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Abstract - Methods for modeling, calculation, and analysis of robotic systems are given in the example of a dynamic of stand. A
three-layer structure of a dynamic of the stand made of external load-bearing 8-layer composite materials and filler between
the load-bearing layers is considered. Elements of movement of robotic systems such as bearings, gearboxes, and gear rims are
modeled as a system of rod systems of identical rigidity. An algorithm and a program for calculating the stiffness of gearboxes,
gear rims, bearing supports, and engines were developed. The influence of the location of the base layers of the composite
material on the stress state of the stand under dynamic loading is considered. The problem is solved by the finite element method.
The convergence of the calculation results was checked by increasing the number of finite elements and comparing the results
obtained. To achieve maximum rigidity and strength of the stand, a method has been developed to arrange the base of the
composite material layers along the lines of maximum stresses. As a result of the calculations, the stress-strain state of the stand
materials was obtained. The criteria for the destruction of layered materials were used to assess the bearing capacity of a stand
made of composite material under dynamic loading. The conducted studies are applicable to a wide class of robotic structures

made of composite material under dynamic impact.
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1. Introduction

Robotic systems are becoming more widespread in
dentistry, logistics, assembly and sorting [1-5]. The use of
robotics has increased due to the development of computer
technologies: artificial intelligence and computer vision.
Therefore, it is important to develop a methodology for
calculating and analyzing such systems, which is the goal of
this work. For manufacturing dynamic systems, using
materials with high specific strength characteristics is
important. Since the inertial characteristics of robotic systems
affect positioning accuracy, which is one of the important
characteristics of robotic systems. One of these materials is a
composite, widely used in aviation, mechanical engineering,
etc. The composite material changes its characteristics
depending on the orientation of the layers for the layers of a
multilayer composite material. Therefore, it is important to
consider different combinations of layers and determine the
composite material of maximum strength. In this article, the
arrangement of layers of maximum strength is determined.
The stand under consideration has all the attributes of robotic
systems, bearings, gear rims, gearboxes, motors and moving
elements [6-10]. Identifying such elements in the finite
element method is a complex task that requires a large amount
of theoretical and experimental research in the design and
manufacturing process. To determine the stiffness of such

elements, an algorithm and a program for calculating the
stiffness of such elements were developed. In the finite
element approximation, bearings, gear rims, gearboxes, and
motors were replaced by a system of rod elements of identical
rigidity. Failure criteria are used to determine the load-bearing
capacity of laminated materials. In this study, the most
common failure criteria are applied: Tsai-Wu, Tsai-Hill, and
Hoffman criteria [11-14]. A significant number of works have
been devoted to the calculation of structural elements made of
composite materials under dynamic loading [15-21]. At the
same time, the calculation of the structure as a whole is not
enough. Therefore, developing methods for calculating and
analyzing robotic systems is an important and urgent problem.
Comparison with existing studies in the literature is difficult
due to the complex problems solved in this article: dynamics,
moving elements, and parts that support them (bearings, ring
gears, and gearboxes). In computer-aided design systems,
there is an interpretation of such elements, mainly in the form
of nodal points. However, at the same time, the element's scale
and the stiffness from the bearing plane are not taken into
account. There is no algorithm for calculating structures for
dynamic loads. Currently, there have been no studies of stands
made of composite material and the influence of the number
of layers of composite material and their orientation on the
stress-deflation state of the robotic system, stand for semi-
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natural modeling. This article presents methods for calculating
robotic systems: semi-natural modeling stands made of
composite materials under dynamic loading. An eight-layer
composite material is considered. A study of the orientation of
the base of an eight-layer composite material on the stress-
strain state of the stand under dynamic loading is being
conducted, which makes it possible to obtain a structure of
maximum rigidity and strength. Considering that the criteria
for the destruction of multilayer materials are based on the fact
that the destruction of one layer of a multilayer material leads
to the destruction of the material as a whole. The strength and
rigidity characteristics of the material affect the positioning
accuracy of the robotic structure, one of the main
characteristics affecting the performance of the robotic
structure. Strength characteristics are determined under
various destruction criteria of a multilayer composite material.
The methods developed in the article make it possible to study
the performance of robotic systems, which are becoming
increasingly widespread in many areas.

2. Materials and Methods
2.1. Relation Between Stresses-Strains

There are two approaches to solving the problems of
structures made of composite material. The first method is to
determine the reduced characteristics of the laminate. It is
necessary to obtain a material with orthotropic characteristics
and solve the problem of a homogeneous orthotropic material.
In this case, the characteristics of the material are determined
by equations.

The second approach is associated with solving the
problem, taking into account the characteristics of each layer
of the multilayer material, while the number of resolving
equations increases by the number of layers of the multilayer
material used. In this study, the second method is used since
the failure criteria take into account the stress-strain state of
each layer.

2.2. Method for Obtaining the Most Durable Structure

The composite material has properties that change its
characteristics depending on the base's location in the layers
of the multilayer composite material [22-24]. The composite
material whose base layer coincides with the direction of the
load has the greatest strength. However, this approach is valid
for uniaxial loading. In the case of a complex stress-strain
state, it is necessary to conduct studies to determine the
trajectories of maximum stress and arrange the base of the
layers of the composite material along these trajectories. In
this case, as a first approximation, it is necessary to obtain a
structure of maximum rigidity and strength. In the general
case, it is necessary to arrange the layers at an angle to the
maximum stresses to perceive shear stresses. The stresses act
perpendicular to the main stresses. The layer-by-layer stress-
strain state and use of the failure criteria are considered to
determine the structure of the composite material of maximum
strength and rigidity. In the present paper, such studies were
carried out, and the angles of the base of the composite
material were determined by layers, allowing the maximum
rigidity and strength of the structure to be achieved.

2.3. Method for Determining the Structure of a Composite
Material

Approximation of elements of robotic systems such as
bearings, gearboxes, gear rims, and motors is a complex task
requiring a large amount of theoretical and experimental
research. In the present study, an algorithm and a program for
calculating the stiffness characteristics of these elements have
been developed. In the finite element approximation, such
elements in the stand were replaced by a chain of rod systems
of identical rigidity. Such a replacement is justified since the
calculations carried out to determine the natural frequencies of
the benches corresponded to the experimental results. Below
is an algorithm for determining the rigidity characteristics of
gearboxes, bearings, and gear rims.

hi

h,
hy

.4

Fig. 1 Multilayer composite material
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2.4. Simulation and Approximation of the Stand

The stand has a three-stage structure (Figure 1). To
calculate the stand, it is necessary to simulate it. The bench
approximation by finite elements is carried out [25-29]. To
enhance the rigidity and strength of the stand design, the stand
was made in the form of a three-layer structure, consisting of
external bearing layers of 8-layer composite material and a
filler of lightweight material in the form of foam that perceives
shear stresses and prevents the bearing layers from
approaching. The technology for modeling the three-layer
structure of the stand was as follows. The simulation of the
stand was carried out, and the stand models were assigned the
aggregate characteristics. Design tools formed shells on the
outer surface of the model, which were assigned the
characteristics of an 8-layer composite material. Bearings,
gear rims and gearboxes were approximated by a rod system
of identical rigidity. The refinement of the finite element label
checked the validity of the calculation results.

2.5. Stiffness Calculation Algorithm

The algorithm for calculating the stiffness of the gearbox
is carried out according to the formulas of the theory of
machines and mechanisms. Some of the main parameters that
must be taken into account when operating a gearbox are
stiffness, gear ratio, and natural frequency. The stiffness of the
gearbox can be determined experimentally and theoretically.
If the experimental data are not subject to change, then the
program for determining the stiffness of the gearbox allows
determining the stiffness of an arbitrary gearbox.
Experimental data, in this case, serve to verify the reliability
of the algorithm and the program for calculating the gearbox.
In this study, an algorithm and a program for calculating the
gearbox in the Microsoft Excel environment were developed.
The program determines the necessary parameters of the
gearbox, including the rigidity of the gearbox as a whole.
Theoretically, the results obtained using the program were
tested by experimental data; the difference in the results was
10%, which is an acceptable value for devices whose rigidity
depends on many parameters. Also, with the program’s help,
the stiffness of bearings and gear rims were determined.
Figure 2 shows a kinematic diagram of the reducer.

15
Ji4

z8 z]

J3

12
J1

76 75

z1

2

]
r

O e e
©) @

Fig. 2 Kinematic diagram of the reducer
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2.6. Initial Parameters
Moments of inertia of gear shafts Jg,J4,)3,]2,]1 (kg %

. 1 -
m x s2), angular velocity vg (;), angular acceleration

g (Siz)and frequency f(Hz).

Gear ratios i54 = z8 =+ z7,i43 = z6 + 25,i32 = z4 +
z2,i21 = z2 +z1,i11 = z1 + z1.

Gear ratios related to the input shaft i51 = i54 x i43 x
i32 xi21 x i11,i41 = i51 + i54,i31 = i41 + i43,i21 =
i31 +1i32,i11 =i21 =+ il1l.

Total gear ratio i, = i54 X i43 X i32 x i21 x i11.

Gear ratio of the gearbox i.q =143 X i32 xi21 x il11l.

Moments of inertia about to input shaft J51 =]5 =+
i51%,]J41 = J4 + i41%,]31 = J3 +i31%,]21 = J2 +
i212,]J11 = J1 = i112.

Shaft accelerations ®, = ®sxi54, 3 = w,xi43, ®,
®3xi132, 0, = o, xi21.

Shaft torques M5, M5, M4 = J4xw, + M5/i54, M3
]3x3 + M4/i43, M2 = |2x0, + M3/i32, M1 = J1xo, +
M2/i21.

2.7. Shaft Load

Rocr = Mj +m X 7,Paq = Ryer X tan20°, where m is
the modulus, z is the number of teeth, and M; is the moment
on the shaft.

The reactions of the supports R; and R; are determined by
the formulas of resistance of materials, taking the moment of
inertia of the shaft section Jshaft=3.14xDeq*/64 Jshaee =
3.14 x Deq* =+ 64 in terms of Deqv equivalent to a constant
bending diameter.

At the points of application of forces and supports,
displacements and angles of rotation are determined by the
BEAM program.

2.8. Deformation of the Bearing from Fit on the Shaft and
into the Housing

g, = g0 — Ad; — AD,, where g, is the initial clearance
of the ball bearing, Ad, is the increase in the outer diameter of
the inner ring from the fit on the shaft, AD, is the decrease in
the inner diameter of the outer ring from the fit into the
housing determined from the graphs [9], depending on the
ratio of the stiffness of the mating parts:
e shaft (steel) S, = d, = d, bearing inner ring S,,,, =d +
d,, bearing outer ring Sy = d +d;, body (steel) S, =
D + D,, where d- is the bore of the hollow shaft, d is the
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inner diameter of the bearing inner ring and, d. is the outer
diameter of the bearing inner ring, D, Do, 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 d, + Hy, housings with outer ring
D, + Hg, H, = H,, — Hy, Hy,, is the average value of the
fit interference of the inner ring of the bearing, H, is the
amount of unevenness and H, = H,, — H,, also for the
outer ring of the bearing.

D: is the increase in the outer diameter of the inner ring,
and D; is the reduction of the inner ring's outer diameter.

2.9. Bearing Deformation under Load

8, = 84 + 6,,, Where &, is the deformation in contact of
the most loaded rolling element with the raceway in the
bearing, &, is the radial compliance in contact with 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:

e  With preload:
8r1 = B X 8rO;

e With radial clearance:
By =B X g —Z

2

The coefficient 3, which takes into account the amount of
interference or clearance in the bearing, is determined from
the graphs [8]. The value of &, for bearings of various types
can be determined from the equations [8]:

For single-row ball:

2
8r0 = 2.0x1073 x 3/0—0;
Dt

For angular contact tapered bearing:

80 = 6.0x107* x o” where Qp = —>=_ R is
r cos ax10-8’ ixzxcos a'

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, o = arcos(1 — *"Z—rxA), a is the contact angle, D is the
ball diameter, d,; = 0.5232 x D, is the groove diameter A =
Dr X (2Xdg XDy —1).

2.10. Radial Compliance in Contact of Bearing Rings with
Shaft and Housing Seating Surfaces

4xRxk 0.015mm?

d
Oz = dxB (1 +3),Wherek_ D, dand B are

the outer and inner diameters of the bearing and its width,
respectively.

2.11. Calculation of the Rotation of the Gear Wheel Caused
by the Elastic Deflection of the Shaft

Pdent = ﬁ X (Wcirc + Wrgq X thOo), where Weire
and w,.,, are the values of the shaft deflections in the middle
plane of the transmission, respectively, taking into account
deformations and movements in the bearings, Z is the number

of teeth in the gear, and m is its module.

2.12. Calculation of Error Due to Shaft Twist

ow=y. (Mxli/(GxJp), radian, where G are the shear
modulus, Jp=nx(D*-d*)/32 is the polar moment of inertia, li is
the length of twisted section, M is the moment on the shaft.

2.13. Calculation of the Error Caused by the Compliance of
the Ring Gear

Qrootn=M/(kxd?xb), radian, where d is the pitch diameter
of the gear rim, b is the working width of the gear rim, and
k=368kg/mm? is the experimental coefficient.

2.14. Calculation of Error Due to Keyed Connection

@shp=M/ksnpxdy?xIxhxz, radian, where dp is the shaft
diameter, | is the working length of the key, h is the height of
the key, z is the number of keys, ksnp=15kg/mm? for parallel
keys and ksnp=25kg/mm? for segmented keys.

2.15. Error Due to Pinning Deformation
oshi=ksnixM, radian, where ks is the coefficient of
proportionality, M is the moment on the shaft [9].

2.16. Total Gear Stiffness

(Paefi+dew+drooth+shp+dshe) ; -
A e e

-xi2
M]le

T X rad, where i is the gear ratio related to the input shaft.

2.17. Natural Frequency of the Design
2
f= % X /%,Hz, where i iS the total gear ratio, C
5

is the rigidity, and Js is the reduced moment of inertia.As a
result, it is necessary to obtain the rigidity of gearboxes,
bearings and gear rims. Next, approximate the bearings, gear
rims and gearboxes by systems of rod systems of identical
stiffness in the model. Characteristics of materials of carbon
fiber, filler SAN Foam and magnesium alloy [17-19] are given
in Tables 1-3. Table 4 shows the effect of the orientation of
the layers of the 8-layer composite carrier layer. As seen from
the Table 4, the most favorable location of the orientation of
the layers in terms of strength corresponds to the last line of
Table 4.

Table 1. Physical and mechanical characteristics of carbon fiber

Modulus of Poisson’s Shear Tensile Ultimate compressive Shear Density,
elasticity, MPa ratio modulus, MPa | strength, MPa strength, MPa strength, MPa kg/m3
Es=1.233x10° vs9=0.27 Gs=0.5x10* os =1632 os=704 =80
E¢=0.778x10° ve,=0.42 G 0,=3.1x10° co=34 =68 T6,=55 1518
E,=0.778x10° vs=0.27 Gs;=0.5x10* 6,=34 c,=68 15:=80
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Table 2. Physical and mechanical characteristics of SAN Foam

Modulus of Poisson's Shear modulus, | Tensile strength, | Shear sz, Shear 0z, Density,
elasticity, MPa ratio MPa MPa MPa MPa kg/m?®
60 0.3 23 1.1 0.8 0.8 81
Table 3. Physical and mechanical characteristics of magnesium alloy
Modulus of elasticity Poisson's Density, Tensile strength, Tensile strength,
(shear), MPa ratio kg/m?® compression, MPa compression, MPa
4.5x10%(1.6x10% 0.35 1740 250 190
Table 4. Influence of the orientation of composite material layers on the stress state
Orientation of layers, deg 1 layer 2 3 4 5 6 7 8
0/0/0/90/90/90/0/0 60.04 50.09 40.33 117.8 106.78 96.91 20.24 20.50
0/0/90/90/90/0/0/0 68.54 57.77 116.63 106.51 97.54 22.22 20.84 19.45
45/0/-45/0/0/-45/0/45 108.19 57.21 96.89 45.40 41.07 59.90 32.91 79.40
45/-45/90/45/0/-45/-45/45 69.05 82.86 130.45 43.73 87.99 38.98 51.75 65.67
0/0/0/45/-45/0/0/0 57.91 47.37 37.15 100.48 99.54 31.64 34.43 7741
45/-45/3/45/-45/-3/-45/45 86.97 98.38 82.98 58.91 50.78 69.40 55.96 68.62
45/-45/5/45/-45/-5/-45/45 86.89 98.54 82.24 58.64 50.79 68.96 55.56 68.79
45/-45/10/-45/45/10/-45/45 86.27 98.82 79.39 57.58 50.45 67.17 54.73 68.02
0/15/30/-45/90/45/-30/0 64.02 43.07 51.63 78.34 155.90 73.85 45.62 42.58
45/-45/10/-45/45/-10/-45/45 91.25 90.84 78.75 58.49 40.98 66.02 58.00 64.30

Fig. 3 Finite element approximation of the stand model and the stand with elements for approximating the bearings and the gear rim with a system of
rod elements of identical rigidity
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Fig. 5 Stresses in the third and the fourth layers of the composite material
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Fig. 6 Stresses in the fifth and the sixth layers of the composite material

-3,9857 Min

Fig. 7 Stresses in the seventh and the eighth layers of the composite material
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B: Static Structural

Safety Factor

Type: Safety Factor (Unaveraged)
Time: 1
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Fig. 8 Maximum stresses in a five-layer package: e - deformation, 2 - direction, t - tension, the number in brackets is the number of the layer, tw is the
destruction of the layered structure according to the failure criterion of tw (Tsai-Wu) and ho (Hoffman)

3. Results and Discussion

The considered dynamic bench of semi-natural
simulation is the three-stage slewing mechanism, consisting of
a base, a course fork connected to it, and a 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. When tested,
the product moves through 3 degrees of freedom, simulating
flight parameters in laboratory conditions. The use of dynamic
stands makes it possible to reduce flight tests and thereby
significantly reduce the cost of product testing. Figure 3 shows
a general view of the stand approximated by finite elements
and the stand with elements for approximating the bearings
and the gear rim, a system of rod elements of identical rigidity.
The rigidity of gearboxes and motors was considered in the
rod system's rigidity. Figures 4-7 shows the stresses in the
stand at an angular velocity of 500 deg/s, calculated at an
angular velocity around the verti- o-axis of the channel, of
course, and shows the stresses of a composite package of 8
unidirectional layers with a given orientation: 45/-45/10/-
45/45/-10/-45/45 degrees layer by layer. Figure 8 shows the
maximum stresses in a five-layer package: e - deformation, 2
- direction, t - tension; the number in brackets is the number
of the layer, and tw and ho are the destructions of the layered
structure according to the criterion of destruction of Tsai-Wu,
Tsai-Hill and Hoffman criterion.
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4. Conclusion

As a result of the work carried out, a three-layer dynamic
stand was modeled. A three-layer structure was obtained by
modeling the stand and assigning him the characteristics of the
material (Table 2). Further, by modeling methods, external
surfaces were created on the created model, assigned the
characteristics of 8-layer composite material (Table 1). The
location of the orientation of the layers of 8-layer composite
material was obtained from the study. An algorithm and a
program for calculating the rigidity of such structures as
bearings, gear rims, and gearboxes have been developed to
simulate the elements that provide movement of the bench
channels. In the bench model, such elements were
approximated by bar structures of identical rigidity. The
legitimacy of such a replacement is confirmed by the
comparisons made with the experimental data for calculating
the natural frequencies of the stand. Calculations were carried
out using the finite element method. The convergence of the
obtained results was checked by condensing the finite element
mesh and comparing the obtained results. To obtain a stand of
maximum rigidity and strength, the base of the layers of the
composite material was located relative to the trajectories of
maximum stresses. These trajectories are obtained from
solving the problem of the stress-strain state of the stand
loaded with an angular operational velocity of 500 rad/s from
a homogeneous material. In the future, the direction of the
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trajectories of maximum stresses was corrected in the study of ~ a system of rod structures of identical rigidity, taking into
a stand made of composite material. Calculations were made  account rigidity not only in the plane of the bearing but also
of the influence of the orientation of the layers of 8-layer ~ from the plane, more adequately taking into account the real
composite material on the stress state. The calculation results rigidity of the structure. A method for calculating a robotic
are summarized in Table 4. The reliability of the obtained system made of a composite material, the characteristics of
results is confirmed by the use of programs tested on many  which depend on the location of the base layers in a multilayer
examples, and the convergence of calculation results verified composite material, is proposed.The calculation methods are
by refinement of the finite element mesh. Unfortunately, there developed and applied to a wide class of robotic systems with
are no methods in the literature for calculating the stress-strain bearings, gear rims and gearboxes.
state of robotic systems containing bearings, gears, gearboxes
and motors in the structure, which are inadequately  Funding Statement
implemented in design schemes. There are only calculations Funding: This work was carried out with the financial
of individual elements and parts made of composite materials.  sypport of the Russian Science Foundation under the scientific
project No. 22-29-20299 (recipient Khayrnasov K.Z.,

This study proposes a method for calculating robotic  https://rscf.ru/project/22-29-20299/).
systems by replacing elements that carry out movements with
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