segment motion measures in upright stance
using simpler and cheaper devices have recently been pub-
lished [87,95]. Even if by definition upright stance implies
small range motions, and thus an unappreciable signal/noise
ratio, the combination of such measures and the ground
reaction force in an optimization method could be a valuable
solution.

A necessary milestone to reach is thus that such bioengi-
neering development in posturography must now be made
accessible to clinicians, so that a complete evaluation of
postural control, i.e. CoM and CoP, can be performed in
routine practice.
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