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Abstract. The purpose of the present study is to reveal the biomechanical regularities of 
the gymnast’s movement activity (in the case of the horizontal bar circle exercise) using 
the computer simulation method. The problems of synthesis of biosystem movement with 
the given properties are solved using the three-segment model of the sportsman’s 
locomotor system. The biomechanical system displacement from the initial position to the 
final one under the fixed programmed control is considered [6]. It is revealed that the 
segment lengths being equal, the change of the inertional characteristics (masses, 
moments of inertia) does not affect the kinematics of the biomechanical system 
movement. The dependences of gymnast’s joint muscle torques on the body segment 
inertional characteristics are shown. 

Key words: mathematical modelling, movement activity technique, muscle torques, 
biomechanical system. 

Introduction. Actuality of the study 

The computer simulation method is often used now for the investigation of the movement 
exercises technique. The usage of the computer synthesis of the sportsmen’s movement is 
accounted for by a number of reasons: 
 the computer simulation method allows one to obtain such biomechanical regularities of 

movement that cannot be obtained by the experimental methods; 
 the regularities revealed allow one not only to analyse the known movements but to 

construct the new movements with the given properties; 
 the simulation method displays the most important components of the sports gymnastics 

movement activity – dynamic posture and the controlling joint movements. Knowledge of 
these components improves the learning of gymnastic exercises. 

Many theoretical and practical problems of mathematical modelling of biomechanical 
systems movement are still to be solved. 

The present-day sports pedagogics lacks the generally accepted theoretical 
methodology for the optimal sports exercises technique construction. The available 
methodology is based on the trial and error approach. Hence the sports theory often cannot 
solve the practical sports problems. For example, 
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 how will the sports competition exercise technique change if the sportsman’s power 
increases by 10% or 30 % ? 

 what are the criteria of sports technique quality and efficiency and what is to be changed 
in the exercise kinematic structure to optimize it ? 

In this connection the computer simulation method is very promising since it allows 
one not only to model the technique of outstanding sportsmen but also to forecast its patterns 
with given properties. 

The computer simulation method is the only instrument to synthesize the human 
movements with a priori given properties. However the practical implementation of this 
method is restrained by a number of factors: 
 the mathematical apparatus is rather sophisticated, 
 the methodology of mathematical models of biomechanical systems movements synthesis 

remains fragmentary; 
 the creation of the corresponding computer program is labor-consuming. 

The appearance of the modern computers and new methods in biomechanics, 
mechanics of guided bodies, optimal control and programming makes it possible to 
implement the computer simulation method for human movements modelling. 

In sports practice much attention is paid to the significance of optimal sportsman’s 
weight at different training stages. The training itself is planned depending on the weight. 
Some authors consider that a sportsman needs the so-called relative force. But the absolute 
force does not increase in the same proportion, i.e. the mass of a sportsman increases not so 
fast as the absolute force does. It is no doubt that a sportsman’s weight affects the movement 
activity technique because the controlling influence that forms the movement program 
depends on the biomechanical system inertional characteristics (IC). But up to now this 
statement has not been confirmed by the quantitative data because 
 such data cannot be obtained from the sports practice; 
 the sports theory lacks the methods for comparing the sportsman’s exercise technique and 

the changes of body segment IC. 
In the present study this problem is solved by means of computer simulation method 

that uses the three-segment model of the sportsman’s locomotor system. The modelled 
movement is the horizontal bar grand circle backward. 

The following special problems are solved: 
1. The controlling joint muscle torques are determined during the second half of the circle 

without joint flexion-extension movements (all the segments are along the same straight 
line, and the dynamic posture does not change) for different segment IC. 

2. The influence of different segment IC on the kinematic characteristics in the absence of 
joint flexion-extension movements is revealed. 

3. The influence of different segment IC on the controlling joint muscle torques for the fixed 
kinematic programmed control is revealed. 

4. The influence of a sportsman’s power on the movement biomechanics is revealed. 

The applied model and the methods of research 

The following model is used to solve the above-mentioned problems. 
The biomechanical system is considered as plane. The control function is defined as 

the time sequence of joint angles. The kinematic diagram of the three-segment human 
locomotor system is shown in Fig. 1. The hands form the first segment, the trunk and the head 
form the second segment and the legs form the third one. 
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 Fig. 1. The kinematic diagram of the three-segment human locomotor system. 

The following assumptions are made: 
1. The body segments and the bar are considered rigid. 
2. The joints are modelled as the hinges. 
3. There is no friction in the joints. 
4. The segment centers of mass are on the straight line connecting the joints. 

The following notations are used: iL  is the length of the i-th segment; iS  is the 
distance between the axis of rotation (support for the first segment, proximal joint for the 
other segments) of the i-th segment and its center of mass; iP  is the weight of the i-th 
segment; im  is the mass of the i-th segment; iJ  is the central moment of inertia of the i-th 
segment. 

The equations of motion of biomechanical system with programmed control are 
borrowed from [2]. The i-th equation is 
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where N  is the quantity of segments; i  is the number of equation; ijA  are the segment 
dynamic characteristics; i  is the angle between the i-th segment and the Ox axis (the i-th 
generalized coordinate); i  is the i-th generalized velocity; i  is the i-th generalized 
acceleration; iY  is the i-th generalized force; iM  is the controlling joint muscle torque at the 
i-th hinge ( 1M  is the frictional torque). 

The controlling influence of the muscle forces is taken into account by introducing the 
joint muscle torques ( iM ) to the right hand side of Eq. (1) in the form 1 ii MM  where 
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According to [2], for N-segment biomechanical system the expression can be written 
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Note that matrix ijA  is symmetrical: jiij AA  . Representation (3) is convenient to use 
in the computer program. 

The expanded form of Eq. (3) for three-segment model is as follows 

 A11 = J1 + m1S1
2 + L1

2(m2 + m3); A12 = L1(m2S2 + m3L2); A13 = m3S3L1; 
 A21 = A12; A22 = J2 + m2S2

2 + m3L2
2; A23 = m3S3L2;  (4) 

 A31 = A13; A32 = A23; A33 = J3 + m3S3
2. 

The generalized forces Yi in Eq. (1) have the following form for three-segment model 

 Y1 = (P1S1 + P2L1 + P3L1). 
 Y2 = (P2S2 + P3L2); (5) 
 Y3 = P3S3. 

In the general case for an arbitrary N the result is  
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Since the programmed control is defined as the time dependent joint angles, it can be 
represented as a function of generalized coordinates differences. In the continuous model the 
control takes the form 

 zzzu  1 ,      1,...,3,2,1  Nz . (7) 

The first and the second derivatives with respect to time are 

 zzzu    1 ,          zzzu    1 . (8) 

Eq. (7) can be regarded as the kinematic constraint 

 zzz u 1 ,      1,...,3,2,1  Nz . (9)  

The constraint (9) determines all the generalized coordinates in terms of φ1 and 
programmed control uz: 
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Taking the time derivatives of Eq. (10) we obtain the kinematic constraints for the first and 
the second derivatives of the generalized coordinates: 
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Eqs. (10), (11) connect the generalized coordinates, the generalized velocities and the 
generalized accelerations of the biomechanical system. These equations allow one to express 
the j , j , j  values for each j and arbitrary N in terms of 1 , 1 , 1  and given uj . The 1 , 

1 , 1  values are determined at each time step during the integrating the equations of motion. 
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Substituting the kinematic constraints (10), (11) into the equations of motion (1) yields 
the equations of the programmed motion. After the transformations we obtain for an arbitrary 
i: 
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Taking into account that the generalized coordinates of all segments can be expressed 
in terms of the first coordinate and the given programmed control (10) and the same for the 
derivatives (11), we can represent Eq. (12) in the form 
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The derivative 1  can be determined from system of equations (13) by means of well-
known linear algebra procedures [1]. Successive addition of Eqs. (13) (beginning from the 
last) yields 
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The 1  value is determined at each time step during the integrating of the Eq. (14) by 
means of the fourth order Runge – Kutta method [1]. 

Research programme 

This programme consists of the following points: 
1. The sportsman’s movements numerical synthesis is carried out according to methods 

given in [2]. The IC correspond to those of an “average” gymnast. These IC are shown in 
Tab. 1. The IC of the model segments are calculated according to methods given in [5]. 

2. The three-segment model of the human locomotor system performs the support rotation 
around the horizontal bar. 

Table 1 
Inertional characteristics of the modelled biomechanical system segments. 

Segment IC First segment Second segment Third segment 

Li (m) 0.64 0.48 0.87 

Si (m) 0.325 0.130 0.386 

mi (kg) 7.90 32.08 23.83 

Ji (kg·m 2) 0.243 0.587 1.234 
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3. The following constraints are applied: 
 At the initial moment all the segments are along the same straight line; 
 At the initial moment all the generalized coordinates are equal to 270° (the initial 

position is vertical downwards); 
 All the initial generalized velocities are equal to 6 rad/sec; 
 Overall movement duration is 0.9 sec; the time step for numerical integrating is 0.1 

sec; 
 There are no flexion-extension movements in the hinges, hence kinematic 

programmed control is: φ2–φ1=0, φ3–φ2=0; 
 M1 is equal to zero for the entire movement interval. 

4. The IC variations consist of IC initial value increase and decrease with the step of 10% in 
the limits from –40% up to +40%. 

Results and discussion 

The main question is: how do the controlling joint muscle torques correlate during the 
second half of the circle (the dynamic posture being invariable) for different segment IC ? 

The first stage of numerical modelling includes the synthesis of 9 movement variants 
with different segment IC. The initial variant corresponds to an “average” gymnast (see 
Tab.2, Fig. 2). 

Table 2 
The biomechanical characteristics of the synthesized movement for the  

IC of an average gymnast. 

Generalized coordinates (degrees) Joint muscle 
torques (N·m) Time 

(sec) 
Segment 1 Segment 2 Segment 3 M2 M3 

Angular 
velocity of 
segments 
(rad/sec) 

0.0 270.00 270.00 270.00 0.0 0.0 6.00 

0.1 303.92 303.92 303.92 -27.6 -17.9 5.76 

0.2 335.31 335.31 335.31 -46.1 -29.6 5.15 

0.3 362.57 362.57 362.57 -51.1 -32.8 4.35 

0.4 385.23 385.23 385.23 -46.2 -29.6 3.57 

0.5 403.70 403.70 403.70 -36.7 -23.6 2.90 

0.6 418.81 418.81 418.81 -26.1 -16.8 2.40 

0.7 431.49 431.49 431.49 -15.8 -10.2 2.06 

0.8 442.68 442.68 442.68 -6.1 -4.0 1.88 

0.9 453.28 453.28 453.28 3.3 2.0 1.85 
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Fig. 2. The kinematic diagram of the synthesized exercise and the controlling muscle torques in the  
 shoulder M2 (dotted line) and hip M3 (solid line) joints of an average gymnast.  

  
 a b c 

Fig. 3. The direction of the joint muscle torques: a – no torques; b – the same as the direction of rotation; c – 
opposite to the direction of rotation. 

The analysis of the controlling muscle torques change in the shoulder and hip joints 
shows that the control should continually vary in order to keep the segments along the same 
straight line. 

The lowest values of the controlling joint muscle torques correspond to the vertical 
downwards (initial) position. These values are equal to zero for both shoulder and hip joints. 
The highest (absolute) values correspond to the horizontal position (see Fig. 2, frame 4). The 
gravitational torques also reach the highest values in this position. The following 
biomechanical regularities can be noticed: 
1. The absolute values of the controlling joint muscle torques in the proximal joints are 

greater than those in the distal joints. 
2. The negative values of the controlling joint muscle torques mean that at the second half of 

the circle a sportsman should apply his muscle forces opposite to the movement direction 
in order to keep the initial configuration. Hence the straight body movement at the second 
half of the circle requires the muscle strain at the back part of the body. This fact should 
be taken into account since it is not obvious in sports practice. Consider it in detail. 

Many coaches suppose that in order to keep the body straight it is necessary 
1. not to apply the joint muscle forces (see Fig. 3a); 
2. to apply the muscle forces in accordance with the direction of the rotation (see Fig 3b). 
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Table 3 
The variations of the segment IC. 

Movement variants Segment 
IC 4 3 2 1 5 Initial IC 6 7 8 9 

m1 0.6 m1 0.7 m1 0.8 m1 0.9 m1 7.90 1.1 m1 1.2 m1 1.3 m1 1.4 m1 

m2 0.6 m2 0.7 m2 0.8 m2 0.9 m2 32.08 1.1 m2 1.2 m2 1.3 m2 1.4 m2 

m3 0.6 m3 0.7 m3 0.8 m3 0.9 m3 23.83 1.1 m3 1.2 m3 1.3 m3 1.4 m3 

J1 0.6 J1 0.7 J1 0.8 J1 0.9 J1 0.243 1.1 J1 1.2 J1 1.3 J1 1.4 J1 

J2 0.6 J2 0.7 J2 0.8 J2 0.9 J2 0.587 1.1 J2 1.2 J2 1.3 J2 1.4 J2 

J3 0.6 J3 0.7 J3 0.8 J3 0.9 J3 1.234 1.1 J3 1.2 J3 1.3 J3 1.4 J3 

 
But the computer simulation shows quite the contrary: in order to keep the body 

straight it is necessary to apply the joint muscle forces in the direction opposite to that of 
rotation (see Fig. 3c). 

Thus the controlling joint muscle forces that keeps the body straight are variable in 
spite of the absence of kinematic control (joint flexion-extension movements). 

The computer simulation confirms the following statement [7, p. 19]: “The straight 
body movement at the first half of the circle requires the muscle strain at the front part of the 
body, and that at the second half requires the muscle strain at the back”. 

Consider now the influence of segment masses on movement biomechanical 
characteristics provided that there are no joint flexion-extension movements. 

The second stage of numerical modelling includes the successive increase of segment 
masses and the moments of inertia with the step of 10% in the limits from –40% up to +40%. 
The 4 movement variants are synthesized.  

The third stage of numerical modelling includes the analogous successive decrease of 
segment masses and the moments of inertia (a sportsman loses his weight). The parameters of 
the second and third stages are shown in Tab. 3. 

The analysis of different synthesized movement variants shows as follows. 
First, increase in sportsman’s weight, that may be caused by the long intervals 

between exercises or the significant decrease of training load, requires essentially larger 
muscle forces relative to the normal weight. The values of controlling muscle torques increase 
both in the shoulder and in the hip joints (see Fig. 4). The increase is essential and is 
characterized by the linear dependence (see Fig. 5). 

Secondly, the analogous dependence is noted for the decrease in sportsman’s weight. 
The decrease requires lower muscle forces to carry out the given exercise movement. Fig. 7 
(variants 5-1) shows the influence of the IC decrease from the average value with the step of 
10% down to -40%. 

The values of controlling muscle torques decrease both in the shoulder and in the hip 
joints (see Fig. 6). These variations are due to the decrease of segment masses and moments 
of inertia. Fig. 7 shows the percentage decrease of the controlling muscle torques in shoulder 
joints relative to the initial value. 

The computer simulation carried out to solve the second special problem (see 
Introduction) shows that the segment lengths being equal, the change of the inertional 
characteristics (masses, moments of inertia) does not affect the kinematics of the 
biomechanical system movement. 
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 a b 

Fig. 4. The variations of the controlling muscle torques in shoulder (a) and hip (b) joints with 
respect to successive IC increase with the step of 10% up to +40% (the upper line corresponds to  
 initial value). 

  
 Fig. 5. Percentage increase of the controlling muscle torques in shoulder joints. 

 
 a b 

Fig. 6. The variations of the controlling muscle torques in shoulder (a) and hip (b) joints with 
respect to successive IC decrease with the step of 10% down to -40% (the lower line corresponds  
 to initial value). 

 
 Fig. 7. Percentage decrease of the controlling muscle torques in shoulder joints. 
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The double increase of the body weight and moment of inertia does not affect both the 
segment angles and the segment angular velocities at the upper vertical position in all 9 
variants. In all the variants the angles are equal to 453.92  and the angular velocities are equal ?
to 1.84 rad/sec (see Table 2). 

Conclusions 

1. The carrying out of the second half of the circle without joint flexion-extension 
movements (dynamic posture does not change) is provided by the continuous variations of 
the control: 
 The lowest absolute values of the controlling joint muscle torques correspond to the 

vertical downward position. These values are equal to zero. 
 The highest absolute values of the controlling joint muscle torques correspond to the 

horizontal position. 
 The absolute values of the controlling joint muscle torques in the proximal joints are 

greater than those in the distal joints. 
 The negative values of the controlling joint muscle torques at the second half of the 

circle mean that a sportsman should apply his muscle forces opposite to the movement 
direction (the back muscles are strained). 

2. The carrying out of the second half of the circle without joint flexion-extension 
movements (dynamic posture does not change) provided that segment masses and 
moments of inertia change, displays the following regularities: 
 The increase in sportsman’s weight requires essentially larger muscle forces to carry out 

the given exercise movement. The values of controlling muscle torques increase both in 
the shoulder and in the hip joints. 

 The decrease in sportsman’s weight requires lower muscle forces both in the shoulder 
and in the hip joints to carry out the given exercise movement. 

 The segment lengths being equal, the change of the inertional characteristics (masses, 
moments of inertia) does not affect the kinematics of the biomechanical system 
movement. In all the variants maximum segment angles are equal to 453.92 , and the ?
segment angular velocities at the final position are equal to 1.84 rad/sec.  
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ВЛИЯНИЕ ИЗМЕНЕНИЯ МАСС-ИНЕРЦИОННЫХ ХАРАКТЕРИСТИК 
МОДЕЛИРУЕМОЙ БИОСИСТЕМЫ НА БИОМЕХАНИЧЕСКИЕ 

ПАРАМЕТРЫ БОЛЬШОГО ОБОРОТА НАЗАД НА ПЕРЕКЛАДИНЕ  

В.И. Загревский, O.И. Загревский (Могилев, Беларусь; Томск, Россия) 

Цель исследования состояла в выявлении биомеханических закономерностей 
двигательных действий гимнаста (на модели оборотового упражнения на перекладине) 
с применением метода имитационного моделирования на ПЭВМ. Решались задачи 
синтеза движений биосистемы с заранее заданными свойствами на трехзвенной модели 
опорно–двигательного аппарата тела спортсмена. Рассматривалось перемещение 
биомеханической системы из заданного начального положения в конечное, 
выполняемое при одном и том же программном управлении [6]. Изучалось влияние 
различных масс-инерционных характеристик звеньев биомеханической системы на 
параметры биомеханических характеристик движения. Выявлено, что, при одних и тех 
же антропометрических показателях длин звеньев тела спортсменов, изменение масс-
инерционных характеристик, по массе и центральному моменту инерции звеньев тела, 
не оказывает никакого влияния на кинематику перемещения биомеханической 
системы. Показаны закономерности изменения величин моментов мышечных сил в 
суставах гимнаста в моделируемом движении в зависимости от уменьшения или 
увеличения массы и центрального момента инерции звеньев тела спортсмена. 

Ключевые слова: математическое моделирование, техника двигательных действий, 
моменты мышечных сил, биомеханическая система. 
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