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Introduction
The assessment of effectiveness of postural balance control is one of the key stages in the 

biomechanical examination of an athlete. It enables one to diagnose even minimal changes 
caused by adaptive (or compensatory) rearrangements arising from the specific influences of 
the type of sports activity on the function of movement [1,2].

The studies using platforms with built-in sensors that are sensitive to deviations from the 
vertical axis - stabilometry and balance tests rank high in the diagnostics of postural balance 
disorders (its asymmetries included) [3].

Stabilometry is an effective way to diagnose and monitor postural disorders, including 
among national and world-class athletes during rehabilitation after injuries and illnesses. The 
analysis of the signals of 3 or 4 pressure sensors located in a stationary platform makes it 
possible to assess the balance of the body in an upright position, maintaining of which is a 
dynamic process, manifested by the performance of oscillatory movements in various planes. 
The characteristics of vibrations relative to the average position in the projection onto the 
plane of support (their amplitude, frequency, direction) are informative parameters reflecting 
the state of various systems involved in maintaining balance - proprioceptive, visual, vestibular 
ones. Consequently, the assessment of equilibrium provides information about the functional 
state of the system of movement as a whole [4].

Balance tests represent assessment of vertical stability on an unstable support with an 
adjustable degree of mobility. A distinctive feature of this type of hardware systems is the 
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use of a combined accelerometer-gyroscopic sensor built into the 
platform and making it possible to estimate both linear velocities 
and velocity-angular characteristics in the coordinate system 
[5,6]. The limited selection of Hardware-Software Systems (HSS) 
suitable for carrying out stabilometric and balance examinations at 
the training-competitive stage as well as insufficient development 
of methodological approaches to finding out and verification of 
proprioceptive disorders in athletes can be considered as a cardinal 
problem of modern sports biomechanics [7-9].

The goal of investigation 
Development and testing during the examination of high-class 

athletes a tryout version of an electronic program for a mobile 
device (a tablet computer with built-in sensors - a gyroscope 
/ accelerometer, which perceives and processes consistently 
reproducible objective information about postural function.

The materials and research methods
The study involved 56 athletes aged 15 to 40 years (average age 

- 22 years):

a)	 Tennis (8 research subjects)

b)	 Football (12 research subjects)

c)	 Curling (10 research subjects)

d)	 Figure skating (6 research subjects)

e)	 Cross-country skiing (8 research subjects)

f)	 Snowboard 12 (research subjects)

The prototype with a test version of the application (Figure 1A 
& 1B) was used as an experimental method of postural diagnostics, 
It includes a mobile device (tablet computer) with the operating 
system iOS version 13, the processor of which coordinates the 
information supplied by the sensors with the commands generated 
by the test version of the computer program - an application. The 
ARKit technology built into the operating system enabling one 
to recognize and track the images from the camera of the device, 
identify horizontal and vertical surfaces, as well as light and shadow 
sources, provided the calibration of position sensors in space. 
Finally, the prototype includes a specially designed fixation belt 
that secures the device on the back in the area of the approximate 
projection of the general center of mass of the subject (in the 
projection of 10/11 thoracic vertebrae - Th10-Th11) [9].

Figure 1(A & B): The view of the work windows of the tablet computer software: during the examination (A) and 
while choosing the examination options (B).

The following requirements were applied to this mobile device:

a)	 The presence of a system of sensors for determining the 
position in space, including. gyroscope and accelerometer;

b)	 Compact ergonomic design;

c)	 Convenient operation and management;

d)	 Modern operating system;

e)	 Economic feasibility;

f)	 Visibility of presentation of diagnostic results and report 
generation;

g)	 Long battery life of the device.

The results of the use of the prototype with a test version of 
the application for a mobile device - a tablet computer (hereinafter 
referred to as a tablet computer) were consistently compared with 
the data of the generally accepted methods for the evaluation of 
postural functions: at the first stage of the study - with classical 
stabilometry (HSS Tecnobody Pro-Kin - Figure 2), and at the second 
stage - with accelerometric balance examination (HSS Sigma - 
Figure 3). In both cases the simultaneous recording of the data 
obtained by the compared methods was carried out - Tablet PC + 
Stabilometric HSS, or Tablet PC + Balance examination HSS. The 
balance testing at the second stage of the study was carried out in 
two positions of the subject - sitting and standing on a force plate.
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Figure 2: The simultaneous use of stabilometry and the 
tablet PC examination.

Figure 3: Balance examination HSS Sigma.

Sitting position
The patient sat on the most unstable force plate placed on a 

firm and level horizontal surface; the legs are knee-bent (at an 
angle close to 90°), the feet are freely located on the floor (the 
distance between them is 20-25cm). The patient was asked to 
maintain balance with a straightened back, fix the position of the 
head and control the position of an arbitrarily chosen orientation 
target (at the distance of 1.0-2.0 meters). Voluntary movements 
were excluded during the study, except for moves to prevent falls. 
The testing time is 30 seconds.

Standing position
The platform of the balance examination HSS was placed on 

the floor and the maximally possible degree of instability was set. 
The patient was asked to stand on the platform and maintain a 
free vertical position with the same conditions described above for 
controlling a randomly selected orientation target. The testing was 
carried out in a European stance (heels in, toes out at the angle of 
30°). To prevent possible falls, the support was allowed in case of 
loss of balance; for this purpose, the platform was installed near a 
wall or in proximity to massive furniture. The eyes of the subjects 
were both open and closed during the study. The testing time was 
also 60 seconds (30 seconds with visual control and 30 seconds 
without visual control).

The following data processing methods were applied:

a)	 calculation of the average values of abscissas and 
ordinates of the statokinesiogram (x,y);

b)	 calculation of the length and area of the statokinesiogram 
containing 90% of discrete positions, as well as the Romberg 
ratio coefficient.

The MS EXCEL 2017 program was used for the accumulation 
of data as well as for preliminary calculations. The statistical 
processing of the obtained data was carried out using the Microsoft 
IBM SPSS Statistics 21 program.

The results of the investigation
The comparative analysis of the results of using the prototype 

with the test version of the application and stabilometry.

Taking into consideration the location of the sensors of the 
recording devices in different positions relative to the projection 
of the Centre of Mass (CM) we did not have sufficient grounds to 
analyze the numerical values of the parameters of deviations along 
the X and Y axes and, respectively, we preferred to take into account 
their directionality - the coincidence was 80-85 %, which suggests 
the relevance of the study. The graphic data of the force plate and 
tablet computer confirm the above-mentioned suggestion (Figure 
4, 5A & 5B).
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Figure 4: The graphical analysis of the statokinesiogram in the tablet computer:
A) open eyes during the study

B) closed eyes during the study

Figure 5: The graphical analysis of the statokinesiogram of the force plate
Green curve - closed eyes during the study

Red curve – open eyes during the study.

While comparing the data on the area of the statokinesiogram, 
we are guided by the following issues: the estimation is carried out 
as the calculation of the area of the confidence ellipse containing 
90%-95 % of discrete positions; at the same time the force plate 

takes into account 95% of the values, and the tablet computer - 
90% of them. Therefore, the level of error when comparing the data 
obtained by the different methods can reach 10-15% (Figure 6A & 
6B).
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Figure 6: Diagram of the distribution of the area of the statokinesiogram during examination using a tablet 
computer (A) and stabilometric HSS (B).

(A) (B) вертикальные надписи - Statokinesiogram area, mm2, горизонтальные надписи - Оpen Status Closed 

The results of the correlation analysis revealed the presence 
of a high positive relationship in the values of the parameter 
“Statokinesiogram area” between the “Tablet computer” group 

and “Stabilometric HSS” group (Table 1; Figure 7). An exponential 
regression model is optimal for describing this relationship; the 
value of the corrected coefficient of determination was 0.317.

Table 1: The values of the corrected coefficient of determination.

The Spearman correlation open - open P-value: 0,000, the correlation is present, coefficient of correlation: 0,618

The Spearman correlation closed - closed P-value: 0,000, the correlation is present, coefficient of correlation: 0,584

Equation of regression Rsquare = 0,317. Exponential Sipad= 36,1* Sstabilo*е0,003*Sstabilo

Figure 7: The curve of exponential regression of the parameter “Statokinesiogram area”. 
на рисунке вертикально: Statokinesiogram area, Ipad

на рисунке горизонтально: Statokinesiogram area, force plate стабилометрик платформ
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According to the output of Shapiro-Wilk test the discrepancy 
between the data and the normal distribution law was found out, 
which resulted in the use of nonparametric criteria of analysis. 
For example, the structure of data analysis of each method under 
consideration reveals statistically significant differences in the 
median values of the parameter “Statokinesiogram area” obtained 
whilst performing tasks with open or closed eyes (Table 2). The 

differences in the median values of this indicator were also shown 
when comparing the results of the methods, probably because 
the devices are based on various principles of recording postural 
vibrations. In relative terms (Romberg coefficient) the degree of 
increase in the area of the statokinesiogram with the exclusion of 
visual control for the “Tablet computer” group was 336.4, and for 
the “Force plate” group - 212.5 (Table 2).

Table 2: The correlation analysis of the parameter “Statokinesiogram area”.

Parameter Tablet PS Stabilometric HSS

Visual control yes no Yes no

Median value [25%; 75%] 26,6 [12,9; 94,2] 89,5 [39,1; 186,9] 143,5 [75,3; 209,5] 305,0 [191,3; 436,5]

Romberg ratio 336,4% 212,5%

Min. 2,9 6,9 39,0 51,0

Max. 1811,77 1155,0 568,0 1605,0

*Pairwise comparison of tests with/without visual control P value: 0,000 - differences are present P value: 0,000 - differences are present

*The calculation of Mann-Whitney U test, statistical difference is present when p < 0,05.

ROC Curve evaluation showed the similarity of the models 
for the hardware assessment of postural stability, tested by the 
stabilometry method and by using a tablet computer according 

to the proposed method under the conditions for performing 
functional tests modified according to the standard algorithm 
(Figure 8; Table 3).

Figure 8: Sensitivity / Specificity of the parameter “Statokinesiogram area” of the force plate and tablet computer 
during establishing the status “open/closed eyes” .

Table 3: The comparison of the SKG areas.

The area under ROC-curve

Variable AUC Standard Mean 
Square Error P-value

95% Confidential Interval

Lower Bound Supremum

SKG area, tablet 
computer 0,699 0,050 0,000 0,600 0,798

SKG area, force plate 0,773 0,045 0,000 0,685 0,862

Our correlation analysis of the length of the statokinesiogram 
revealed a high positive relationship of values between the groups 
under study - the value of the adjusted coefficient of determination 

in the created exponential regression model was 0.593 (Figure 9; 
Table 4).
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Figure 9:The curve of the exponential regression of the parameter “Statokinesiogram area”.
вертикальная подпись на рисунке - Path, ipad, горизонтальная - Path, force plate

Table 4: The comparison of the length of the SKG under ROC-curve: a tablet computer and stabilometric HSS.

The area under ROC-curve

Variable AUC Standard Mean Square Error P-value
95% Confidential Interval

Lower Bound Supremum

SKG length, tablet computer 0,763 0,047 0,000 0,671 0,854

SKG length, stabilometric HSS 0,868 0,036 0,000 0,798 0,937

While comparing the parameter of the length of the 
statokinesiogram assessed both by the stabilometric method 
and by using a tablet computer under visual control conditions 
or without it as well as the parameter of the area, the presence 
of statistically significant differences in the medians was noted 

(Figure10A & 10B; Table 5). The differences in the absolute values 
estimated by applying each method were reidentified; in respect 
of the relative values the differences in changes in the length of 
the statokinesiogram between the groups (Tablet computer / 
Stabilometric HSS) were insignificant.

Figure 10: Diagram of the distribution of the length of the statokinesiogram during examination using a tablet 
computer (A) and stabilometric HSS (B).

вертикальные подписи к рис. А и Б - Path, mm, горизонтальные - Status, open, closed 
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Table 5: The comparison of the data of the parameter “the length of the statokinesiogram”.

Parameter Tablet Computer Stabilometric HSS

Visual control Yes No Yes No

Median value [25%; 75%] 175,75 [142,70; 238,89] 259,54 [208,05; 320,51] 240 [200,25; 271,5] 390 [312; 464,25]

Differences as percentage 147,68 % 162,5 %

Min. 108,0 150,3 119 203

Max. 698,8 926,3 663 1387

*Pairwise comparisons Op.-Cl. P value: 0,000 - the differences are present P value: 0,000 - the differences are present

Consequently, both methods showed a statistically significant 
unidirectional change in the values of the area and length of the 
statokinesiogram if tested under conditions modified according to 
the standard algorithm - under visual control and without it.

Statistically significant differences were found in the absolute 
values of the parameters under study resulting from the use of 
different types of detecting devices, and the pronouncement of 
relative changes (closed / open eyes) of the indicators in the 
examined groups was determined by the proportion of 3: 2 for the 
area of the statokinesiogram and by that of 1: 1 for its length, which 
appears to be due to fundamental differences in the methodology 
for recording postural characteristics.

However, the comparative postural examination using a tablet 
computer and a stabilometric complex revealed the similarity of the 
models of postural stability in the area of the statokinesiogram and 
a high correlation of the length values of the statokinesiogram in the 
studied groups (in methods), which indicates the comparability of 
the results obtained for clinical assessment despite the constructive 

and methodological differences between the techniques in 
comparison.

The comparative analysis of the results of using the 
prototype with the tryout version of the application and 
balance tests

The algorithm for the synchronized registration of the test data 
(balance HSS + tablet computer) in patients’ sitting and standing 
positions selected for the second stage of the study is justified by 
the following reasons:

1.	 According to the results of the studies carried out by us 
in the earlier period a high sensitivity of balance examination 
in the sitting position of the patient was revealed - due to 
the approximation of the projection of the GCM to its real 
localization.

2.	 The sensor of the platform of the balancometric complex 
and that of the tablet computer is a combined accelerometric 
/ gyroscopic sensor with similar technical characteristics and 
sensitivity to the angular oscillations of the platform.

Figure 11: Graphical analysis of the statokinesiogram of a tablet computer in the following positions:
A) Sitting B) Standing.

Considering all the issues mentioned above the task of this 
stage of the study is to compare the direction and the degree of 
changes assessed by various devices equipped with the same type 
of sensors bearing in mind different localization of the latter in 

relation to the GCM. Below are examples of graphical analysis of 
a survey using a balancometric HSS and a tablet computer (Figure 
11A, 11B & 12A, 12B).
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Figure 12: Graphical analysis of the statokinesiogram of a balancometric examination in the following positions:
A) Sitting B) Standing.

While analyzing the test data in sitting and standing positions, 
statistically significant differences in the area of the statokinesiogram 
in the “Tablet computer” group and “Balancometric HSS” group 

were revealed (Figure 13). The results of the correlation analysis 
reveal no correlation in the values of the statokinesiogramm area in 
the groups under study (Table 6).

Figure 13: Diagram of the distribution of the area of the statokinesiogramm during the examination using a tablet 
computer (A) and a balancometric (B). 

Вертикальные надписи - Path (рис. А), The area of the statokinesiogramm (рис. Б). Горизонтальные надписи - 
Status. iPad, Balance platform (sigma) (A, B).

Table 6: Correlation analysis of the values of the length of the statokinesiogram.

The Spearman correlation sitting - sitting P-value: 0,581, no correlation

The Spearman correlation standing - standing P-value: 0,883, no correlation, correlation coefficient: 0,055

In respect of the parameter of the length of the statokinesiogram 
statistically significant differences in the features determined both 
in the sitting position and in the standing position were revealed 
(Figure 14A & 14B; Table 7). However, the results of the correlation 
analysis revealed a high relationship in the values of the length 

of the statokinesiogram in the groups “Tablet computer” and 
“Balancometric HSS” in the standing position. A linear regression 
model is optimal for describing this relationship, the value of the 
adjusted coefficient of determination was 0.848 (Figure 15).
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Figure 14: Diagram of the distribution of the length of the statokinesiogram during the examination using a tablet 
computer (A) and balancometric HSS (B). 

Вертикальные надписи - Path, mm (рис. А, B), the area of the statokinesiogram (рис. Б). Горизонтальные надписи 
- Status, Sitting, Standing (A, B).

Table 7: The analysis of the features of the length of the statokinesiogram in the groups “Tablet computer” and 
“Balancometric HSS”

Tablet computer Balancometric HSS

Position Sitting Standing Sitting Standing

Median value [25%; 75%] 125,7 [98,4; 145,6] 445,8 [342,7; 605,5] 2,20 [0,40; 4,65] 68,4 [10,7; 121,9]

Differences as percentage 354,7% NaN

Min. 71,5 286,7 0 33.7

Max. 218,3 671,8 3,3 161,1

*Pairwise comparisons 
Sitting-Standing P value: 0,000 - the differences are present P value: 0,000 - the differences are present

*The calculation of Mann-Whitney U test, statistical difference is present when p < 0,05

Figure 15: The curve of exponential regression of the parameter “The length of the statokinesiogram (perimeter)”. 
Вертикальная надпись - Path, ipad. Горизонтальная - Path, force plate 
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Our ROC-analysis revealed that both models of the assessment 
of postural stability are characterized of absolute (100 per cent) 
sensitivity and specifity in determining the status “sitting/
standing” (Table 8). The differences in the results of the use of the 
balancometric HSS and that of a tablet computer can be explained 
by a different location of the accelerometer-gyroscope, since 
the sensor of the tablet computer was in close proximity to the 

localization of an athlete’s GCM, i.e. in the lumbar region, and the 
data of a balancometric examination reflect an athlete’s vibrations 
projected onto the support platform. At the same time, while 
comparing the results obtained with the use of a tablet computer 
and the balancometric complex Sigma, the general tendency is that 
the results depend on the position (standing and sitting).

Table 8: ROC analysis of the length of the statokinesiogram in the groups “Tablet computer” and “Balancometric HSS” 
in a standing position.

The Area Under the ROC-Curve

Variable AUC Standard Mean 
Square Error P-value

95% confidential interval

Lower Bound Supremum

SKG area, tablet 
computer 1,000 0,000 0,000 1,000 1,000

SKG area, force plate 1,000 0,000 0,000 1,000 1,000

Conclusion
The results of the comparative analysis lead to the conclusion 

that the method for studying postural balance proposed in the 
experiment is valid and can be used as an alternative to standard 
stabilometric techniques being suitable for the training camp, 
where there is no stationary biomechanical equipment. In this case, 
it is necessary to take into account the location of the device - to be 
more accurate, as close as possible to the centre of mass, which is 
an advantage of the examination using a tablet computer because 
of the higher susceptiveness of the sensor to postural vibrations 
revealed in our study.

Our comparisons of methodological approaches (classical 
stabilometry / proposed technique, balance tests / proposed 
technique) have demonstrated high sensitivity and reproducibility 
of test results using a tryout version of the application for a tablet 
computer with built-in sensors and cameras. The foregoing makes 
it possible to recommend the entrance of the created mobile 
application into the list of software elements of a remote working 
place of a sports team doctor in the training camp, i.e. under the 
conditions of real training activities.
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