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Abstract. The robotic system is considered as a rack made of composite 
material, which is under dynamic influence. A method for determining the 
reduced characteristics of a multilayer composite material is given. The 
simulation of the stand was carried out. To approximate the details of the 
movement of bench channels: bearings, gearboxes, gear rims, motors, an 
algorithm and a program for calculating the rigidity of these structures 
have been developed in order to approximate these elements in the finite 
element method by replacing such elements with a system of rod structures 
with rigidity identical to the replaced structures: bearings, gear crowns, 

gearboxes, motors. The convergence of the calculation results is checked 
by thickening the finite element mesh. The pinching along the base of the 
stand was taken as the boundary conditions. A technique has been 
developed for modeling a three-layer stand structure. The technique for 
modeling a three-layer structure consists in modeling a stand, assigning 
filler material to it, and creating shell bearing layers on the surface of the 
stand, assigning it the characteristics of a multilayer composite material. A 
layer-by-layer stress-strain state of a stand made of composite material has 

been obtained. The analysis of the influence of the orientation of the layers 
of a five-layer composite material on the stress-strain state of the HIL 
simulation bench has been carried out. 

1 Introduction 

Robotic systems are widely used in many areas [1-6]. Therefore, the issues of modeling the 
calculation and analysis of such systems under various operational loads is an important 

and relevant topic. Robotic systems have bearings, gearboxes, gear rims, motors, the 

approximation of which is a difficult task, requiring a large amount of theoretical and 

experimental research in the development and manufacture [7-12]. This study presents an 

algorithm for calculating the stiffness of such structures and replacing them in the structure 

with a system of bar structures of identical stiffness. Composite materials are used in many 

structures, especially in structures where inertial characteristics are of great importance - 

aircraft building, mechanical engineering [13-20]. In addition, composite materials have a 

higher specific strength and corrosion resistance compared to homogeneous metals. Since 

the strength in a multilayer composite material depends of the orientation of the base of the 
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layers, it is important to investigate the influence of the location of the layers of the 

multilayer composite material on the load-bearing capacity of the considered structures of 

robotic systems: semi-natural simulation stands. When solving such problems, the finite 

element method is mainly used [21–30]. 

2 Materials and methods 

2.1 Method for determining the reduced characteristics of a multilayer 
composite material    

The plane-stressed state of an orthotropic material was considered, with the coordinate axes 
coinciding with the axes of the orthotropic of the material. The relationship between 

stresses and strains was written as 

{𝜎} = [𝐸]{𝜀},                                                              (1) 

[𝐸] = {
𝑄11 𝑄12 0
𝑄21 𝑄22 0

0 0 𝑄66

}, 

{𝜀}𝑇 = {𝜀𝑠 , 𝜀𝜃 , 𝜀𝑠𝜃}, {𝜎}𝑇 = {𝜎𝑠 , 𝜎𝜃 , 𝜎𝑠𝜃},  𝑄11 = 𝐸𝑠/(1 −  𝑣𝑠𝜃𝑣𝜃𝑠), 𝑄12 = 𝑣𝑠𝜃𝐸𝑠/(1 −
 𝑣𝑠𝜃𝑣𝜃𝑠),   𝑄66 = 𝐺66                                                                𝑄11 = 𝐸𝑠/(1 −
 𝑣𝑠𝜃𝑣𝜃𝑠), 𝑄12 = 𝑣𝑠𝜃𝐸𝑠/(1 −  𝑣𝑠𝜃𝑣𝜃𝑠), 𝑄21 = 𝑣𝜃𝑠𝐸𝑠/(1 −  𝑣𝑠𝜃𝑣𝜃𝑠), 𝑄22 = 𝐸𝜃/(1 −
 𝑣𝑠𝜃𝑣𝜃𝑠),                  

where {𝜀}𝑇 = {𝜀𝑠 , 𝜀𝜃 , 𝜀𝑠𝜃} is deformation vector, 𝜀𝑠 , 𝜀𝜃 , 𝜀𝑠𝜃 is deformations in the direction 

of the axis s, 𝜃, and in the plane 𝑠𝜃, {𝜎}𝑇 = {𝜎𝑠 , 𝜎𝜃 , 𝜎𝑠𝜃} is the stress vector in the 

corresponding directions and plane, 𝐸𝑠, 𝐸𝜃 ,  𝑣𝑠𝜃,𝑣𝜃𝑠 are modulus of elasticity, Poisson 

coefficients, 𝐺66  is shear modulus. 

When the coordinate axes are rotated through the angle θ, the stress-strain relation 
matrix can be written as 

[�̅�] = {

�̅�11 �̅�12 �̅�16

�̅�21 �̅�22 �̅�26

�̅�61 �̅�62 �̅�66

},                                                                 (2) 

где         �̅�11 = с4𝑄11 − 𝑠4𝑄22 + 2(𝑄12 + 2𝑄66)𝑠2𝑐2, �̅�12 = (𝑄11 + 𝑄22 − 4𝑄66)𝑠2𝑐2 +
(𝑠2+𝑐2)𝑄22, 

�̅�16 = (𝑐2𝑄11 − 𝑠2𝑄12 + (𝑄12 + 2𝑄66)(𝑠2−𝑐2))𝑠𝑐, �̅�22 = 𝑠4𝑄11 − 𝑐4𝑄22 +
2(𝑄12 + 2𝑄66)𝑠2𝑐2,          (3) 

     𝑄̅̅ ̅̅ ̅̅
26 = (𝑠2𝑄11 − 𝑐2𝑄12 − (𝑄12 + 2𝑄66)(𝑠2−𝑐2))𝑠𝑐, �̅�66 = (𝑄11 − 2𝑄12 + 𝑄22)𝑠2𝑐2 +

(𝑠2−𝑐2)𝑄66, 
𝑠 = sin 𝜃 , 𝑐 = cos 𝜃. 

When the layer under study is located at a distance z from the middle surface 

{𝜀} = {𝜀𝑜} + 𝑧{𝜒𝑜 }, 

where {𝜀𝑜}- deformations of the median surface, {𝜒𝑜}- deformations of the curvature of the 

median surface. 

     Thus, for the stress strain bond, we obtain the dependencies 

{𝜎} = [�̅�]{𝜀𝑜} + 𝑧[�̅�]{𝜒𝑜}.                                                                           (4) 

Stresses {σ} can be represented using normal forces N and bending moments M 
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{𝑁} = ∫ {𝜎}𝑑𝑧,   {𝑁}𝑇 = (𝑁𝑠, 𝑁𝜃 , 𝑁𝑠𝜃)
ℎ/2

−ℎ/2
,   {𝑀} = ∫ {𝜎}𝑧𝑑𝑧,   {𝑀}𝑇 = (𝑀𝑠 , 𝑀𝜃 , 𝑀𝑠𝜃)

ℎ/2

−ℎ/2
            (5) 

, 

From equation (8) we get 

{𝑁
𝑀

} = [𝐸] {
𝜀𝑜

𝜒𝑜}, [𝐸] = [
[𝐴] [𝐵]
[𝐵] [𝐷]

]                                                         (6) 

[𝐴] = [
𝐴11 𝐴12 𝐴16

𝐴21 𝐴22 𝐴26

𝐴61 𝐴62 𝐴66

] , [𝐵] = [
𝐵11 𝐵12 𝐵16

𝐵21 𝐵22 𝐵26

𝐵61 𝐵62 𝐵66

], [𝐷] = [
𝐷11 𝐷12 𝐷16

𝐷21 𝐷22 𝐷26

𝐷61 𝐷62 𝐷66

] .              (7) 

{𝐴𝑖𝑗 , 𝐵𝑖𝑗 , 𝐷𝑖𝑗} = ∫ 𝑄𝑖𝑗(1, 𝑧, 𝑧2)
ℎ/2

−ℎ/2
𝑑𝑧 , (𝑖, 𝑗 = 1,2,3)                              (8) 

From equation (8) for a multilayer composite material, we obtain the expression 

𝐴𝑖𝑗 = ∑ �̅�𝑖𝑗(ℎ𝑘 − ℎ𝑘−1), 𝑖, 𝑗 = 1,2,6𝑛
𝑘=1 , 𝐵𝑖𝑗 = ∑ �̅�𝑖𝑗(ℎ2

𝑘 − ℎ2
𝑘−1), 𝑖, 𝑗 = 1,2,6𝑛

𝑘=1 ,           

(9) 

  𝐷𝑖𝑗 = ∑ �̅�𝑖𝑗(ℎ3
𝑘 − ℎ3

𝑘−1), 𝑖, 𝑗 = 1,2,6𝑛
𝑘=1 , 

where 𝐴𝑖𝑗, 𝐵𝑖𝑗, 𝐷𝑖𝑗 are membrane, flexural-membrane and flexural stiffnesses. 

The designations in formulas (9) are shown in Figure 1. 

 

Fig. 1 Multilayer composite structure 

2.2 Three-layer composite structure  

In the present study, the stand was a three-layer structure, consisting of external carrier 

layers made of a five-layer composite material with different layer orientations. Inside the 

carrier layers there was a filler, which is a material of the foam plastic type, which 

perceives mainly shear stresses and prevents the carrier layers from approaching. 
     The method of creating a three-layer stand was as follows. A stand was modeled, to 

which the characteristics of the filler were assigned, then surfaces were created on the 

model and the characteristics of the carrier layers were assigned to them. 

       For a three-layer package, transverse shear deformations are taken into account by the 

shear stiffness matrix. 

{
𝜎4

𝜎5
}

(𝑘)

= {
�̅�44 0

0 �̅�55

} {
𝜀4̅

𝜀5̅
}

(𝑘)

,                                                                 (10) 

where �̅�44 = 𝐺13, �̅�55 = 𝐺23, 𝐺13, 𝐺23  are shear moduli. 

In the placeholder, the displacements and the angle of rotation are determined from the 
displacements of the carrier layers. 
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𝑣2 = (�̅�1 + �̅�3)/2,    𝜑2 = (�̅�1 − �̅�3)/𝑡,  �̅�1 = 𝑣1 − 𝑡1𝑒13/2,    �̅�3 = 𝑣3 + 𝑡3𝑒23/2,                

(11) 

where t is the thickness of the three-layer package, t1 and t2 are the thicknesses of the carrier 

layers, t3 is the thickness of the filler, e13,e23 are the deformations of the carrier layers, v3 is 

the displacement of the neutral axis of the filler, and �̅�1, �̅�3 are the displacements of the 

carrier layers. Moving and the angle of rotation of the filler normal are determined from the 

relations 

𝑣2(𝑧) = 𝑣1 + 𝑧𝜑2 = 0.5(𝑣1 − 𝑡1𝑒13/2 + 𝑣3 + 𝑡3𝑒23/2) +  𝑧(𝑣1 − 𝑡1𝑒13/2 − 𝑣3 − 𝑡3𝑒23/2)/𝑡2, 

𝑢2(𝑧) = 𝑢1 + 𝑧𝜑2 = 0.5(𝑢1 − 𝑡1𝑒13/2 + 𝑢3 + 𝑡3𝑒23/2) +  𝑧(𝑢 − 𝑡1𝑒13/2 − 𝑢3 −
𝑡3𝑒23/2)/𝑡2,    (12) 

𝑤2(𝑧) = 𝑤2 + 𝑧(𝑤3 − 𝑤1)/𝑡2. 

The ratios can be applied to an arbitrary number of layers. When considering a three-

layer package, displacements are taken according to the law of a broken line. 

2.3 Method for determining the rigidity of gearboxes, bearings and gear rims.  

In this paper, the identification of such elements of robotic systems as bearings, gear rims 

and gearboxes is carried out in the finite element method by determining the rigidity 

characteristics of these elements and replacing them in the model with rod systems in terms 

of stiffness corresponding to the stiffness of the replaced bearings, gear rims and gearboxes. 

Since the direct modeling of these elements leads to an unjustified increase in the resolving 

equations and does not perform the functions of these elements in the model. The 

developed program for determining the stiffness of the elements under consideration takes 

into account the moments of inertia, angular accelerations and speeds, as well as gear ratios, 

stiffness and natural frequency of gearboxes and bearings. When calculating the reducer, it 
is necessary to calculate the equivalent diameter. The developed method and program for 

determining the stiffness and natural frequency of the gearbox makes it possible to calculate 

these characteristics for an arbitrary section of the gearbox shafts. The equivalent diameter 

allows you to determine the stiffness of the gearbox as a whole, the stiffness and frequency. 

Calculated according to the developed program, the rigidity of gearboxes, bearing 

supports and gear rims makes it possible to replace these elements with a rod system 

identical in rigidity to the part under consideration. The results obtained were compared 

with the available experimental data, which confirmed the validity of such a replacement. 

When assigning characteristics to the bearing layers of the stand, it is necessary to position 

the base of the material at an angle of zero degrees to the trajectories of maximum stresses. 

Such trajectories can be obtained and corrected according to the results of the calculation of 
the stand from a homogeneous and composite material. The arrangement of the base of the 

multilayer composite material along the trajectories of maximum stresses makes it possible 

to achieve maximum rigidity of the structure, which contributes to the accuracy of 

positioning of the bench channels, which affect the accuracy of the results obtained and are 

one of the main characteristics of such structures. The considered technique of modeling, 

approximation is applicable to most robotic structures. 

3 Calculation results 

The stand the displacement of the original object in three degrees of freedom and is 

designed to simulate flight characteristics in laboratory conditions. This allows you to 

significantly save funding for aircraft testing. The design of the stand (Figure 2) consists of 
a base, connected by means of a toothed rim with a course fork. In the stand of the course 
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fork, on the bearings of the supports, there is a pitch ring, inside of which there is a roll 

channel. Rigid pinching of the stand base is used as boundary conditions. 

 

Fig. 2. Bench model approximated by finite elements 

The stand is approximated by finite elements (Figure 2), while bearings, gear rims, 

gearboxes are replaced by a system of rod elements of identical rigidity. The convergence 

of the results of the finite element approximation was checked by comparing the results 

when splitting into 3210014 and 425020 finite elements. The discrepancy between the 

results for such approximations was no more than 3%. The calculation of the stress-strain 

state of the stand for dynamic acceleration around the vertical axis of the course channel is 
carried out. Figure 3 shows the layer-by-layer stress-strain state of a five-layer composite 

material with layer orientation a) 0о/45о/90о/-45о/0о and b) with layer orientation 0о/45о/0о/-

45о/0о. 
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Fig, 3. Stresses by layers in a five-layer composite material: a) layer orientation 0о/45о/0о/-45о/0о and 
b) layer orientation 0о/45о/90о/-45о/0о under dynamic loading of the heading channel with an angular 
velocity of 500 rad/ with around the vertical axis of the stand 

As can be seen from Figure 3, the highest stress is observed in the third layer of 136 

MPa, where the layer orientation is perpendicular to the trajectory of maximum stresses. 

Calculations were also carried out for a stand made of a composite material with the 

orientation of the layers 0о/75о/0о/-75о/0о, 0о/15о/90о/-15о/0о and 0о/0о/90о/90о/0о. The 

calculation results are summarized in Table 1. 

Table 1 shows the maximum stresses in the layers of a five-layer composite material 

depending on the orientation of the layers. 1 layer is located on the surface of the model. An 
analysis of the obtained stresses of the bench at dynamic angular velocity showed that the 

most favorable arrangement of the orientation of the layers on the stress state of the 

structure under study corresponds to the first line of Table 1 

Table 1. Influence of the orientation of the layers in a five-layer composite material on the maximum 
values of the stresses of the layers. Layer orientation st layer 1st layer, MPa, 2nd layer, MPa, 3rd 

layer, MPa, 4th layer, MPa, 5th layer, MPa. 

Layer orientation 1st layer, 

MPa 
2st layer, 

MPa 
3st layer, 

MPa 
4st layer, 

MPa 
5st layer, 

MPa 
0o/45o/0o/-45o/0o 60,25 96,23 31,36 71,29 26,74 

0o/45o/90o/-45o/0o 63,92 64,60 132,34 54,39 29,46 

0o/75o/0o/-75o/0o 60,43 117,23 57,23 92,58 21,88 

0o/15o/90o/-15o/0o 57,28 39,35 135,94 26,05 21,64 

0o/0o/90o/90o/0o 55,52 38,87 103,84 85,44 23,08 

As can be seen from the table 1, the five-layer composite material in the stand under 

dynamic loading is the most durable, consisting of the orientation of the layers 0o/45o/0o/-

45o/0o and 0o/0o/90o/90o/0o and the weakest when the layers are oriented 0o/15o/90o/-15o/0o, 

0o/45o/90o/-45o/0o. Zero orientation corresponds to the direction of the trajectory of 

maximum stresses. 

4 Conclusions 

As a result of the study, modeling and approximation by finite elements of the semi-natural 

simulation stand were performed. The calculation of the stress-strain state of the stand for 

the dynamic impact on the course fork in the form of an angular operating speed of 500 

rad/s was carried out around the vertical axis of the stand. Rigid pinching along the stand 
base was taken as the boundary conditions. Bearings, gearboxes, gear rims were 

approximated by a system of rod elements of identical rigidity. To determine the stiffness 

of these elements, an algorithm and a program were developed. The calculation of the stand 

of a three-layer structure, consisting of carrier layers of a five-layer composite material and 

a filler between them, perceiving shear stresses and preventing the bearing layers from 

approaching, was carried out. The influence of the arrangement of layers of a five-layer 

composite material on the stress-strain state of the stand was studied. The most favorable 

arrangement of layers of the five-layer compositional state for the bearing capacity of the 

stand was revealed. The methods considered in the work are applicable to robotic systems 

made of composite materials containing bearings, gear rims, gearboxes, motors. 
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