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Abstract

Seven novice subjects participated in experiments of stick balancing on a linear track in the anterior-posterior (AP) and the medio-

lateral (ML) directions. The goal of the experiments was to test how the depth perception in the subjects' AP direction affects balancing 

performance compared to balancing in the ML direction, where depth perception does not play a role. It is easier to balance longer sticks 

than shorter ones, therefore balancing performance is measured by the length of the shortest stick that subjects can balance. Subjects 

were found to be able to balance shorter sticks in the ML direction than in the AP direction: the ratio of the shortest stick lengths in the 

ML direction relative to the AP direction was in average 0.53. Thus, the additional challenge posed by depth perception in the AP direction 

is clearly observable. Additionally, repeated trials were carried out for 5 consecutive days to assess the development of balancing skill 

by using stabilometry analysis. The maximal balance time of the subjects significantly increased with the days of practice.
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1 Introduction
Stick balancing is a voluntary motor skill in which theoret-
ical predictions for the stabilization of an inverted pendu-
lum can be evaluated experimentally [1–5]. Longer sticks 
are easier to balance than shorter ones. Most human sub-
jects can balance a stick of length 1 meter, but nobody can 
balance a stick shorter than 20 centimeters. This observa-
tion indicates that stick balancing can be a useful device 
to measure and characterize balancing skill of human sub-
jects [6–10]. The natural question arises whether the bal-
ancing skill improves for repeated stick balancing trials 
and how the skill development can be quantified. 

One way to simplify the balancing task is to confine 
the movements of the hand and stick to planar motion. 
This can be done by balancing the stick along a linear 
track [2, 11–14]. The setup is similar to virtual stick bal-
ancing [6, 15–17]. Usually, in track balancing experiments 
human subjects balance the stick in the direction parallel 
to the medio-lateral direction of their bodies. 

During stick balancing on the fingertip, visual percep-
tion in the medio-lateral (ML) and anterior-posterior (AP) 

directions are coupled. Usually, the movements in the AP 
direction are considered to be the critical ones and move-
ments in the ML direction are neglected  [9,  10,  18,  19]. 
The track balancing device makes it possible to uncouple 
visual perception in the ML and AP directions. In the pres-
ent study, the objective was to investigate and quantify the 
difference between visual perception in the ML and AP 
directions by asking novice subjects to carry out stick bal-
ancing trials on a linear track in both directions. The goal 
was to determine what are the shortest stick lengths that 
subjects can balance in the ML and AP directions, respec-
tively. It is assumed, that sensory uncertainties of visual 
perception are much larger in the subject's AP direction 
compared to the ML direction due to the limitation caused 
by depth perception in the AP direction. Thus, the fol-
lowing hypothesis is proposed: humans are expected to 
balance shorter sticks in the ML direction than in the AP 
direction during stick balancing on a linear track. 

Additionally, stabilometry parameters of the measured 
time histories were analyzed with the goal to assess the 
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learning process of novice subjects in case of balancing 
short sticks for 5 consecutive days of measurement. Note 
that the same stabilometry analysis was carried out in [14] 
with subjects of one day and many days of experience in 
track balancing in the ML direction. Subjects with many 
days of experience had at least 15 minutes/week of practice 
time for 15 weeks. However, the stick length was l = 0.9 m 
and there were no repeated trials. In [14], the stabilome-
try parameters that were found to be reliable indicators 
to distinguish between balancing performance levels are: 
the standard deviation of the stick angle ( σφ ); the standard 
deviation of the cart position ( σx ); the frequency power of 
the stick angle ( FPφ ); the frequency power of the cart posi-
tion ( FPx ); the mean power frequency of the cart position 
( MPFx ); and the frequency dispersion of the cart position 
( FDx ). These indicators will serve as basis for the current 
investigation of balancing short sticks on a linear track.

The outline of this paper is as follows. Section 2 intro-
duces the stick balancing device and the methods for data 
analysis. Then, the results regarding shortest stick lengths 
and stabilometry analysis are described in Section  3. 
Finally, Section 4 discusses the main findings and the lim-
itations of the study.

2 Apparatus and methods
Stick balancing experiments were performed and the mea-
surement results were analyzed as discussed below.

2.1 Stick balancing on a linear track
The measurement setup can either be used in a way 
that the plane of the stick's movements is parallel to the 
medio-lateral (ML) or the anterior-posterior (AP) direc-
tion of the subject [20]. The measurement configuration is 
shown in Fig. 1 (a) and Fig. 1 (b) for balancing in the ML 
and AP directions, respectively. The stick is pinned to the 
cart, which is allowed to move horizontally along a one-
meter-long rail. Subjects are seated during the balancing 
task with their back pushed against the back of the chair.

Seven healthy individuals (aged 23–30) participated 
voluntarily in the measurements for 5  consecutive days, 
all of them were novice subjects. The goal was to test what 
are the shortest stick lengths that subjects can balance 
in the ML and AP directions, respectively. Eleven sticks 
of different lengths ranging from 25 to 90 cm were used 
for the balancing tests according to Table 1, all made of 
wood and had the same diameter of 16 mm (see Fig. 1 (c)). 
The research was carried out following the principles of 
the Declaration of Helsinki and subjects were allowed to 
withdraw from the study at any time.

2.2 Data analysis
The motion of the stick was captured using an OptiTrack® 
motion capturing system and preprocessing of the data 
was carried out by Motive® software. Thus, the {x, y, z} 
coordinates of the markers in the global coordinate frame 
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Fig. 1 (a) Stick balancing on a linear track in the medio-lateral direction. (b) Stick balancing on a linear track in the anterior-posterior direction. 
The stick is pinned to the cart via planar joint, the cart is constrained to move along the horizontal rail. (c) Sticks made for the experiments. 
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of the motion capture system were recorded and saved. 
The sampling frequency was set to 120 Hz. The average 
tracking error of the markers was 0.2  mm resulting in 
a negligible error during the measurement evaluation. 

Two markers were attached to the sticks, one close to 
the bottom and one close to the top of the stick. The mark-
ers defined a straight line which is parallel to the symme-
try axis of the cylindrical stick. A marker was attached to 
the cart as well. Additionally, markers were used to des-
ignate the subjects' ML (parallel to their shoulder) and 
AP (front to back direction, normal to ML) directions. 
A marker was attached to the other, non-balancing hand of 
the subject as well so that the start and end of each trial is 
clearly identifiable within the recordings.

The angular deviation of the stick with respect to the 
vertical axis was calculated from the recorded marker 
positions in Matlab environment with a self-developed 
code. A low-pass filter with cut-off frequency of 5 Hz was 
applied on the measured time signals to reduce signal to 
noise ratio in the angle time histories. 

For the evaluation of the measured time signals sta-
bilometry parameters (SP) were used. Stabilometry was 
originally used as an objective tool to study body sway 
during quiet standing [21–23] and during different balanc-
ing exercises [24–27]. The method is usually based on the 
analysis of the time variant center of pressure (CoP) coor-
dinates [28], however here stabilometry analysis was used 
to investigate stick balancing based on [14].

The stabilometry parameters, which were used in this 
study to evaluate human performance during stick balanc-
ing are the same as in [14], namely:

•	 standard deviation of the stick angle σφ and cart posi-
tion σx ; 

•	 mean power frequency of the stick angle MDFφ and 
cart position MDFx ; 

•	 frequency dispersion of the stick angle FPφ and cart 
position FDx ; 

•	 frequency power on the frequency range 0.1–5 Hz of 
the stick angle FPφ and cart position FPx ; 

•	 frequency power ratio of the frequency range 
0.1–1 Hz relative to 0.1–5 Hz of the stick angle FPRφ 
and cart position FPRx .

Note that since the SPs are employed for the stick angle 
φ and the cart position x as well, altogether 2 × 5 = 10 SPs 
are considered per direction.

2.3 Reaction time tests
The reaction time (RT) of each subject was measured using 
a complex reaction time tester (CRTT)  [29]. One of two 
lights was flashed at a random time instant and random 
order. Subjects had to press one of two buttons assigned 
to the two lights with their dominant hand as fast as possi-
ble. 10 successive random light flashes were presented for 
each subject with randomized time increments between 
flashes. This reaction time test involves a two-choice deci-
sion making, which is similar to stick balancing where 
subjects have to decide whether to move the stick's bottom 
forward/backward (AP) or left/right (ML).

2.4 Measurement protocol
The shortest stick length was assessed on the first day of 
the 5-day balancing training as follows. Subjects were first 
asked to practice stick balancing on a linear track both in 
the ML and AP directions for 10  minutes with the lon-
gest available stick (l1 = 0.9 m) on the first day. Then, the 
subjects performed the reaction time test to get their RT, 
which served for the initial estimation of the stick length. 
As shown by [30], the theoretical critical length for delayed 
proportional – derivative (PD) feedback is linearly propor-
tional to the square of the feedback delay, namely

l gcrit �
3

4

2� , 	 (1)

where τ is the feedback delay due to human reaction time 
and g = 9.81 m/s2 is the gravitational acceleration. Thus, 
lcrit can be determined by substituting τ = RT in Eq.  (1). 
Subjects started balancing either in the ML or AP direc-
tion (the order was randomized for each subject) with 
a  stick of length taken from Table  1 that was closest to 
lcrit . A balancing trial was considered to be successful if 
the stick was balanced for 20 s at least once out of 5 trials. 
If the balancing trial was successful/unsuccessful, then the 
subjects were given the next shorter/longer stick of length 
available from Table 1. The measured critical length in the 
given direction (ML or AP) was the length of the short-
est stick that subjects were able to balance successfully. 
Then, the measured critical length was determined in 
the other direction in the same way. Finally, day  1 was 

Table 1 Lengths of sticks applied in the experiment li [m] i = 1, 2, …, 11

l1 l2 l3 l4 l5 l6 l7 l8 l9 l10 l11

0.9 0.8 0.7 0.6 0.55 0.5 0.45 0.4 0.35 0.3 0.25
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closed by a "2-minute" balancing session with the mea-
sured critical stick length in both ML and AP directions. 
The overall duration of the measurements on day 1 was 
about 30 minutes.

The "2-minute" balancing sessions were performed as 
follows. If the subjects were able to balance for 2 minutes 
continuously for the first attempt, then the session was ter-
minated at 2  minutes, and it was assumed that subjects 
reached the maximal balance time (BT) that day. If  the 
stick fell before 2  minutes, then subjects were asked to 
catch the falling stick with their other hand and start a new 
balancing trial straightaway. In this case, the last balancing 
trial was not terminated after 2 minutes from the start of the 
balancing session but was terminated after 2 minutes from 
the start of the last balancing trial. This way, the recorded 
balancing session may include more than one trial and/or 
the recording time may be longer than 2 minutes. The num-
ber of trials for ML balancing was between 1–9 and for 
AP balancing between 2–9 during the "2-minute" balanc-
ing sessions. The longest BT that was achieved within the 
"2-minute" balancing session was registered. An example 
for a measured time signal of S4 is shown in Fig. 2. In this 
case, the balancing session included 3 trials, none of them 
exceeded 2 minutes, and the overall "2-minute" balancing 
session was 173 seconds long. Balancing session is marked 
in green, and trials are marked in blue in Fig. 2. 

On days 2–5, subjects were allowed to accommodate to 
the laboratory environment for a few minutes, then they 
were asked to perform a "2-minute" balancing session 

with their corresponding shortest stick length determined 
on day 1. The order of the balancing direction (ML or AP) 
was randomized for each subject on day 1, then the order 
was kept the same for the rest of the days. 

As an extra task, on day  5, subjects were asked to 
perform the balancing task in the ML and AP directions 
first with their non-dominant eye patched (dominant-eye 
balancing), then with their dominant eye patched (non-
dominant-eye balancing). It was investigated, whether the 
shortest stick length that subjects can balance remains the 
same or changes when balancing with one eye patched. 
The measured critical stick length for dominant-eye and 
non-dominant-eye balancing in the ML and AP directions 
were determined using the same procedure as on day  1 
for two-eye balancing. 

3 Results
The results and findings of the measurement evaluation 
are discussed below regarding shortest stick length, bal-
ancing skill development and reliability of stabilometry 
parameters.

3.1 Measured critical stick lengths for two-eye 
balancing
The shortest stick lengths that subjects were able to bal-
ance are shown in Fig. 3 in black. Crosses denote shortest 
stick lengths in ML direction ( lML ) and dots denote short-
est stick lengths in AP direction ( lAP ) as a function of sub-
ject number. It can be seen that subjects are indeed able to 
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Fig. 2 A representative trial for S4 on day 2 in the ML direction. Black denotes the stick's angular deviation measured from the vertical, while red 
denotes the movement of the non-balancing hand of the subject that catches the falling stick. 
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balance shorter sticks in the ML than in the AP direction 
due to the depth perception required in the AP direction. 

The ratio of the shortest balanced stick lengths in the ML 
and AP directions as a function of subject number are shown 
in Table 2. The ratio is in average MEAN( lML / lAP ) = 0.53 
with standard deviation STD( lML / lAP ) = 0.09. Since the ratio 
of lML and lAP is around 0.5 with a relatively small standard 
deviation, the hypothesis proposed in Section 1 is accepted.

The mean and standard deviation of the measured reac-
tion times (RTs) of the subjects are shown in Fig. 4 with 
errorbars. Using Eq.  (1), the feedback delay can be indi-
rectly estimated as 

� �
ML

ML

AP

APand� �
4

3

4

3

l
g

l
g

	 (2)

for the ML and AP directions, respectively. Therefore, the 
relation of the indirectly estimated feedback delays and the 
directly measured RTs can be investigated. The indirectly 
estimated feedback delays are also shown in Fig.  4 with 
blue and red stars for the ML and AP directions, respec-
tively. As can be observed, τ τ

ML AP
RT   for all subjects. 

Linear correlation analysis between the indirectly esti-
mated feedback delays τML and τAP and the measured RTs 
gives coefficients ρ(τML , RT) = 0.58 and ρ(τAP , RT) = 0.31, 
respectively. Thus, no strong linear correlation can be 
observed in either case. Still, the correlation for the ML 
direction is stronger than in the AP direction. This implies 
that when the balancing task is not affected by depth per-
ception (in the ML direction), then the human control 
mechanism may be modelled by delayed PD feedback. 
However, when the role of depth perception becomes 
important (in the AP direction), then a more sophisticated 
feedback mechanism may be employed by human sub-
jects, e.g., predictor feedback, or a combination of predic-
tor feedback and delayed PD feedback. This result is sim-
ilar to that of balancing shorter sticks on the fingertip [31].

3.2 Measured critical stick lengths for patched-eye 
balancing
The shortest stick lengths that subjects were able to bal-
ance with patched eye are shown in Fig. 3. Crosses denote 
shortest stick lengths in the ML direction (lML,D for domi-
nant-eye balancing in blue and lML,ND for non-dominant-eye 
balancing in red); and dots denote shortest stick lengths 
in the AP direction (lAP,D for dominant-eye balancing in 
blue and lAP,ND for non-dominant-eye balancing in red) as 
a function of subject number. The ratio of the shortest bal-
anced stick lengths in the ML and AP directions as a func-
tion of subject number are shown in Table  3 for domi-
nant-eye balancing and in Table 4 for non-dominant-eye 
balancing. The ratio for dominant-eye balancing is in 
average MEAN( lML,D / lAP,D ) = 0.51 with standard deviation 

Table 2 The ratio of the shortest balanced stick lengths lML / lAP 
for balancing sticks on a linear track in the ML and AP directions 

as a function of subject number for two-eye balancing. 

S1 S2 S3 S4 S5 S6 S7 MEAN ± STD

0.50 0.50 0.71 0.55 0.50 0.44 0.50 0.53 ± 0.09

1 2 3 4 5 6 7
0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

Fig. 3 The measured critical stick lengths for two-eye (black markers), 
dominant-eye (D, blue markers) and non-dominant-eye (ND, red 

markers) balancing as a function of subject number. Crosses denote 
measured critical stick lengths in ML direction, dots denote shortest 

stick lengths in AP direction. 

1 2 3 4 5 6 7
0

0.1

0.2

0.3

0.4

Fig. 4 Mean and standard deviation of the measured reaction times 
(RTs) as a function of subject number; the feedback delay calculated 
based on the shortest stick lengths using Eq. (2) for the ML ( τML ) and 

AP ( τAP ) directions.

Table 3 The ratio of the shortest balanced stick lengths lML,D / lAP,D 
for balancing sticks on a linear track in the ML and AP directions as 
a function of subject number for dominant-eye balancing. NA refers 

to non-applicable.

S1 S2 S3 S4 S5 S6 S7 MEAN ± STD

0.44 0.56 0.71 0.43 0.50 NA 0.42 0.51 ± 0.11
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STD( lML,D / lAP,D )  =  0.11. The ratio for non-dominant-eye 
balancing is in average MEAN( lML,ND / lAP,ND )  = 0.47 with 
standard deviation STD( lML,ND / lAP,ND ) = 0.10.

The measured critical stick length for balancing in 
the ML direction remained the same for 5  subjects for 
dominant-eye and non-dominant-eye balancing as well. 
The  measured critical stick length for balancing in the 
ML direction increased by 10 cm for 2  subjects and the 
increase was the same for dominant-eye and non-domi-
nant-eye balancing. Thus, the measured critical stick 
length was the same for dominant-eye and non-domi-
nant-eye balancing in the ML direction.

In the AP direction, only 1  subject could balance the 
same stick length with their dominant eye as with two 
eyes, but when balancing with the non-dominant eye, the 
shortest stick length increased by 10 cm for this subject 
as well. The shortest stick lengths increased for all other 
subjects by at least 10 cm. S6 could not balance the longest 
available stick (l1 = 0.9 m) in the AP direction during dom-
inant-eye balancing (note the absence of blue dot for S6 
in Fig. 3 and the NA value in Table 3). There were 3 sub-
jects, whose shortest stick lengths differ for their dominant 
eye and their non-dominant eye; 2 of whom could not bal-
ance the longest available stick with their non-dominant 
eye (note the absence of red dots for S2 and S6 in Fig. 3 
and the NA value in Table 4). Thus, the measured critical 
stick length increased for patched-eye balancing in the AP 
direction. Additionally, the measured critical stick length 
was typically larger for non-dominant-eye balancing than 
for dominant-eye balancing in the AP direction.

3.3 Maximal balance time
The maximal balance time (BT) was noted for 5 consecu-
tive days of measurement for each subject with their cor-
responding shortest stick for two-eye balancing accord-
ing to Fig. 3. BTs are shown in Fig. 5 (a), where BT in the 
ML direction is denoted by blue circles and BT in the AP 
direction is denoted by red circles. The achieved BT shows 
a generally increasing tendency as the day of the measure-
ment increases. ANOVA revealed significant difference 
(significance p < 0.05) between BT on the first and last day 
of the measurement.

The BT itself depends highly on the length of the stick 
and the direction in which the balancing trial was carried 
out. Since the stick lengths in the ML and AP balancing 
trials were different for all subjects, the BT was normal-
ized by the characteristic time of the stick, i.e., by the 
period of the small oscillations of the stick hanging at its 
downward position as BT/T, where the time period T is:

T l
g

� 2
2

3
� . 	 (3)

The ratios BT/T are shown in Fig. 5 (b), where BT/T in 
the ML direction is denoted by blue circles and BT/T in the 
AP direction is denoted by red circles. It can be seen that 
most subjects are able to achieve larger BT/T values when 
balancing in the ML direction.

Table 4 The ratio of the shortest balanced stick lengths lML,ND / lAP,ND 
for balancing sticks on a linear track in the ML and AP directions 
as a function of subject number for non-dominant-eye balancing. 

NA refers to non-applicable.

S1 S2 S3 S4 S5 S6 S7 MEAN ± STD

0.44 NA 0.63 0.38 0.50 NA 0.42 0.47 ± 0.10

1 2 3 4 5 6 7
0

50

100
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BT
 [s

]

(a)

1 2 3 4 5 6 7
0

50

100
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Fig. 5 (a) Longest recorded balance times (BT) in the ML (blue) and 
AP (red) directions for the 5 consecutive days of balancing sessions. 
(b) Longest normalized balance times (BT/T) in the ML (blue) and 
AP (red) directions. Size of the marker is proportional to the day of 

measurement in both panels.
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3.4 Balancing skill development
The 2 × 5 = 10 stabilometry parameters are shown in Fig. 6 
and Fig.  7 for balancing in the ML and AP directions, 
respectively. One-way ANOVA was applied to determine 
differences between first and last days of the measurement 
with respect to SPs with the goal to assess the learning 
process of the novice subjects in case of balancing short 
sticks. The stabilometry parameters for the subjects were 
of normal distribution according to the Chi squared good-
ness of fit test (significance p < 0.05). The data were homo-
geneous for all but SP FPx , therefore Welch's ANOVA was 
applied for SP FPx , and basic ANOVA for all other SPs 
during the statistical analysis. 

ANOVA revealed no significant differences (p < 0.05) 
for any of the SPs in the ML and in the AP directions. This 
suggests that subjects were unable to significantly improve 
their balancing skill within the 5  days available for the 
measurement. Therefore, the 5  consecutive trials can be 
considered as trial repetition with the same conditions. 
Analysis of the coefficient of variation for the different SPs 
can reveal their reliability to assess balancing performance.

3.5 Reliability of stabilometry parameters
The coefficient of variation [32] can be obtained as the ratio 
of the standard deviation and the mean for each SP as: 

cv i j
k i j k

k i j k
, ,

, ,

, ,

,�
� �
� �

STD SP

MEAN SP
	 (4)

where subscript k = 1, 2, …, 5 refers to the days of prac-
tice, subscript i  =  1,  2,  …,  7 refers to subjects and sub-
script j  =  1,  2,  …,  20 refers to different SPs introduced 
in Section 2.2. The mean of the coefficient of variation over 
the seven subjects, cv,j = MEANi ( cv,i,j ), for the 2 × 5 = 10 SPs 
for the ML and AP directions are listed in Table 5. As can 
be seen, cv,j < 1 for all j = 1, 2, …, 20, which indicates low 
variability of the SPs. Furthermore, cv,j < 0.2 for σ, MPF, FD 
and FPR, which indicates that the variability of these SPs is 
extremely low. It can also be observed that the SPs related 
to ML and AP directions have about the same variability.

4 Discussion
Repeated trials of stick balancing in the ML and AP direc-
tion for 5  consecutive days involving seven novice sub-
jects revealed important and surprising findings of human 
motion control. 

Subjects were able to balance shorter sticks in the ML 
than in the AP direction, the ratio of the shortest stick 
lengths in the two directions was in average 0.53 with 

low standard deviation. This means that the difficulty 
caused by the depth perception in the AP direction can be 
measured by the critical length. Using a delayed PD feed-
back model without any sensory uncertainties, the rela-
tion between the critical length and the feedback delay 
is given by Eq.  (1). In this model, the critical length is 
smaller by the factor 0.53 if the feedback delay is shorter 
by the factor of 0.73. Hence, depth perception can be con-
sidered as an additional sensory process, which increases 
the overall feedback delay by a factor of 1/0.73  =  1.37. 
This relation can also be observed in [14] for estimation 
of feedback delay in case of track balancing in the ML 
direction and estimation of feedback delay for stick bal-
ancing on the fingertip [6, 10].

When balancing with eye-patch, subjects were still 
able to balance shorter sticks in the ML than in the AP 
direction. The ratios of the shortest stick lengths were 
in average 0.51 for dominant-eye balancing, and 0.47 for 
non-dominant-eye balancing. These ratios are close to that 
of the two-eye balancing (0.53). This means that cover-
ing one eye affects the balancing performance to about the 
same extent in the ML and AP directions. 

The head of the subjects was not restrained for either of 
the directions. Therefore, it is possible that subjects were 
able to partially compensate the movements of the stick 
when balancing in the AP direction by looking a little bit 
sideways at the stick and thus seeing movements partially 
in the ML direction. The partial compensation from ML 
movement likely decreases the difference between ML and 
AP balancing performance. Nevertheless, in our experi-
ments the balancing performance in the ML and AP direc-
tion was clearly different, which is manifested in different 
measured critical lengths in the ML and AP directions. 

Based on the stabilometry analysis of stick balancing 
experiments, it was shown that subjects were not able 
to significantly improve their balancing skills within the 
available time for the measurement. This means that prac-
tice time ~2 minutes/day with the shortest stick was not 
enough to significantly increase expertise. This observa-
tion implies that the consecutive trials can be considered 
as repeated trials with similar conditions. Hence, the coef-
ficient of variation of the SPs can be used to assess the 
reliability of the SPs. It was found that the variations of σ, 
MPF, FD and FPR are extremely low (with coefficient of 
variation being less than 0.2), while the variation of FP is 
low (with coefficient of variation being less than 0.7). This 
means that all the SPs used in this paper can be considered 
as reliable parameters to describe balancing abilities.
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Fig. 6 Stabilometry parameters determined from the measured time signals of φ and x as a function of subject number in the medio-lateral direction. 
Markers show stabilometry values for measurements and the size of the marker is proportional to the number of days the time signal was recorded.
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Fig. 7 Stabilometry parameters determined from the measured time signals of φ and x as a function of subject number in the anterior-posterior direction. 
Markers show stabilometry values for measurements and the size of the marker is proportional to the number of days the time signal was recorded.
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Table 5 The mean of the coefficient of variation over the seven subjects, 
cv,j = MEANi ( cv,i,j ) for the 2 × 5 = 10 SPs for the ML and AP directions.

σ MPF FD FP FPR

ML
φ 0.17 0.06 0.14 0.38 0.10

x 0.16 0.15 0.17 0.71 0.02

AP
φ 0.17 0.06 0.17 0.41 0.10

x 0.16 0.11 0.16 0.52 0.02

Nevertheless, the maximal balance time increased sig-
nificantly between first and last day of the measurement. 
The BT can also be considered a stabilometry parameter, 
which is more sensitive to highly unstable balancing tasks 
such as stick balancing. Note that the other 2 × 5 stabi-
lometry parameters were originally developed for human 
quiet standing, where the BT can be considered "infinite", 
and thus other stabilometry parameters were needed to 
describe balancing skill. The increase of the BT in the 
current measurements means that subjects in fact were 
able to improve balancing performance in the sense that 
they could recover from critical situations better when the 
stick was about to fall. The recovery from critical situa-
tions corresponds to the concept of barrier-function-based 
safety control [33, 34] in the sense that additional control 
actions are initiated in order to prevent the stick from fall-
ing, but the amplitude of the stick is not of interest pro-
vided it stays within the limits of fall. 

The larger sensory uncertainties in the AP direction 
could be a major cause of subjects being able to balance 
about 2 times longer sticks in the AP direction. However, 
there might be other reasonings, such as the operability 
of the human arm, which would depend on the arm stiff-
ness. Gomi and Kawato  [35] showed larger stiffness for 
the arm reaching in the AP direction, compared to that 
in the ML direction. The ratio of the standard deviation 

of the cart position in the ML direction relative to the AP 
direction could reveal if the operability of the arm is direc-
tion-dependent for this task. The average ratios σx,ML / σx,AP 
for the 5 days of measurement were determined for each 
subject and are shown in Table 6. The ratio σx,ML / σx,AP is 
in average 1.25 with standard deviation 0.41, meaning that 
there is higher mobility (and thus likely operability) in the 
ML direction by in average 25%, than in the AP direction. 
Therefore, direction-dependent operability might also be 
a contributing factor to the shortest stick lengths ratios 
shown in Tables 2, 3 and 4.
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Table 6 Average ratio of the standard deviation of the cart position 
in the ML direction relative to the AP direction σx,ML / σx,AP for each 

subject for the 5 days of measurement. 

S1 S2 S3 S4 S5 S6 S7 MEAN ± STD

1.44 1.24 1.57 0.84 1.47 1.10 1.09 1.25 ± 0.41
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