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Abstract— Static posturography is an important measure-
ment in the diagnostic workup for patients with postural
instability. New wearable sensor technologies enable researchers
to use in-shoe pressure soles in the home environment and
outdoor applications. In this study a newly developed in-shoe
pressure sole was used for calculating the sway path and 95 %
confidence ellipse area as the standard parameters of typical
static posturography. Insole posturography was validated on 24
subjects by a state of the art pressure plate assessment during
three static posturography conditions (eyes open, eyes closed
and barefoot). The adaptive low pass filtered data resulted in an
overall correlation of 0.63 to 0.78 for the sway path and 0.66 to
0.79 for the 95 % confidence ellipse area. Individual correlations
of up to 0.97 for the sway path and 0.99 for the 95 %
confidence ellipse area could be obtained. Future applications
could utilize the mobile advantage of in-shoe pressure soles and
measure static and dynamic posturography in clinical and home
environments.

I. INTRODUCTION

Static posturography is an important balance control tool
and is frequently used for patients with postural instabil-
ity or movement disorders like Parkinson’s disease [1],
somatosensory vertigo [2] or other diseases affecting the
balance control. The gold standard for static posturography
is currently the use of a pressure or force plate. Although
these systems are easy to use in a clinical environment,
they are stationary and not usable in mobile applications.
Wearable in-shoe pressure soles overcome this problem
but are technically more complicated because each foot is
measured independently and only pressure on distinct areas
of the sole is considered [3]. Several studies presented or
compared in-shoe pressure soles regarding their technical
abilities, limitations and application in common research
problems [3], [4], [5]. These systems were validated with
technical parameters.
In the scope of a broader project [6] an in-shoe pressure
sole was used for static posturography measurements (IEE,
Contern, Luxembourg). Not only technical parameters were
measured but standard clinical postural analysis parameters
like the sway path and the 95 % confidence ellipse area were
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calculated and validated by a pressure plate (zebris Medical
GmbH, Isny im Allgäu, Germany). The focus of this work
was to evaluate an optimal Butterworth low pass filter for the
raw data and investigate the influences of different postural
measurement conditions on the resulting postural parameters.

II. METHODS

A. Data Collection

24 test subjects free of medical conditions associated
with postural imbalance (35.8 ± 8.0 years, Table I)
were recruited after obtaining written informed consent. The
approval from the ethical committee was received (Re.-
No. 4208, 21.04.2010, IRB, Medical Faculty, University of
Erlangen-Nürnberg, Germany).
Three conditions were chosen for the validation of the in-
shoe pressure sole based postural parameters. In the first
condition (CON1), the participant was advised to stand still
for 30 s. The shoes were placed parallel and touched each
other on the medial side [7]. Meanwhile, the participant
focused on a cross 3m in front of her/him at approximately
the height of the eyes. Each trial was conducted three times
with intermediate resting phases of one minute. The second
condition (CON2) was similar except that the participants
had their eyes closed which is widely used in literature for
omitting balance control influences of the visual cortex. For
analysis of the impact of the shoes on the measurement,
a third condition (CON3) was conducted. The procedure
was the same as for CON2 whereas the participants were
barefooted. The used measurement conditions were chosen
carefully regarding their validity and are in compliance to
the proposed parameters of Scoppa et al. [8].
For CON1 and CON2 all 24 participants were recorded
which led to 72 measurements each. CON3 was recorded
with 11 participants which resulted in 33 measurements.

TABLE I
CHARACTERISTICS OF TEST SUBJECTS.

Subjects

Sex (m/f) 14:10

Age (years) 35.8 ± 8.0

Height (cm) 167.4 ± 10.1

Weight (kg) 78.0 ± 19.1

BMI 25.1 ± 6.2
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Fig. 1. Schematic representation of the left sensor insole; the right
insole is designed mirror inverted.

B. Measurement Systems

The in-shoe pressure soles, provided by IEE (IEE, Con-
tern, Luxembourg), were connected to the recording system
from WalkinSense (Kinematix, Porto, Portugal). Shoe insoles
with UK sizes 6, 8 and 11 were used which contained each
seven measure points (Fig. 1). The data were transmitted
wirelessly via Bluetooth to a laptop.
A pressure plate from zebris (zebris Medical GmbH, Isny im
Allgäu, Germany) was chosen as the gold standard system
(Fig. 2). The technical specifications of both systems are
listed in Table II.

TABLE II
CHARACTERISTICS OF THE SENSOR SYSTEMS.

Sensor Systems

WalkinSense R© zebris R©

Sampling Rate (Hz) 100 50

Measuring Unit kg/cm2 N/cm2

PC-Interface Bluetooth USB

Sensor Type Piezoresistive Capacitive

Fig. 2. Test subject standing on the zebris R© pressure plate.

C. Parameters

For a quantitative evaluation of the ability of a participant
to maintain balance, the displacement of the center of gravity
(COG) is a meaningful parameter [9]. The COG is the
projection of a person’s center of mass onto the base of
support [9]. If the COG is placed outside the supporting
area of a resting person’s feet, the person will fall without
further intervention [10]. The direct measurement of the
COG is, due to permanent balance correction movements
of the human body, not possible. For static conditions, the

center of pressure (COP) varies around the COG position
with a higher magnitude and frequency as the COG [11]
and can be used instead.
The COP in the media-lateral (ML) and anterior-posterior
(AP) direction can be calculated as the weighted sum of all
14 pressure sensors from both sensor soles with respect to
the geometrical placement of the sensors (Fig. 1) and the
distance between the shoes:

COPML =
1

P

14∑
i=1

Pi(ML)i (1)

COPAP =
1

P

14∑
i=1

Pi(AP )i (2)

Pi is the pressure of sensor i and P is the summarized
pressure of all sensors. (ML)i and (AP )i are the spatial
positions of sensor i. The geometrical dimensions were
adjusted to the used shoe and therefore insole sizes. The
resulting COP over time in the transverse plane is therefore
(COPML, COPAP ).
Based on the COP several parameters can be calculated. In
this work two parameters are considered more closely:

1) The sway path (SP) is the accumulated distance of
the COP in a specified time interval. For N sampling points,
the sway path calculates to:

SP =

N∑
i=2

√
(MLi−1 −MLi)2 + (AP i−1 −AP i)2 (3)

2) The 95 % confidence ellipse area (EA) is the area of an
ellipse that is computed to approximately enclose 95 % of the
COP data points (Fig. 3). It incorporates not only an area of
movement but also the dominant direction of movement. For
the approximation a bivariate Fisher-Snedecor distribution is
used [12]:

EA = 2πF.05[2,N−2]

√
SD2

MLSD
2
AP − COV 2

ML,AP (4)

SDML and SDAP are the media-lateral and anterior-
posterior standard deviations of the COP. COVML,AP is the
covariance between the media-lateral and anterior-posterior
data. F.05[2,N−2] is the F statistic for a bivariate distribu-
tion with a 95 % confidence level for N sampling points.
F.05[2,N−2] can be approximated to 3.00 for large sample
sizes (N > 120) so that the equation can be simplified [13]:

EA = 6π
√
SD2

MLSD
2
AP − COV 2

ML,AP (5)

For stable values of the EA, it is advised to set the time
interval for the measurement not less than 30 seconds [8].

D. Filter Optimization

The COP trajectory of the in-shoe pressure sole showed
noise and high frequency characteristics (Fig. 3). For this
reason, a Butterworth low pass filter was applied on the COP
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data of both systems. The use of low pass Butterworth filters
is common in literature:

• Baratto et al. [14]: 2nd order, cutoff frequency of 10Hz
• Prieto et al. [13] and Betker et al. [15]: 4th order, cutoff

frequency of 5Hz
• Andreasen et al. [16]: 3rd order, cutoff frequency of

5Hz
• Adkin et al. [17]: 2nd order, cutoff frequency of 5Hz
• Gage et al. [18]: 4th order, cutoff frequency of 3Hz

Summarizing the mentioned literature, the order of the
Butterworth filter should be between 2 and 4, the cutoff
frequency between 3 and 10Hz. Considering the recorded
data, even lower cutoff frequencies seemed relevant. To avoid
overfitting, a leave-one-out (LOO) cross-validation for the 24
participants was conducted for obtaining optimal Butterworth
filter parameters. The unweighted sum of the SP and EA was
used as optimization criteria. The chosen values for the grid
search are listed in Table III.
It was technically not possible to start both sensor systems
simultaneously and therefore a non-constant time delay of
less than 0.5 s occurred. The signals were temporal cross-
correlated in the LOO cross-validation. For the impact of the
time delay, the results are given also without this correction.

TABLE III
PARAMETERS USED IN THE LOO.

Parameters and Ranges

Parameter Range Step Size

Order N 2-6 2
Cutoff Frequency ωc 1-6 Hz 0.5 Hz

III. RESULTS

The optimal Butterworth cutoff frequency was
1.50 ± 0.15Hz with and without time correction.
The optimal mean order was 4 ± 0 with time correction
and 4.08 ± 0.41 without time correction. The data was
therefore filtered with a 4th order Butterworth filter with a
cutoff frequency of 1.50Hz.
The overall Pearson correlations between both systems
for the sway path and the 95 % confidence ellipse area
are listed for all conditions in Table IV. Time corrected
individual correlations combined from all three conditions
were up to 0.97 for the sway path and up to 0.99 for the
95 % confidence ellipse area. For CON1, the correlations
for the SP and EA between both systems are plotted in
Fig. 4. The corresponding Bland-Altman plots are in Fig. 5.

IV. DISCUSSION

The results demonstrated good correlations between the
in-shoe sensor sole and the zebris pressure plate for static
posturography measurements. Mean correlations of all con-
ditions of 0.73 for the sway path and 0.78 for the 95 %
confidence ellipse area could be obtained. This makes the
system usable for clinical assessments. Nevertheless, several

Fig. 3. Representative representation of the COP measured with the insole
sensor and the zebris pressure plate. A & C is unfiltered, B & D is low
pass filtered (Butterworth, 3rd order, 1.75 Hz cutoff frequency).

Fig. 4. Correlation of the EA and SP between insoles and zebris pressure
plate. LRL is the linear regression line.

Fig. 5. Bland-Altman plot of the EA and SP between insoles and zebris
pressure plate.
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TABLE IV
PEARSON CORRELATION COEFFICIENT BETWEEN SENSOR SOLE AND

ZEBRIS PRESSURE PLATE.

Pearson Correlation Coefficient with LOO
Time Correction Yes No
Data Set r of EA r of SP r of EA r of SP
CON1: 0.79 0.63 0.78 0.63
CON2: 0.77 0.77 0.77 0.76
CON3: 0.66 0.71 0.67 0.72
Complete Data: 0.73 0.78 0.73 0.78

outliers are degrading the result (Fig. 4 and Fig. 5).
One possible reason is the design and number of the used
sensors. It was assumed that pressure measured by a sensor
was equally distributed over the whole sensor area. Consid-
ering the size of the sensors this might be a major cause
for errors. Another reason might be that not all pressure
is measured by the sensors because pressure was directly
distributed to the shoe on areas not covered by a sensor [3].
The results improved considerably with the Butterworth low
pass filter. The parameters of the filter were stable and did
not change for different subgroups. Nevertheless, groups with
balance disorders may have a different frequency character-
istic of the COP and the LOO cross-validation should be
conducted again.
No considerable difference could be seen between condition
2 and condition 3. This indicates that the effect of the
deformation of the sensor sole and other effects of the shoe
did not influence the results. Better results can therefore not
be obtained by using more flat shoes. The temporal cross-
correlation of both measurement systems did not improve the
results.
The cross-validated Butterworth filter improved the calcu-
lated parameters considerably without overfitting. Future
applications could utilize the mobile advantage of pressure
insoles and transfer the clinical workup setting to a home
environment for measuring postural parameters of static and
dynamic posturography.

V. CONCLUSION

The current study validated standard postural analysis
parameters of a state-of-the-art in-shoe pressure sole with
a pressure plate. A LOO cross-validation method was used
for obtaining the best parameters for the used Butterworth
low pass filter. For future applications, static and dynamic
posturography in a home environment should be considered.
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