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Extracting gravity line displacement from stabilographic recordings
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Abstract

Three algorithms for determining gravity line (GL) location from center of pressure (COP) and horizontal force (F,) recordings
are suggested. The algorithms are designed to study upright standing posture and are based on the following premises: (a) the
foot(feet) is a solid body and does not move, (b) the axis of rotation of the ankle joint does not displace, and (c) the forces and
moments acting at the ankle joint can be reduced to a resultant force through the axis of rotation and a force couple. The
algorithms are: (1) Single-pendulum algorithm. The human body is modeled as an inverted pendulum oscillating around the ankle
joint(s). Because the oscillations are small, the equations of movement can be linearized and the horizontal position of the gravity
line (GLP) located. (2) Trend-eradication algorithm. The second integral of the horizontal force calculated and an initial
integration constant (%, the initial horizontal GL velocity) is found from the trend of the displacement curve. (3) Zero-point-to-
zero-point integration. When the horizontal force is zero, the horizontal position of the gravity line (GLP) passes through the
COP. The instantaneous GLP and its velocity are determined by integrating F, from one zero point to another zero point. © 1997

Elsevier Science B.V.
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Since the pioneer study of Hellebrandt [1] posturo-
graphic recordings from force platforms are commonly
used for examining a person’s ability to maintain bal-
ance [2-7]. As a representative measure of balance, the
center of pressure (COP), or the resulting torque on the
ground plane, is usually analyzed [8-13]. A variety of
methods have been employed to analyze COP [14-16].
The methods range from specially designed techniques
like the length of the path traveled by the COP [17,18]
to routine procedures of signal processing such as
parameters of statistical distribution (means, standard
deviations [14,19,20]), ranges and areas of variation
[12,13,21-23], velocities of COP migration [21,23,24],
transfer functions [25], spectral characteristics [25-29],
and autocorrelation and autoregression analysis [30-
36]. During the last few years several new approaches
have been used, including evolutionary spectral analysis
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[37], fractal dimensions [38,39], Grassberger-Procaccia
coefficients developed to study dimensionality of
chaotic processes [40-42], random walk analysis
[40,41,43-45], and time-to-contact measures [46,47].
For review, see also Carrol and Freedman [48] and
Prieto et al. [49]. Some of these procedures have been
used for purely descriptive purposes, though, in many
cases the researchers assumed that the COP directly
portrays body displacement (‘body sway’) and/or the
efficacy of the neural control of upright stance.
Center of pressure, however, is an indirect measure of
body sway. As early as 1959 Thomas and Whitney [50]
reported that the COP measured by the force platform
and the horizontal position of the gravity line (GLP)
did not coincide. The gravity line is a vertical line
passing through the center of gravity, COG, of the
body. This difference has been confirmed by Murray et
al. [51] who estimated the GLP from filming. Winter
and colleagues have provided a tremendous body of
research on both COP and COG characteristics in a
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variety of tasks [52-55,16]. In particular, Eng and
Winter [52] compared COP and GLP displacement
curves during a balance task which required raising a
horizontally oriented light weight rod held between the
hands and found that the two curves were very differ-
ent. The COP and the GLP or COG variables can
differ in amplitude, phase, and frequency [50,56-60].
Only in pure static cases is the COP identical to the
GLP [1}.

Stabilographic recordings contain not only a static
component depending solely on GLP but also a dy-
namic component due to inertial forces [50,62--65]. The
higher the frequency of body oscillation, the greater the
acceleration, and the larger the contribution of inertial
forces to the stabilogram. Even during quiet stance, the
contribution of the acceleration terms is substantial
[53,66]. According to estimates by Gurfinkel [63], at a
frequency of 0.2 Hz the forces due to body acceleration
contribute 10% to the stabilographic recordings; this
contribution increases to about 50% at a frequency of
0.5 Hz and at a frequency larger than 1 Hz the stabilo-
graphic recordings reflect mainly inertial forces. Spec-
tral density analysis [67] have revealed that the mean
frequency during quiet standing is approximately 0.7
Hz. At this frequency, the inertial forces may determine
more than 50% of the COP displacement. Furthermore,
this could be important in many pathologies where the
mean frequency of the COP oscillation increases to 1
Hz or even higher. For example, increased power spec-
trum values have been reported around a frequency of
1 Hz in patients suffering from Friedrech’s ataxia [68]
and tabes dorsalis [69], as well as in patients with local
lesions of the brain [70]. Similar findings have been
reported for normal people whose leg muscle afferents
were blocked by ischemia [27,71,72]. ‘The one-hertz
phenomenon’ [73] is thought to be due to vestibular
reflexes [68,69,73]. Higher frequencies — between 2 and
4 Hz — have been reported for patients with anterior
lobe atrophy [68]. At such high frequencies, the COP
does not represent GLP displacement.

The horizontal ground reaction force may provide
more useful information than the COP [7,16,52,58,75—
77]. Horizontal force is proportional to the horizontal
acceleration of the COG of the body and after normal-
ization by body mass its second integral is equal to the
displacement of the GLP. Hence, if body sway is an
object of interest, analyzing horizontal force rather
than COP appears attractive. While this COG-horizon-
tal force relationship is well established it has not been
used widely in practical research because the initial
constants of integration (position and velocity) are usu-
ally not known.

Shimba [78] proposed estimating the initial integra-
tion constants through a curve fit of two different
functions. Specifically the method requires knowing
S(t), which is the second integral of the horizontal

ground reaction force, and E(t) = x,+ z5F, /F,),
where x, is the X-coordinate of the point of application
of the ground reaction force, z; is the vertical compo-
nent of the position vector of the COG of the body,
and F,, and F, are the horizontal and vertical compo-
nents of the ground reaction force. According to
Shimba [78] (page 56) ‘the curve fitting of S(¢) with
E(t)y is done using ‘least squares with three unknowns’.
Note that this approach requires knowledge of both the
horizontal and vertical forces. Benda et al. [79] esti-
mated the GL migration by filtering the COP time
history data. This method does not require the knowl-
edge of integration constants and is based on the
presumption that the COP fluctuates about the GLP
and contains higher frequency components. Though the
postulations are rational, the method is unable to ac-
commodate phase differences between the GLP and
COP time histories and, thus, can only be applied when
the frequency of body sway is low. Also, the outcome
of this methods depends on the filtering cutoff fre-
quency which is selected arbitrarily. The aim of this
paper is to show several different ways of estimating
GL location from force platform recordings.

1. Main model

For a standing person, the following assumptions are
made: (1) the feet do not move and are considered solid
bodies; (2) the axis of ankle joint rotation is fixed (this
assumption is confirmed by the studies of Inman [80]
and Bogert et al. [81]); and (3) all of the forces and
moments acting at the ankle joint can be replaced by a
resultant force acting through the joint axis of rotation
and a couple.

The forces and couples acting on the foot in a
single-pendulum model of a standing person are illus-
trated in Fig. 1. The origin of the reference system is
the intersection of the supporting surface and the verti-
cal line passing through the ankle joint center. The
following forces and couples are acting on the foot:
F,, F., and T, are the forces and couple (torque) at
the ankle joint; F,,, F,,, and T, are the external forces
and external torque; and W, is the weight of the foot.
Because the foot system is in equilibrium, the sum of
the forces and the sum of the moments are zero. The
equations in scalar form (sagittal projection) are:

F,= —Fx/a

Fz,’e = - (Wf+ Fz,/’a)
M0=Fz/exde+Ta+Fx/aXha+ VVde_f (1)

The horizontal ground reaction force, F, ., and the
vertical force acting at the ankle joint, F,,, pass
through the origin, O, and do not contribute to the

moment about this point. The moment due to the
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weight of the foot is constant. Thus the equation for
COP location can be written as:

T .+F., xh
d _Ta X/a a 2
=" F. (2)

During standing, ankle joint height, /4,, is constant and
fluctuations in the vertical forces are so insignificant
that they can be confused with ballistocardiographic
[50] signals. Hence, ankle joint torque and horizontal
force are the primary determinants of COP location.
Since F,,= — F,, the horizontal force acting at the
ankle joint(s), F,,,, is easily determined. Thus, the con-

—d—

Fig. 1. Single-pendulum model.

tribution of the ankle joint torque, 7,, is the only
undetermined variable.

According to classical mechanics, the sum of the
moments about a fixed point A of all external forces
acting on a system is equal to the time rate of change of
the total angular momentum of the system about point
A. Consider rotation around the ankle joint center
H,=Y M,=mgd,,+T, or T,=H,—mgd,, (3)
where H, is the time rate of change of the angular
momentum about the ankle joint center, M, is a mo-
ment taken with respect to the ankle joint, and d,, is
the moment arm of the force of gravity applied at the
COG of the system. From Eq. (3) it follows that the
ankle joint torque is an algebraic sum of a ‘static’
moment, mgd,,,, which is a product of the system’s
weight times the corresponding moment arm, and a
‘kinetic’ moment, H,, which is numerically equal to the
time rate of the change of the angular momentum of
the system. Only the static moment is of interest, how-
ever. The difficulties encountered by the presence of H,
in Eq. (3) need to be overcome. In essence, this is the
premise of the suggested algorithms.

2. Algorithms
2.1. First algorithm (GL-1): Single-pendulum model

Background. For this algorithm, two additional as-
sumptions are made: (1) joint motion is only in the
ankle joint(s) and (2) body sway is small. Thus, the
body is modeled as an inverted pendulum (Fig. 1).
Similar single-pendulum models have been used previ-
ously by other researchers [63,65,75,82-84]. Small mag-
nitudes of body sway permit linearizing the equations
— instead of sin  the value of # can be used.

The model can be described by the following equa-
tion:

T, = I§ — mxr cos 6 + (mz — mgr sin 8) 4)

where 7 is the moment of inertia of the ‘whole body
minus the foot(feet)’ system with respect to its center of
mass, r is the distance from the ankle to the system’s
center of mass, and # is the angle of the longitudinal
axis of the body to the vertical. Eq. (4) can be linearized
and written as:

T,=1,0 —mgré (5)

where I, is the moment of inertia with respect to the
ankle joint(s), I,= I+ mr? Eq. (5) is identical to Eq.
(3), H, = L§. Since angular and linear accelerations are
interrelated for a single pendulum and the angle 6 is
small for the system under discussion, § can be found
from the known values of X.
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Algorithm: Step 1. Determine the moment generated
by the weight of the foot. According to Zatsiorsky and
Seluyanov [85], the mass of the foot is 1.371 +£0.155%
of the body mass, and the foot’s center of mass is
located at 44.1 + 3.6% of foot length. Using these co-
efficients and measuring the horizontal distance of the
ankle joint center to the heel, the moment arm of the
weight of the foot, dj, is calculated and its moment is
determined. However, the moment is small, on the
order of 0.99 Nm, and can be neglected. If higher
accuracy is required, the calculated value of the mo-
ment can be included in Eq. (1) and taken into account
in Eq. (2).

Step 2. Calculate the torque in the ankle joint(s). The
moment generated by the horizontal force acting at the
ankle joint(s) is subtracted from the moment of the
ground reaction force (see Eq. (2)).

Ta = F:,’e X de - F\‘/u X hu (6)

Step 3. Calculate the static moment in the ankle
joint(s). Eq. (5) is used. The product L4 is calculated
and then subtracted from the ankle joint torque, 7.

Substep 1. The angular acceleration ¢ is estimated as
%/r. The vertical component of the acceleration of the
center of gravity is being disregarded. The distance
from the ankle joint(s) to the system’s COG, r, is
estimated.

According to data from Kozyrev [86], on average, the
whole body COG is located at 57.1 +0.127% (X £ m)
of body height in males and 55.9 +0.106% of body
height in females. The height of the foot’s COG is
approximately 40% of ankle joint height, 4, and the
two feet together are approximately 2.75% of body
weight. Using these values, the location of the COG of
the ‘whole body minus the foot (feet)’ system is 58.71%
of body height for males and 57.48% of body height for
females. The difference, r = h, — h,, is now calculated.

Substep 2. The moment of inertia, is estimated.
Segmental moments of inertia are determined from
regression equations based on body height and mass
[85]. Using segment lengths determined from body
height [87] and segment COG locations determined
from regression equations [85], the moment of inertia of
the ‘whole body minus the foot (feet)” system is calcu-
lated. Accuracy can be improved by measuring individ-
ual body segment lengths.

Substep 3. From Eq. (4), the static moment, mgr a, is
estimated as

mgrd =T, — LA 7

Since the product mgr is constant, the moment de-
pends on the angle 6 alone and therefore represents the
GLP.

2.2. Second algorithm (GL-2): Trend-eradication
technique

Background. The GLP displacement, xgp(7), 1s the
second integral of the horizontal acceleration of the
COG. Considering only the anterior-posterior compo-
nent, it follows that:

xeup(t) = X(t0) + £(1) + J (J Ew) au> ds ©)
0

0 m

Initial constants for integration, x(#,) and x(z), are,
however, not known. If an arbitrary value, for instance
zero, of x(t,) were selected there would be a constant
shift of the calculated GLP with respect to the actual
GLP. This would affect the mean value of the GLP.
Typically, though, the mean is not an important vari-
able in posturographic studies and any value within the
range of the COG travel can be used for x(z). Arbi-
trary selection of x(z,) will result in an erroneous linear
‘drift’ of the calculated GLP. This drift, (X,w(Z) —
X,eato)) 1, Where X,(ty) is an arbitrary value of the
initial velocity constant and X,..(fo) is the real value of
the initial velocity, would accumulate over time and
bring the estimated GLP far from the real area of GLP
travel. The rate of this linear trend of the GLP displace-
ment is used as an estimation of the initial velocity,
X(t,). This method is based on the assumption that the
GLP migration over the period of observation, T, is
stationary. It was assumed that when the linear trend is
calculated over a large time interval error due to small
differences between the initial and final GL positions
does not affect the estimation of the initial velocity.
$(to).

Algorithm: Step 1. Calculate the second integral of
the horizontal acceleration, #(z)= F.(t)/m, using
#(t,)=0 as the arbitrary initial velocity value. Stop
integrating when ¢ is large, not less than 30 s. To be
consistent start and stop at peak values of COP. The
horizontal acceleration must fluctuate about zero. If the
mean of ¥(¢) is not zero, either due to a short period of
observation or asymmetric error of the force plate, an
accumulating error of the GLP during integration will
accrue.

Step 2. Estimate %(z,) as a regression coefficient
(linear trend) of the time series.

Step 3. Determine the time course of the GLP migra-
tion using the estimated X(#,) value as the integration
constant.

2.3. Third algorithm (GL-3): Zero-point-to-zero-point
integration

Background. This algorithm is based on premises that
when F,=0, the COP and the GLP coincide. This is
due to the assumption that at the instant when the
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horizontal force, F,, is zero, the kinetic term of the
ankle joint torque is zero.

Algorithm: Step 1. Determine the location of the
COP at the instant when the horizontal ground reaction
force is zero, x .,(f)|F. = 0.

When using digital computers, F, is almost never
exactly zero. A threshold range, + 4, around zero must
be used to determine the zero crossing, —J < F, <.
This threshold depends on sampling frequency and the
frequency of oscillation in the standing task (Appendix
A). For quiet standing a range of —0.05-0.05 N
(sampling frequency of 200 Hz) was used, while for
swaying tasks a range of —0.4-0.4 N provided suffi-
cient accuracy. With a higher sampling frequency, a
smaller threshold range, =+ J, can be used and greater
accuracy can be achieved.

Step 2. Calculate the second integral of X(t) = F.(t)/
m starting at 1,| — d < F, < 9 (the first point when F, =
0) and ending at 7| —J <F, <0 (to the next point
when F, x 0). Use x,(f)| — 0 < F, < ¢ as the first ini-
tial constant of integration and x(t,) = 0 as a temporary
value for the second constant of integration, initial
velocity.

Step 3. Compare the experimentally recorded value,
Xeop(t)] — 6 < F, < 6, and the calculated value, x(z,)| —
& < F. < 4. The difference divided by Ar = 1, — ¢, equals
the difference between the actual and temporary values
of initial velocity. Since the temporary value was zero,
this latter difference is equal to the actual initial veloc-
ity, x(z,). Now both initial constants of integration,
position and velocity, are known.

Step 4. Repeat Step 2 with the actual initial velocity
integration constant, X(7).

Step 5. Continue the same procedure, integrating
from £,| —6 <F,<d to 1,,,|—d <F,<d for the en-
tire curve.

3. Experimental methods

Prior to the stabilographic experiments the distance
from the ankle joint center (talocrural) to the ground,
h,, was measured. The axis of rotation of this joint runs
just distal to the tips of the malleoli [80]. Viewing from
medial to lateral, the axis is directed posteriorly (on
average 6° as reported by Inman [80]; 6.8 + 8.1° accord-
ing to Bogert et al. [81]) and inclined downward (8° —
Inman [80]; 7.0+ 5.4° — Bogert et al. [81]). Ankle
height, /4, was determined as the mean height of the
medial and lateral malleoli.

A Bertec force platform (model 40608 Bertec Inc.,
Worthington, OH, USA) was used for data collection.
In different experiments the subjects were asked either
to stand quietly with their eyes open or closed, or to
perform intentionally exaggerated body sway. The sway
was performed at different frequencies around either

the ankle joints (single-pendulum movement pattern,
the ankle strategy [10,74]), or both the hip and ankle
joints (double-pendulum movement pattern, the hip
strategy [10,74]).

The vertical and horizontal (anterior-posterior)
ground reaction forces, as well as COP, were used for
the analyses. Data were collected on a 486-66 personal
computer with a 12 bit National Instruments model
AT-MIO-64F-5 data acquisition board (National In-
struments Corporation, Dallas, TX, USA) at a sam-
pling frequency of 200 Hz for 30 s. Special software was
developed using the Lab-View software package (Na-
tional Instruments Corporation) for data collection and
analysis.

4. Results and discussion

Example results of slow intentional ankle sway, fast
intentional hip sway, and quiet standing eyes closed are
presented in Fig. 2, Fig. 3 and Fig. 4, respectively. The
coefficients of correlation between the estimations from
the three different algorithms are greater than 0.95 for
both slow ankle sway and quiet standing eyes closed.
During the fast hip sway, however, the GL-1 is quite
different from the GL-2 and GL-3 methods. Due to the
low frequency of sway in both slow intentional ankle
sway ( ~0.37 Hz) and quiet standing eves closed (=
0.16 Hz), the GLP trajectories appear similar to the
COP trajectory. However, for the intentional slow an-
kle sway the range of COP migration (162 mm) is on
average 36.3 mm greater than the ranges for GL-1 (124
mm), GL-2 (125 mm), and GL-3 (128 mm) migrations.
For the more dynamic fast hip sway (x4.0 Hz) the
correlations between COP and the GLP algorithms
were rather low, ranging from —0.60 (COP versus
GL-1) to 0.74 (COP versus GL-2).

The suggested algorithms are based on different as-
sumptions. The first algorithm is most restrictive: it
accounts for only postural sway around the ankles. The
benefit of this algorithm is in determining the balance
strategy employed by the subject. By examining the
correlation between the algorithms it is possible to
determine if the subject was using the ankle strategy.
The requirements of the second algorithm are less
restrictive. In theory it can be applied to any strategy of
maintaining balance. The GLP migration over T should
be stationary, and the difference in the GLP at t=0
and 7= T should be small. Accordingly, this method is
sensitive to the initial and final times chosen for inte-
gration. The execution of the third algorithm depends
on determining zero-crossings, which among other fac-
tors is influenced by sampling frequency and threshold
range (Appendix A). This algorithm is based on the
theory that when a zero horizontal force is observed the
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Fig. 2. Slow ankle sway (frequency of sway was approximately 0.3 Hz). All of the three methods are in relatively good agreement with each other.
The GL migrates strictly in phase with the COP and out of phase with the horizontal force. The coefficients of correlation are: F_ versus GL-1,
r= —0.88; F, versus GL-2, r= —0.87; F, versus GL-3, r = — 0.85; GL-1 versus GL-2, r = 0.97; GL-1 versus GL-3, r = 0.96; GL-2 versus GL-3,
r=0.95. All of the correlation coefficients in this figure and Figs. 3 and 4 are for 30-s trials. The data are from the same subject (male, height
162 cm, weight 70 kg; during the experiment the subject wore soft walking shoes).

COG is oriented vertically and is not accelerating hori- represented as both radial (centripetal) and tangential
zontally. In general, the acceleration of the COG can be accelerations. Since the angular velocity of the COG is
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Fig. 3. Fast hip sway (approximately 4.0 Hz). The correlation between GL-2 and GL-3 is r = 0.75. The correlations between COP and GLP range
from ( — 0.6, COP versus GL-1, and 0.74, COP versus GL-2). The large horizontal forces influenced the high correlation between F, and GL-t

(r=0.99).

small, the centripetal force is negligible. Hence, F, is acceleration of the COG and its horizontal projection
essentially an account of the tangential acceleration of practically coincide.
the COG. Due to the small inclination angle, 8, of the Theoretically, the analysis of GLP travel rather than

COG from vertical, the magnitude of the tangential COP displacement seems attractive, especially in popu-
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(r > 0.94),

lations with high frequency of body sway. In these
conditions, the COP trajectory does not resemble the
trajectory of the GLP and cannot be used for estimat-
ing body sway. Center of pressure and GLP have not
been used concurrently to study representative groups
and have not been compared systematically with either

parametric (mean, standard deviation, etc.) or non-
parametric methods (spectral power, etc.) methods. De-
pending on the outcome of these comparisons, the
attitudes toward the analysis of the GLP instead of the
COP, will be different. If analysis of GLP provides
additional information that cannot be gained with more
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Fig. 5. Determining zero crossings at different sampling frequencies with different thresholds. The graphs are a one second portion of a
horizontal force time history during a 30 s quiet standing trial. The black squares represent zero crossings and the horizontal lines show the

different threshold ranges.

traditional stabilographic methods, the suggested tech-
niques may be well received. At this time, however, the
real merit of the suggested algorithms remains to be
investigated.

5. Nomenclature

Vectors are printed in bold.
0-XYZ an absolute system of coordinates
with the origin, O, at the intersec-
tion of the supporting surface and
the frontal plane passing through
the ankle joint center

T, force and couple (torque) at the an-
kle joint(s)

F, T, ground reaction force and torque
(external force and torque)

W, W, weight of the foot

Fo. F.. horizontal and vertical components
of the external force

Fow Fou horizontal and vertical components
of the force acting at the ankle
joint(s)

M, the moment of the resultant force
about the origin of coordinates O

h, the height of the ankle joint

d, COP location along the X-axis,

d, the distance from the COG of the
foot to the Z-axis (moment arm)

m mass

X, X, Z velocity and acceleration along the

i
I

t (O0<t<T)
x(0), x(0)

S, U

Xcops XGLp

X-axis, acceleration along the Z-
axis

time rate of change of the angular
momentum about the ankle joint
center

the moment arm of the gravity
force of the system ‘the whole body
except the foot/feet” with respect to
the ankle joint

the distance from the ankle to the
system’s center of mass

the body inclination; the angle of
the longitudinal axis of the body to
the vertical

angular acceleration

moment of inertia

time

the horizontal location of the GL
and it’s velocity at t =0

variables of integration

horizontal location of COP and sec-
ond integral of horizontal accelera-
tion

Xarbs Xreal arbitrary initial velocity integration
constant and real initial velocity
constant

[ ‘under condition that’

+0 zero range threshold
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Appendix A. Determining zero crossing points

With digital signals the horzontal force is rarely
exactly zero. To determine instances when F.=0, it is
necessary to use a threshold range around zero and
estimate F.=0 by Jd<F,<d, where +d is the
threshold. The threshold must be chosen considering
both sampling frequency and frequency of oscillaion.
Improper selection of the zero range threshold can
cause true zero values to be missed or non zero values
to be included. For example, if the threshold is too
large the GLP and COP will be forced to coincide in
places when F, is truly not zero.

During swaying tasks, F, clearly passes through zero
and an appropriate threshold is easily determined. Dur-
ing quiet standing, though, F, hovers about zero and is
rarely greater than + 1 N. Fig. 5 illustrates that it is
possible to determine zero crossings during quiet stand-
ing by adjusting the threshold to the sampling fre-

quency. At a frequency of 120 Hz and a threshold hold
of £0.2 N, there are many false zero crossings. In
some instances, the signal quickly changes from positive
to negative (or vice versa) so that F\ is less than — 0.05
N at sampling time 7, and is greater than 0.5 N at the
next sampling ¢,,,. As a result, these zero crossing
points would not be recognized by the computer. At 30
Hz and a threshold of + 0.2 N, the zero crossings have
been reasonably determined. At a threshold of +0.05
N, however, all zero crossings have been missed. These
examples represent extremes, however, it is apparent
that by adjusting the zero-crossing threshold to the
sampling frequency it is possible to determine zero
crossings during quiet standing.
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