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Abstract. The methods of designing and modeling dynamic stands from a 

composite material are considered. One of the complex elements of the 

stands is the elements that ensure the dynamic behavior of the channels of 
the stand: bearing supports, gear rims, gearboxes, motors, servo drives, etc. 

Approximation of these elements in numerical methods for calculating and 

studying dynamic structures (finite element method) is a difficult task. 

Direct approximation of these elements does not satisfy the adequacy. 
Various approaches are used to adequately approximate such elements. In 

this paper, a methodology is proposed that consists in determining the 

rigidity parameters of bearing supports, gear rims, gearboxes and motors. 

In the future, these elements are replaced by rod systems corresponding to 
the replaced elements in terms of stiffness parameters. The effectiveness of 

the proposed method is confirmed by a comparison with of available 

experimental methods. The shell structures and stands were modeled in 

ANSYS modeling module. The considered methods for designing stands 
can be applied to robotic systems, weaving machines and dynamic systems 

for various purposes, since they contain all the elements inherent in the 

considered stand. The finite element approximation of the stand was 

carried out by elements of various types.  

1 Introduction 

The purpose of this study is a method for calculating robotic systems from composite 

materials using the example of calculating a semi-natural simulation bench. The 

significance of the work is determined by the fact that, until now, stands have not been 

made from composite materials with higher specific strength characteristics compared to 

magnesium alloys traditionally used in the manufacture of stands. 

For a numerical study of the mechanical behavior and stress-strain state of the stand, it 

is necessary to develop a methodology for designing a model in one of the automated 

simulation systems. In the present study, the simulation of the stand was carried out in 

ANSYS computer-aided design system [1], designed for modeling and analysis. As an 

object of study, we consider the bench shown in the Figure 1 [2] containing surfaces of 

double curvature, plates and shells, elements consisting of hollow structures designed to 
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increase the rigidity and strength characteristics of the bench structure, which are one of the 

important characteristics of the bench performance [3-5]. The stand shown in the Figure 1 

has three degrees of freedom and is designed to simulate the flight characteristics of the 

tested products in laboratory conditions. Support bearings, gear rims, gearboxes and motors 

are used as elements that facilitate the movement of the bench channels [6, 7]. The 

identification of such elements for numerical calculation is a complex task that requires a 

large amount of theoretical and experimental research [8]. In this study, a methodology is 

proposed for the identification of support bearings, gear rims and gearboxes with bar 

structures identical in rigidity to the simulated elements. Moreover, such an approximation 
allows taking into account the rigidity not only in the reference plane, but also from the 

reference plane, i.e. three-dimensional stiffness most closely corresponding to, for example, 

the stiffness of a support bearing.  

The stand is made of a three-layer composite material containing a filler of a light 

composite material in the form of a stand model and carrier layers obtained by modeling on 

the surface of the stand model. These shell structures are assigned the characteristics of a 

five-layer composite material. To analyze the failure of a five-layer composite material 

(carrier layers), maximum stresses, maximum deformations, Tsai-Wu, Tsai-Hill, and 

Hoffman criteria for the destruction of a multilayer composite material were used. 

2 Materials and methods 

2.1 Equation 

To solve the problem, we use the Lagrange equations. The Lagrange equations make it 

possible to obtain the stress-strain state of robotic systems under dynamic influences [3–7]. 

To do this, it is necessary to determine the kinetic, potential energy of the system under 

consideration and the work of external forces: 

𝜕

𝜕𝑡  

𝜕𝑇

𝜕�̇�𝑘
+

𝜕𝑈

𝜕𝑞𝑘
= 𝑄, 

where T is the kinetic energy of deformation, U is the potential energy of deformation, q is 

the vector of generalized displacements, the index k is the number of degrees of freedom, t 

is time, the dot above the letter means differentiation with respect to time. 

2.2 Relationship between stresses-strains 

In the present study, the stand material is a composite material [8,9] There are two 

approaches to identify the relationship between stresses and strains for a multilayer 

composite material, when the base of the layers is located at different angles: the method of 

reduced stiffnesses and taking into account the dependence for each layer separately. The 

reduced stiffness method used in this study calculates the generalized characteristics of a 

multilayer composite material characteristic of a homogeneous material. In the method 

under consideration, the relationship between stresses and strains for each layer of a 
multilayer composite material, the number of resolving equations depends on the number of 

layers of the multilayer composite, which leads to an increase in the resolving equations as 

for the method of reduced characteristics multiplied by the number of layers of the 

multilayer composite. This approach leads to an unreasonably large number of resolving 

equations, an increase in computational errors, and is practically not used when considering 

large structures, which also includes a multi-degree bench for semi-natural simulation. 
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2.3 Method for determining the structure of a composite material 

The multilayer composite material changes its characteristics depending on the location of 
the warp of the composite yarns. To obtain the maximum rigidity of a multilayer composite 

material, it is necessary to position the base of the composite material in the direction of the 

maximum stresses acting in the structure under study under the action of operational loads. 

In this case, part of the layers in the multilayer composite material should be made at an 

angle to the maximum stresses to absorb shear stresses. The ratio of the arrangement of 

layers in a multilayer composite material is a complex task that requires a large number of 

theoretical and experimental studies. And it depends on the structure under study and the 

operating loads. 

This study proposes an iterative method for arranging layers of a multilayer composite 

material along lines of maximum stresses. At the first stage, a model of a structure made of 

a homogeneous material under the action of operational loads is investigated. As a result of 

the study, we obtain the trajectories of maximum stresses. At the second stage, the structure 

model is made of a composite material with the arrangement of layers of a multilayer 

composite material along the lines of maximum stresses. The trajectories of maximum 

stresses obtained as a result of the studies make it possible to correct the location of the 

composite base and carry out the calculation of the structure. In this way, the location of the 

base of the composite material along the lines of maximum stresses is achieved and, 
thereby, a model of the structure of maximum strength and rigidity is obtained. Layers with 

an angle to the trajectories of maximum stresses for the perception of shear stresses are 

determined from the results of the analysis of the stress-strain state of the structure. 

2.4 Modeling technique for gear rims, gearboxes and bearings 

In this study, a method for approximating such elements of robotic systems as bearings, 

gear rims and bearing supports is proposed. The approximation technique is as follows. The 

rigidity of the specified elements is determined on the basis of the developed program using 

the formulas of the mechanics of machines and mechanisms. Next, a bar structure of the 

corresponding stiffness is modeled and the ring gear, bearing or ring gear is replaced in the 

model with a bar structure of the same stiffness. The performed calculations and studies 

have shown the validity of this technique. The results of comparison with the available 

experimental studies of showed good agreement. 

2.5 Modeling and approximation of the stand 

The stand is a three-layer shell structure, consisting of a stand model made of lightweight 

composite material (Table 1) with outer load-bearing layers of a five-layer composite 

material with a layer orientation of 0/45/0/-45/0 degrees. The stand was approximated by 

finite elements. Gear rims, bearing supports and gearboxes were approximated by bar 

structures of appropriate stiffness. The convergence of the results was determined by 

condensing the number of finite elements: the structure model was divided into n finite 

elements, the calculation was carried out, and the results obtained were compared with the 

results obtained by splitting into 2n finite elements. If the results differed by no more than 

3%, splitting into n finite elements was considered sufficient to obtain acceptable results. 

2.6 Algorithm for determining stiffness 

We determine the rigidity of the gearbox using the methods of the theory of machines and 

mechanisms. One of the main parameters that reducers must satisfy is stiffness, gear ratio 
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and natural frequency. The determination of the stiffness parameters of the gearboxes is 

carried out experimentally on the gearbox and theoretically. The experimentally determined 

gearbox parameters correspond most closely to the true stiffness of the gearbox. At the 

same time, this approach does not allow changing the gearbox parameters if the stiffness 

does not meet the operating requirements. Therefore, to determine the stiffness and 

dynamic characteristics of gearboxes, an algorithm was developed, and a program was 

compiled. 

The stiffness parameters of the gearbox are determined using an application program 

written in Microsoft Excel. The program allows determining gear ratios, total gear ratio, 
moments of inertia reduced to the shaft, moments on the shaft, angular velocities and 

accelerations, moments of inertia, angular error, reduced stiffness, natural frequency, 

stiffness reduced to the input shaft of each shaft separately and gearbox as a whole. The 

developed program reduces the calculation time by more than 5...7 times in comparison 

with the analytical calculation. The program allows easily varying the components of the 

gearbox in order to obtain the optimal model. The reliability of the obtained results was 

compared with the experimental results. An error (~10%) is acceptable for this type of 

structure. To use the program, it is enough to set the input parameters of the constituent 

parts of the gearbox: bearings, tolerances and fits, acceleration, number of gear teeth, etc. 

In accordance with the ideology of the concept of the complex for the design of specific 

elements of multi-stage dynamic stands, such as gearboxes, the calculation of which cannot 

be carried out in ANSYS analytical block, a program for calculating gearboxes was 

developed. The program allows conducting a comprehensive analysis of gearboxes, taking 

into account moments of inertia, angular velocities, angular accelerations, gear ratios, 

bearing stiffness and other characteristics, and calculating the stiffness and natural 

frequency of the gearbox. 

For a better understanding of the foregoing, we will describe what a reducer is. The 
gearbox in multistage dynamic stands is designed to change the angular velocity, 

accelerations or engine effort. And it is a structure consisting of shafts and gears of various 

diameters. In turn, each shaft is a multi-stage body of rotation containing gears of various 

characteristics (number of teeth, diameters, gear ratios, etc.). 

When calculating the gearbox, the concept of equivalent diameter is used. A shaft of 

equivalent diameter is a shaft having a constant diameter along its length, the maximum 

deflection of which is equal to the deflection of a shaft comprising different diameters. To 

determine this parameter, a program was developed to determine the equivalent diameter of 

the gearbox shafts using Excel spreadsheets. 

We describe the procedure for determining the equivalent shaft diameter. To determine 

the equivalent diameter of each shaft of the gearbox, firstly, using a standard program, we 

solve the problem of determining the reactions of the supports at the points of contact of the 

shaft gears with other gears, then we set the modulus of elasticity of the shaft material and 

for each different-sized section of the shaft, the length, outer and inner diameter (if the shaft 

in this area is hollow). The program automatically calculates the moment of inertia of the 

shaft sections, its cross section, center of gravity, deflection and, ultimately, the equivalent 

shaft diameter. Having determined the equivalent diameter of each shaft, we calculate the 
gearbox as a whole. The calculation of the gearbox is to determine the stiffness of the 

gearbox and its natural frequency. 
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Fig. 3. Kinematic diagram of the pitch reducer 

2.7 Initial data 

Initial data moments of inertia of shafts J5,J4,J3,J2,J1 (kgms2), angular velocity 5 (1/s), 

angular acceleration 5 (1/s2) and frequency f (Hz). 

Gear ratios i54=z8/z7, i43=z6/z5, i32=z4/z2, i21=z2/z1, i11=z1/z1. 

Gear ratios related to the input shaft i51=i54i43i32i21i11, i41=i51/i54, 

i31=i41/i43, i21=i31/i32, i11=i21/i11. 

General gear ratio itot = i54i43i32i21i11. 

Gear ratio ired = i43i32i21i11. 

Moments of inertia referenced to input shaft J51=J5/i512, J41=J4/i412, J31=J3/i312, 

J21=J2/i212, J11=J1/i112. 

Shaft accelerations 4=5i54, 3=4i43, 2=3i32, 1=2i21 

Moments on the shaft М5, М4=J44+M5/i54, М3=J33+M4/i43, 

М2=J22+M3/i32, М1=J11+M2/i21. 

2.8 Shaft load 

Rocr=Mj/mz, Prad=Rocrtan20o, 

where m is the module, z is the number of teeth and Mj is the moment on the shaft. 

Reactions of supports R1 and R2 are determined by methods of resistance of materials, 

taking the moment of inertia of the shaft section Jshaft=3.14Deq4/64 based on Deqv - 

equivalent constant diameter for bending. 

Displacements and angles of rotation at the points of application of force and supports, 

respectively, are determined by BEAM program. 

2.9 Deformation of the bearing from fit on the shaft and into the housing 

gr=gr0-d1-D2, 

where gr0 is the initial clearance of the ball bearing, d1 is the increase in the outer diameter 

of the inner ring from the fit on the shaft, D2 is the decrease in the inner diameter of the 

outer ring from the fit into the housing are determined from the graphs [9], depending on 

the ratio of the stiffness of the mating parts: 
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 shaft (steel) Sv=d2/d, bearing inner ring Svn=d/d1, bearing outer ring Sн=D2/D, body 

(steel) Sk=D/D1, where d2 is the bore of the hollow shaft, d is the inner diameter of the 

bearing inner ring and d1 is the outer diameter of the bearing inner ring, D, D2, respectively, 

are the outer and inner diameter of the outer ring of the bearing, D1 is the outer diameter of 

the housing 

 ratios of deformations and fitting interferences in shaft-inner ring connections d1/Hb, 

housings with outer ring D2/Hk, Hb=Hav - H1, Hav is the average value of the fit 

interference of the inner ring of the bearing, H1 is the amount of unevenness and Hk=Hav - 
H1, also for the outer ring of the bearing. 

D1 is the increase in the outer diameter of the inner ring, 

D2 is the reduction of the inner ring outer diameter. 

2.10 Bearing deformation under load 

r= r1+ r2, 

Here r1 is the deformation in contact of the most loaded rolling element with the raceway 

in the bearing, r2 is the radial compliance in contact of the bearing rings with the shaft and 

housing mounting surfaces. 

Deformation in contact of the most loaded rolling element with the raceway in the 

bearing: 

 with preload: 

r1=   r0; 

 with radial clearance: 

r1=   r0-gr/2. 

The coefficient , which takes into account the amount of interference or clearance in 

the bearing, is determined from the graphs [9]. 

The value of r0 for bearings of various types can be determined from the equations [9]: 

 for single-row ball: 

r0 = 2.010−3 × √
𝑄0

2

𝐷𝑇

3
; 

 for angular contact tapered bearing: 

r0 = 6.010−4 ×
𝑄0

0.9

𝑐𝑜𝑠 𝛼×𝑙0.8, 

where Q0 =
5×𝑅

𝑖×𝑧×𝑐𝑜𝑠 𝛼
; R is the radial load on the support, i are the number of rows of 

rolling elements, z is the number of rolling elements in one row, =arcos(1-gr/2A),  is 

the contact angle, DT is the ball diameter, del=0.5232DT is the groove diameter A=DT 

(2delDT-1). 

2.11  Radial compliance in contact of bearing rings with shaft and housing 
seating surfaces 

r2 =
4×𝑅×𝑘

𝜋×𝑑×𝐵
(1 +

𝑑

𝐷
), 

k=0.015mm2/kg, D, d, B, respectively, outer, inner diameters of the bearing and its width. 

2.12 Calculation of the rotation of the gear wheel caused by the elastic 
deflection of the shaft 

φ
defl

 =
2

𝑚×𝑍
× (𝑤𝑐𝑖𝑟𝑐 + 𝑤𝑟𝑎𝑑 × 𝑡𝑔20𝑜), 
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where wcirc, wrad are the values of the shaft deflections in the middle plane of the 

transmission, respectively, in the circumferential and radial directions, taking into account 

deformations in the bearings, Z is the number of teeth and m is the gear module. 

2.13 Calculation of error due to shaft twist 

tw=∑(Mli/(GJp), radian, 

where G are the shear modulus, Jp=π(D4-d4)/32 is the polar moment of inertia, li is the 

length of twisted section, M is the moment on the shaft. 

2.14  Calculation of the error caused by the compliance of the ring gear 

tooth=M/(kd2b), radian. 

Here d is the pitch diameter of the gear rim, b is the working width of the gear rim and 

k=368kg/mm2 is the experimental coefficient. 

2.15 Calculation of error due to keyed connection 

shp=M/kshpdb
2lhz, radian, 

where db is the shaft diameter, l is the working length of the key, h is the height of the key, 

z is the number of keys, kshp=15kg/mm3 for parallel keys and kshp=25kg/mm3 for segmented 

keys. 

2.16 Error due to pinning deformation 

sht=kshtM, radian, 

where ksht is the coefficient of proportionality, M is the moment on the shaft [10]. 

2.17 Total gear stiffness 

𝐶 = {∑ [
(𝜙𝑑𝑒𝑓𝑙 + 𝜙𝑡𝑤 + 𝜙𝑡𝑜𝑜𝑡ℎ + 𝜙𝑠ℎ𝑝 + 𝜙𝑠ℎ𝑡)

𝑗

𝑀𝑗 × 𝑖𝑗
2

]

𝑛

𝑗=1

}

−1

, 𝑘𝑔 × т × 𝑟𝑎𝑑 

Here i is the gear ratio related to the input shaft. 

2.18 Natural frequency of the design 

𝑓 =
1

𝜋
× √

𝐶×𝜄𝑡𝑜𝑡𝑎𝑙
2

𝐽5
, 𝐻𝑧, 

where itotal is the total gear ratio, C is the rigidity and J5 is the reduced moment of inertia. 

The resulting rigidity of thrust bearings, gearboxes and gear rims make it possible to 

replace them with a rod system identical in stiffness to the calculated parameters: gear rim 

at the connection of the fork and base, thrust bearings at the junction of the pitch ring with 

the course fork and gear wheel at the junction of the roll ring in the pitch channel. The 

reducers connect the motors with the movement elements of the bench channels. 
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Tables 1, 2 and 3 show the characteristics of the materials used: SAN Foam, carbon fiber 

and magnesium alloy [18- 20]. 

Table 1. Physical and mechanical characteristics of SAN Foam 

Modulus 

of 

elasticity, 

MPa 

Poisso

n's 

ratio 

Shear 

Modulus, 

MPa 

Tensile 

strength, 

MPa 

Shear 

sz, MPa 

Shear θz, 

MPa 

Density,. 

kg/m3 

60 0.3 23 1.1 0.8 0.8 81 

Table 2. Physical and mechanical characteristics of carbon fiber 

Modulus 

of 

elasticity, 

MPa 

Poisson

's ratio 

Shear 

modulus, 

MPa 

Tensile 

strength, 

MPa 

Ultimate 

compres

sive 

strength

, MPa 

Shear 

strength

, MPa 

Density, 

kg/m3 

Es=1.233×

105 

νsθ=0.27 Gsθ=0.5×

104 
s =1632 s=704 sθ=80 1518 

Eθ=0.778×

105 

νθz=0.42 G 

θz=3.1×10
3 

θ=34 θ=68 θz=55 

Ez=0.778×

105 

νsz=0.27 Gsz=0.5×

104 
z=34 z=68 sz=80 

Table 3. Physical and mechanical characteristics of magnesium alloy 

Modulus of 

elasticity 
(shear), MPa 

Poisso

n's 
ratio 

Density, 

kg/m3 

Tensile strength, 

compression, MPa 

Tensile strength, 

compression, MPa 

4.5×104(1.6×104

) 

0.35 1740 250 190 

3 Results and Discussion 

The considered dynamic bench of semi-natural simulation is three-stage slewing 

mechanism, consisting of base, course fork connected to it, pitch and roll ring included in 

the pitch ring. With the tested product installed in the roll ring, the stand makes movements 

in three degrees of freedom, simulating the operation of the product. The dynamic stand is 

designed to simulate the flight characteristics of the product in ground conditions. The use 

of stands of this type can significantly reduce the cost of testing products that move in 

airspace or experience overloads during operation. The general view of the stand is shown 

in the Figure 4.  

The stand was modeled using the finite element method [11-13], shell and flat three-

four nodal finite elements with six degrees of freedom at each node. 

The considered finite elements take into account bending and membrane deformations, 

the material is isotropic with characteristics specified in the plane of the element and 

perceives concentrated, distributed, mass and temperature loads. 
When replacing bearing supports, gearboxes and gear rims with rod elements, the 

following assumptions were made: 

 bearing elements of a ball bearing: balls were approximated by rods with rigid 

fastenings at the ends; 
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 resulting rod system matched the stiffness of the ball bearing. 

The stand was modeled in ANSYS computer-aided design system, and bench was 

approximated by 420510 finite elements [14, 15]. 

Let us consider the procedure for modeling a stand of a three-layer structure made of a 

composite material 

 Modeling of bench in CATIA, assigning material characteristics for the structure, which 

is a lightweight porous material such as foam. This material serves as a light intermediate 

layer in a three-layer structure between the carrier layers, preventing the bearing layers 
from approaching and absorbing mainly shear stresses. 

 Next, we create surface elements for the entire structure, to which we further assign the 

characteristics of a multilayer composite package of five unidirectional layers with a given 

orientation: 0/45/0/-45/0 degrees [16-26]. 

 

Fig. 4. Finite element approximation of the stand model and the direction of the stand movement from 
the angular operating speed of 500 deg/s applied to the course fork  

Figure 5 shows the stresses in the stand at an angular velocity of 500 deg/s calculated  
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Fig. 5. Stresses in the stand at an angular velocity of 500 deg/s  

Figure 6 shows the stresses of a composite package of five unidirectional layers with a 

given orientation: 0/45/0/-45/0 degrees layer by layer 

 

Stresses in the 1st and 2nd layers of the composite material 
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Stresses in the 3st and 4nd layers of the composite material 

 

 
Stresses in the 5st layer of the composite material 

Fig. 6. The stresses of a composite package of five unidirectional layers with a given orientation: 
0/45/0/-45/0 degrees layer by layer 

On figure 7 shows the maximum stresses in a five-layer package. Here it is indicated: e - 

deformation, 2 - direction, e - tension, the number in brackets means the number of the 
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layer, tw and ho - means the destruction of the layered structure according to the criterion 

of destruction of Tsai-Wu, Tsai-Hill and Hoffman. 

 

Fig. 7. The maximum stresses in a five-layer package. Here it is indicated: e - deformation, 2 - 

direction, t - tension, the number in brackets means the number of the layer, tw - means the 
destruction of the layered structure according to the failure criterion of tw - Tsai-Wu, ho - Hoffman 

4 Conclusions 

As a result of the work carried out, a simulation of a dynamic stand was performed, which a 

complex three-layer structure consisting of a stand layout is made of a lightweight 

composite material (table 1). By means of the simulation program, surfaces were created on 

the surface of the stand layout, which, later, were assigned the properties of a five-layer 

composite material (table 2). Table 3 shows the physical and mechanical characteristics of 

the magnesium alloy traditionally used in the manufacture simulation stands. The 

considered dynamic system contains bearings, gearboxes and gears that cannot be modeled 

directly. Therefore, a technique was developed for approximating such elements by systems 

that are identical in their characteristics: rod systems. To determine the stiffness parameters 

of bearing supports, gearboxes and gear rims, algorithms and programs for determining the 

stiffness characteristics have been developed. The reliability of the obtained results is 
confirmed by the correspondence of the electronic design data to the received drawing 

documents and test cases. In particular, a modified program for determining the stiffness-

frequency characteristics of gearboxes was tested in comparison with experimental data, 

which showed their good agreement, within 10-15%. The stand was approximated by finite 

elements, volumetric and surface finite elements [11-15]. The performed calculations made 

it possible to determine the stress-strain state of the stand by layers (Figure 4) under 

dynamic loads: operational angular velocity around the vertical axis of the stand. To 

determine the destruction of multilayer composite materials, the following main criteria for 

the destruction of polymer composite materials were used: by maximum stresses, by 

maximum deformations, Tsai-Wu, Tsai-Hill and Hoffman [27-30]. As can be seen from 

Figure 5, considered in the most loaded place of the stand, the destruction of the five-layer 

composite material occurs in the fourth layer according to the theories of Tsai-Wu and 

Hoffman from the acting tensile stresses in the second direction, that is, in the direction 

perpendicular to the base of the composite material, which runs along the trajectories of 
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maximum stresses obtained and applied for the orientation of the base of the composite 

material from the calculations. The calculations of a stress-strain bench made of a 

composite material under dynamic loads showed that the use of a composite material and 

three-layer structures in the design and manufacture of benches has an advantage in terms 

of bearing capacity compared to benches made of magnesium alloys, traditionally used in 

the preparation of benches for semi-natural simulation. The considered technique can be 

applied to robotic systems that include bearings, gear rims, gearboxes and motors. Such 

systems include robots, looms, etc. 
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