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Abstract: The stability of upright posture is usually analyzed by means of force
platform measurements. The outcome is the trajectory of the Center of Pressure
(COP) of the ground reaction. This point is not coincident with the projection of the
Center of Mass (COM) on the support surface and the evolution of the COM-COP
difference is a physiologically significant variable. In the paper an algorithm is
described for recovering the COM from the COP: it is based on a dynamic model (the
postural inverted pendulum) and the integration of the corresponding ordinary
differential equation by means of a variational approach based on spline functions.
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1 INTRODUCTION

Sway is the persistent oscillation of the COM (Center Of Mass); this variable is not measurable in a
direct way, although is frequently confused with the COP (Center Of Pressure) that is typically
measured by means of a force platform. The difference between the two trajectories is small but is
physiologically and clinically significant [1]. An empirical approach for reconstructing the COM from the
COP is based upon the fact that the two trajectories have similar shapes but the COP trajectory
appears to be more "noisy"; thus, the computation can be seen as a type of “filtering” [2]. More formal
approaches [3,4] take into account that the acceleration of the COM is proportional to the horizontal
component of the ground reaction: this force is measured by means of a fully equipped platform and
integrated twice, with a technique for recovering the unknown initial conditions. Here we propose a new
method that is based on a biomechanical model but does not require to measure the horizontal
component of the ground reaction force and thus can operate with a much cheaper force platform.

2 METHOD
Body sway is usually approximated with the oscillations of an inverted pendulum (Fig. 1) in which
we can single out the ground reaction force (fy, f/), the force of gravity mg, and the ankle torque

t anke due to the muscles.
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Figure 1. Mechanics of
upright standing.
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For the foot we can write an equilibrium equation:
fud + fyUu+t gge =0 1)

For the sway movements of the rest of the body the following equations apply:

fy-mg=mz»0

fy =my (2)

. . _d - . o0 .

ankle T Mgy = EUQ) » g » mh ksF = mhksy
where m is the mass of the body excluding the feet, h is the distance of the COM from the ankle, | is its
moment of inertia with respect to the ankle joint, and ks is a shape factor that depends on the
distribution of mass in the body. (For the human body ks »1.2.) There are three approximations in the
model, that are well satisfied for sway in quiet standing: (i) the vertical acceleration of the COM is
negligible, (ii) the moment of inertia is constant, and (iii) the angular acceleration is proportional to the
horizontal acceleration of the COM. We can now combine the four relations, obtaining the following
sway equation:

y:%ww) (3)

e

where hg = hkg +d .The computational task is to integrate Eq. 3 with u as the driving input signal. The

problem is that we do not know the initial state. However we know that the solution must be a smooth
function of time and we can seek it within a suitable class of functions by means of a variational
method. This requires to define a functional to be minimized, using the equation as a constraint. We
chose a piece-wise polynomial representation of y(t) in terms of B-spline functions [5] because it is
linear_in_the_parameters and thus the solution is known in closed form, by using a LSE method.
Moreover, in order to have an algorithm whose performance is independent of the duration of the
experiment, we adopted a moving-window paradigm. This means that LSE is iterated on shifted strings
of data of duration T,,.

The LSE estimation step.
Let m be the number of B-splines, n the number of samples in the window, {p;;i =1,m} the set of

unknown B-spline coefficients. We write the B-spline approximations of y(t) and y(t) :
y(t) = S; By (t) xp; 4)
y(t) =S B; (t)xp; -

We apply them to Eq.1 for each instant in the window and thus obtain a linear algebraic system in the
unknown parameter vector p:

[Axp+gihu=e (5)

where [A] is a matrix of samples of the B-spline functions, u is the input vector of platform
measurements in the given time window and e is the approximation error vector whose norm must be

minimized. The solution is obtained by means of the Moore-Penrose pseudo-inverse matrix that
minimizes the norm of the error vector e:

=g/ he (A A A" ©)

With this value of the parameter value it is then possible to estimate the position of the COM at the
time ty in the center of the time window:

Y(tk ) =S; Bi(ty ) *p; (7)

The iteration procedure.
The estimation step is performed for each value t, that identifies the position of the time window,

yielding a sequence of COM position values. There are border effects and the simplest way to deal
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with them is to cut the initial and the final T,, seconds of recorded data. The value of T,, must be chosen
according to two contradictory requirements: (i) it must be long enough to allow the estimate to be
stable, (ii) it must be short enough to yield good fit with the cubic polynomials implemented by the B-
splines. In practice we found that with the sway signals a window of + 1 s is appropriate.

All the computations were performed using the spline package of MatlabO. Figure 2 shows an
example of application of the algorithm. The COP trajectory was sampled at 50 Hz and then low-pass
filtered with a 5 Hz cutoff frequency. The reconstructed COM trajectory is very weakly dependent on
the value of he.
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Figure 2. Reconstruction of the COM trajectory. Thick line: COP curve; thin
line: reconstructed COM curve.

The validation of the method was carried out by means of an inverted pendulum of known
geometry, stabilized by means of springs. The trajectory of the COP was measured by means of the
same force platform and the corresponding COM trajectory was measured by means of an optical
stereophotogrammetric system (Mac ReflexO by Qualisys) with a reflective marker placed as close as
possible to the COM. The COP data were then processed according to the described algorithm,
yielding the estimated COM trajectory. The discrepancy among the two values was very low. In
particular, the phase error was undetectable at the sampling rate of 50 Hz. Thus it seems that the
proposed method of extracting COM data from a basic force platform is reliable and simple enough to
be applied in a clinical environment.

3 DISCUSSION

The proposed method exploits the fact that the horizontal acceleration of the COM is approximately
proportional to the COP-COM difference. The estimate of this difference may have clinical significance
because it has been argued [1] that the brain might estimate it in order to stabilize body sway
movements that are associated with an unstable motor system (the body "inverted pendulum®”).
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