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Abstract

Dynamic balance conditions were realized by asking eight volunteers to stand on uniaxial balance board with adjustable geometry and
to carry out 60 s long balancing trials. Four different balance board geometry were used, each associated with different difficulty level.
Balancing trials were repeated five times weekly (learning period) in order to test improvement of balancing skill. The measurement was
repeated eight weeks after the learning period in order to check the persistence of the balancing skill (confirmation session). Oscillations
of ankle angle and hip angle were monitored by OptiTrack motion capture system and four stabilometry parameters were used to
characterize improvement in balancing performance, namely, Standard Deviation (STD), Largest Amplitude (LA), Normalized Path Length
(NPL) and Mean Power Frequency (MPF). STD and NPL show similar tendency to the preliminary expectations, therefore they can be
considered as good measures to describe balancing performance. Results show that subjects used ankle strategy for the less difficult
balance board configurations, while for the more difficult tasks, hip strategy was also involved. Changes in STD and NPL during the

learning period showed that the improvement and the persistence in balancing skill is more significant for more difficult balancing tasks.
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1 Introduction

Number of falls caused by loss of balance is increasing
worldwide and poses a serious challenge in the aging
societies [1, 2], therefore more and more research effort
is devoted to the investigation of human balancing.
The main risks of falls are nonactive lifestyle, decreased
medical conditions, impaired mobility, cognitive disor-
ders, foot problems, attenuated vision and increased reac-
tion time [3-5]. In order to prevent falls, several interven-
tions can be found in the literature, including modification
of living environment, psychological treatment, changes
in nutrition and performing balancing exercises [6—8].

A significant part of the ongoing research focuses
on the mathematical modeling of the operation of the
Central Nervous System (CNS) during balancing tasks.
The behavior of the CNS can be analyzed by perform-
ing simple balancing tasks that can be described by low-
degree-of-freedom mechanical models. For example,
stick balancing [9-11], ankle strategy during quiet stand-
ing [12—15] and ball and beam [16] balancing are often

modelled as a single-segment single-joint inverted pendu-
lum, while hip strategy during quiet standing [17-19] and
standing on a balance board [20-22] are modelled as a
system of double inverted pendulum.

Properties, that determine balancing skills of a subject,
can be included in the mechanical model, such as flexi-
bility and adaptability of the musculature and the ten-
dons (described by stiffness and damping) [23, 24], proper
functioning of the sensory organs (control gains of the
controller) [10, 12], and reaction time (feedback delay
in the control loop) [25-27]. Analysis of the correspond-
ing mathematical models gives an insight into the effect
of the parameter changes on the dynamic behavior of the
system. This can help to identify the critical elements of
the balancing process and to develop techniques in order
to improve the stabilization process.

One of the simplest balancing tasks associated
with accidental falls is standing still. Standing still is
more challenging on an unstable surface, for example
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on a pinned or rolling balance board [20-22, 28-31].
Balancing abilities can be analyzed under different condi-
tions when subjects are asked to stand on a balance board
with adjustable geometry [29]. The purpose of the pres-
ent study is to analyze how repeated balancing trials per-
formed on rolling balance boards of different geometries
redound to the improvement of balancing skill and how
the development can be characterized.

2 Methods

The goal of the study was to analyze the development of
balancing abilities of human subjects on balance boards of
different difficulty levels over a 5-week period. The move-
ment of the human subjects and the balance board was
measured in order to determine how ankle or ankle-hip
strategies change over the learning period.

2.1 Participants

Eight young healthy individuals were involved in the experi-
ment (6 males, 2 females: 27.50+3.12 years, 68.13+10.92 kg,
171.75£6.20 cm, BMI: 22.96+2.49). Participants did not
report any known visual or balance pathology and did not
take part in any measurements involving a balance board
before. The research was carried out following the princi-
ples of the Declaration of Helsinki. Since the within-subject
effect of repeated balancing trials was in the focus, subjects
were not separated by gender. All participants provided
informed consent for all research testing and were given
the opportunity to withdraw from the study at any time.

2.2 Balance board

A uniaxial rolling balance board was designed and manu-
factured for the balancing tests, which consists of a board
and two wheels as shown in Fig. 1. The elements were

Fig. 1 Balance board with different wheel radii.

made from plywood with 21 mm of thickness and were
connected to each other with four screws. Wheels were
available with different radius and the elevation of the
board was also adjustable.

Preliminary studies showed [29, 31], that the radius of
the wheels has a great influence on the balancing perfor-
mance: the smaller the radius, the more difficult stand-
ing on the board. Four different wheel radii were selected
among the available sizes for the balancing trials, namely,
125, 100, 75 and 50 mm, while the elevation of the board
from the ground was the same. The largest and smallest
radius was chosen based on the conclusion of previous bal-
ancing tests, where all subjects were able to stand on the
balance board of radius 125 mm and nobody was able to
balance on the board with radius 50 mm.

For the sake of simplicity, the following terminology
is introduced based on the difficulty levels of ski slopes.
The learner ski slopes are indicated by green, begin-
ner slope by blue, intermediate by red and expert slopes
by black. Following this color code, the balance boards
of radius 125 mm (easiest), 100 mm, 75 mm and 50 mm
(most challenging) were indicated by green, blue, red and
black colors, respectively.

2.3 Experimental procedure

Each subject participated in five balancing sessions on the
same day in five succeeding weeks (learning period).
One session consisted of maximum five balancing trials
on each balance board starting with the green one. A bal-
ancing trial was considered to be successful if the subject
was able to balance on the balance board for 60 s without
touching the ground. If one out of the five trials was suc-
cessful, then the subject was asked to stand on the next bal-
ance board (green — blue — red — black). A full balanc-
ing session with four balance boards took approximately
20 minutes. Eight weeks later, on the 13" week, all sub-
jects were tested again (confirmation session) in order to
check how the balancing skill persisted. In order to pro-
vide a safe measurement environment and to prevent the
potential accidents, a wooden railing was placed next to
the participants (see Fig. 2).

For the standardization of the balancing trials, the fol-
lowing experimental protocol was applied. Subjects were
asked to stand on the balance board in socks such that their
transverse axis was parallel with the axis of rotation of the
board, this way they had to balance in the sagittal plane
(anterior-posterior direction). Furthermore, they were
instructed to stand in a shoulder width stance with open
eyes, stretched legs, look straight ahead at the wall and



a)

Fig. 2 a) Measurement setup: passive markers placed on the body segments and the balance board.
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b) Notation of the markers used during the calculations.

possibly load both legs equally. Moving arms may hide
the markers placed on the body segments, therefore hands
had to be clasped behind the back to avoid data loss as can
be seen in Fig. 2. Participants were asked to balance them-
selves only using their ankle and to stand on the board
as quietly as possible but they were allowed to bend at the
hip when it was necessary. Single leg or eyes closed trials
were not performed because of increased risk of falling.
Abrupt stand up may result about 15 seconds of dizziness
due to blood pressure drop [32]. To avoid this effect sub-
ject were standing about 3 minutes before the measurement
began and they arrived at the measurement in a calm state
of mind and relaxed in case of each measurement occasion.

OptiTrack motion capture system was used to record
the balancing trials with 8 Prime 13 cameras. The sam-
pling frequency was 120 Hz satisfying the Shannon sam-
pling theory, since the frequency content of the balance
board angle signal above 3 Hz is considered to be related
to noise. Three-three passive markers of diameter 12 mm
were placed on the balance board and the human body,

respectively, as can be seen in Fig. 2. Motive software was
used to obtain a csv file containing the 3D position of the
markers at each time step.

2.4 Data processing

Post-processing was performed using Matlab with a
self-developed script. Markers placed on the balance board
are denoted by B, B, and B,, markers placed on shoul-
der, hip and knee by P, P, and P,, respectively, as shown
in Fig. 2. Spatial position of each marker is interpreted
as a vector r pointing from the origin to the specific point.
The ankle angle ¢ is defined as the angle between the line
connecting B, — B,,and P, — P, as

Fo, -V
-1 BB, ""AR
@, =C08 1, (1)
|’BIBZ ‘|Frp,
where
Fyp, =¥ — 1y 2

is the vector pointing from marker B, to B, and
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Tpp, =15

—r, (€)
is the vector pointing from marker P, to P,. The hip angle
¢, is defined as the angle between the trunk and the lower
limbs, therefore the line connecting P, — P, and P, — P, as

-1 Yep ' Thp

¢, =C0S T, )]
Ypp || Ten

where

Tpp =1 —1p ®)

is the vector pointing from marker P, to P, and

r -, 6)

nr = Ip

The angle of the balance board ¢, can be determined in the
same way.

In case of successful balancing, the measurement was
terminated after approximately 65-70 s in order to pro-
vide safely a 60 s long signal. In case of unsuccessful tri-
als, the length of the signal was equal to the balancing
time and the last seconds was associated with the loss of
balance. In order to analyze clearly the balancing pro-
cess, the first 5 s of the data, as long as subjects find their
equilibrium, were removed, and 50 s sampling interval
of the data were used for further calculations. In some
cases, when the 60 s long balancing was not successful,
but the subject was able to balance at least for 35 s, time
history between 5 and 30 s were used for the analysis.
In the result in Figs. 3 and 4, the successful 60 s long tri-
als are indicated by solid markers and the 30 s long trials
by empty markers.

2.5 Stabilometry parameters

In the literature, postural sway is often analysed using
a force distribution measuring plate, which provides
the two-dimensional wandering of the CoP in the AP and
the ML directions [13, 33-35], which is then used to define
stabilometry parameters [36—38]. In case of a uniaxial bal-
ance board, oscillations in ML direction are negligible
compared to the those in the AP direction, consequently,
the balancing task can be described as a one-dimensional
motion. Therefore, in this analysis, the angles ¢ , ¢, and ¢,
are used to define stabilometry parameters and to charac-
terize improvement of balancing performance.

Nagymaté et al. [36, 37] and Petro et al. [38] col-
lect the most often used stabilometry parameters that
can be found in the literature for the characterization of
human balancing ability in the AP and the ML direc-
tions. Here, we adopt these concepts to the changes in the
angles ¢ , ¢, and ¢,. Many of the stabilometry parameters

for two-dimensional balancing are related and focused
on the ratio of changes in the AP and the ML directions,
which are not relevant in case of one-dimensional bal-
ancing. Here, four different stabilometry parameters are
used, three constructed in the time domain and one in the
frequency domain. Before calculating the stabilometry
parameters, each signal was offset into the mean value.

2.5.1 Standard Deviation (STD)

Standard Deviation (STD) is calculated as the square root
of the variance and it measures the dispersion of the data
relative to its mean value:

1 2
STD=,[—— =, 7
o ,Z::"(P’ 7| ()
where N is the length of data, ¢, stands for the correspond-
ing angle at i'" sampling time, and ¢ refers to the average
of the data.

2.5.2 Largest Amplitude (LA)

Considering a signal in time domain, peaks and valleys
follow each other. Largest amplitude is defined as the larg-
est peak-valley or valley-peak transition in amplitude

LA = H}?X U(D, - (Pj sgn( ¢, )=const ) (8)

i<k<j

Calculation of LA was performed using the derivative ¢
of the angle signals. As can be seen in Fig. 5, high-frequency
noises are superimposed on the signal, which occur as small
peaks between the effective peak-valley transitions. In order
to remove peaks caused by noise, a moving-average filter
was swept with a window length 20 along the corresponding
angle signal. After that, boundary of increasing and decreas-
ing parts of the filtered angle data were determined based
on the sign of the first derivative of the filtered signal. In the
final step, the difference of the adjacent points was calcu-
lated and the maximal value was chosen.

2.5.3 Normalized Path Length (NPL)

In Nagymaté et al. [37], path length is determined as the
length of the total CoP trajectory during the measurement.
Adapting this concept to the one-dimensional balancing
task, we define the normalized path length as the sum
of the absolute value of the angular rotation increment
.., — ¢, at each time interval

1 N-1
NPL==3 |p., 0], ©

b o=l
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Fig. 3 Stabilometry parameters, experimental results obtained for ankle angle ¢ . Green, blue, red, black markers indicate balance boards of radius

125 mm, 100 mm, 75 mm and 50 mm, respectively.

where ¢, is the balancing time. Due to the normalization
by the balancing time, the NPL obtained from the 25 s data
can directly be compared to that obtained from the 50 s data.

2.5.4 Mean Power Frequency (MPF)

Mean power frequency is a weighted average frequency
where frequency components f, are weighted by their
power P and N is number of frequency bins:

N

2R
MPF = =—. (10)
25
i=1

i

Parameters f, and P, were calculated using built-in
function of Matlab. Components above 3 Hz were consid-
ered to be noise, therefore data above 3 Hz were removed
as represented in Fig. 5.

3 Results

Experiments are evaluated first based on the relevance of the
stabilometry parameters, then the development of the bal-
ancing skill over the five week learning period is analyzed,
finally, the persistence of the balancing skill is verified.
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Fig. 4 Stabilometry parameters, experimental results obtained for hip angle ¢, . Green, blue, red, black markers indicate balance boards of radius

125 mm, 100 mm, 75 mm and 50 mm, respectively.

3.1 Analysis of stabilometry parameters

The above described stabilometry parameters were com-
puted for each balancing trial by each subject and were sta-
tistically analyzed over the balancing sessions. The results
obtained for ankle angle ¢, and hip angle ¢, are shown
in Fig. 3 and Fig. 4, respectively. The balance board angle
¢, was found to be correlated to the ankle angle ¢, there-
fore it is not presented in separate figure. Subplots in
Fig. 3 and Fig. 4 show the stabilometry parameters associ-
ated with the balancing trials. Filled markers correspond
to the successful trials of duration > 60 s, while empty

markers indicates unsuccessful trials that lasted at least
30 s. Rows of Fig. 3 and Fig. 4 correspond to the partici-
pants, and columns are associated with the different stabi-
lometry parameters as indicated at the top of the subplots.
The number of balancing sessions (week) is indicated
at the bottom subplot. In few cases, some participant could
not attend the balancing session due to personal reasons,
these experiments are labelled by absent.

All participants were able to stand on the green and
blue balance board at least 60 s, as shown by filled mark-
ers in Fig. 3 and Fig. 4. Red balance board was a greater
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challenge, and only five participants were able to stand
on the black balance board. S6 was able to stand one-min-
ute-long on all balance board combinations in all balanc-
ing sessions. None of the other participants were able to
balance on the black balance board on the first week, but
four out of them (S1, S5, S7 and S8) were able to balance
on it by the fifth week. In general, all the subjects showed
some improvement in balancing during the five-week
period. Five subjects (S1, S2, S5, S7 and S8) improved
by one color level of difficulty, mostly from red to black.

It can be observed that the order of the markers in the
STD, LA and NPL plots reflects the difficulty of the bal-
ancing task (black > red > blue > green) both in Fig. 3 and
Fig. 4 (in some cases the markers are overlapping each
other). This indicates that movements at the ankle and
the hip gets larger as the task gets more difficult according
to the preliminary expectation.

Variation of the MPF over the weeks is not so pro-
nounced as that of STD, LA and NPL. This suggests that
MPF is rather related to the subjects balancing style and
does not change by practice. The value of MPF is around
0.7-1 Hz for ankle angle, and a bit lower, 0.5-0.7 Hz
for hip angle.

3.2 Improvement of balancing performance

Decreasing tendency of the stabilometry parameters are
associated with improvement of balancing performance
over the five-week period of balancing sessions. In order
to identify and quantify this improvement, a straight line
was fitted to the stabilometry parameters of each partici-
pant for each wheel radius. A sample of the fitted line is
shown for S5 with red balance board in Fig. 3. Negative

slope indicates decrease in the stabilometry parameter
and hence improvement in the balancing performance.
The slopes associated with the ankle angle ¢, are shown
in Fig. 6 for all subjects. The mean of slopes is also indi-
cated by empty markers.

One can observe similar tendency of the slopes of
STD, LA and NPL in the sense that the mean of slopes is
negative (except for the green empty marker in the slope
of STD). This indicates that these parameters all reflect
the improvement in the balancing abilities over the five
weeks of balancing sessions. Correlation between the
different stabilometry parameters are shown in Table 1.
In contrast, the slope of MPF does not show any tendency
related the balancing improvement.

3.3 Persistence of balancing skill

Figs. 4 and 5 show the stabilometry parameters measured
during the five week learning period and during the confir-
mation session on the 13" week. The differences between
the stabilometry parameters associated with the ankle
angle ¢ on the 1** week and on the 13" week are shown
in Fig. 7 for all subjects. The differences are shown only
for the green, blue and red balance boards, since nobody
except of S6 could stand on the black balance board on the
first week. The mean of the differences is also indicated
by empty markers. As can be seen, improvement in the
STD, LA and NPL values is significant only for the red
balance board. For the green and the blue balance board,
the mean values of the parameters STD, LA and NPL
is about the same on the 1% week and on the 13" week.
This indicates that the balancing skill gained during the
learning period persisted more for the more difficult task.
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Fig. 6 Slope of the tendency line fitted on the stabilometry parameters for the ankle angle ¢ . Negative slope indicates improvement

over the five-week learning period.

Table 1 Correlation of the stabilometry parameters.

Correlation coefficient

Stab. par. STD LA NPL MPF
STD 1 0.88 0.86 —0.40
LA 0.88 1 0.81 —-0.29
NPL 0.86 0.81 1 —-0.10
MPF —0.40 —-0.29 —-0.10 1

4 Discussion

Balancing skill is well described by the variation of the
ankle angle ¢ while the variation of the hip angle ¢, can
be used to verify ankle and/or hip strategy. Three out of
the four investigated stabilometry parameters were found
to reflect improvement in balancing abilities. STD of ankle
angle provides an overall picture of improvement of bal-
ancing performance. Decreasing tendency of STD param-
eter means smaller oscillations of the balance board angle
around the equilibrium, consequently improving balanc-
ing skill. NPL can be interpreted in a similar way: in case
of small oscillations, the overall absolute sum of angular
deviation is also small. LA is also often used as stabilo-
metry parameter, but it is affected by the momentary con-
centration of the subjects. If a participant temporary loses
concentration, then LA can increase suddenly. Therefore,
LA can rather be used to characterize concentration during

a balancing trial. MPF is a frequency-based stabilometry
parameter, which in this analysis does not show any rela-
tion to the improvement of balancing abilities.

4.1 Ankle and/or hip strategy

Considering the values of the stabilometry parameters
in Fig. 4 and Fig. 5, one can see that oscillation at the ankle
is 2-3 times higher than that at the hip. For all subjects, hip
STD and NPL is below 5° in case of green, blue and red
balance boards on the last week except for the blue bal-
ance board of S3. However, one can observe an extremely
large LA parameter of S3 on the last week, which effects
STD and NPL, as well. Thus, we can conclude, that ankle
strategy is more dominant than hip strategy in case of
green, blue, and red balance board, which agrees with the
instructions given to the subjects. This indicates that
human body for these balance boards can be modelled as a
single inverted pendulum indeed.

Five subjects (S1, S5, S6, S7 and S8) were able to balance
on the black balance board. For S1, S5, S7 and S8, STD
and NPL parameters associated with the black balance
board are significantly higher than for the other three bal-
ance board settings. This shows that hip strategy becomes
important in case of the black balance board (most difficult
task) in spite of the instructions given to the subjects that
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Fig. 7 Difference between the stabilometry parameters on the first balancing session and on the confirmation session.

they shall use only their ankle during the balancing task if
possible. The corresponding mechanical model in case of
hip strategy is a double inverted pendulum.

Result of S6 obtained for hip angle is different from
the other subjects, STD and NPL parameters overlap each
other and close to 0°, which indicates that S6 does not
employ hip strategy at all.

4.2 Improvement and persistence of balancing skill
As explained above, STD and NPL for the ankle angle ¢,
well characterize improvement of balancing skills while
LA is also related to temporary loss of concentration.
The tendency of STD and NPL is represented by the slope
of a line fitted on the data of succeeding balancing ses-
sions. For S1, S2, S4, S5, S6, and S7, the slope of the line
fitted to the red and black markers of ankle angle is lower
than that of the green and blue markers. This means that
these subjects improved better in the more difficult tasks
than in the easier tasks. The mean of the slopes obtained
for the four balance board setting is shown in the last col-
umn of the subplots in Fig. 6 by empty markers. This shows
the same tendency: the more difficult the balancing task,
the more significant is the improvement.

The balancing session on the 13" week confirmed that
balancing abilities gained during the five week learning

period persisted for most of the subjects, which is shown
by the negative values of the differences ASTD, ALA and
ANPL in Fig. 7. The most dominant improvement was
observed for the most difficult task (balancing on the red
balance board). This is shown by the negative values of the
mean differences ASTD, ALA and ANPL in Fig. 7.
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