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ABSTRACT

The methods of modeling, calculation and analysis of a robotic system are considered: a semi-natural
simulation stand designed to imitate flight characteristics in ground conditions. The originality of this study
is in the uniqueness of the design of the stands and the modeling of the stand from a composite material. A
method has been developed for approximating bearings, gearboxes and gear rims by rod systems identical
to them in terms of rigidity. A method for creating a stand of maximum rigidity by locating the base of
composite material along the lines of maximum stresses has been developed. A study of composite of
materials and magnesium alloy, traditionally used in the manufacture of stands for dynamic operational
loads, was made. A method for creating a three-layer stand structure that provides maximum strength and
rigidity has been developed. The problem by the finite element method is solved. The convergence of the
results of the study was determined by thickening the mesh of finite elements and comparing the results
obtained. The stress-strain state of stands made of composite material and magnesium alloy has been
obtained. Comparison of the results shows that the stand made of composite material has advantages over
the stand made of magnesium alloy. A layer-by-layer stress state of a five-layer composite material has
been obtained. The results of the failure of the composite were determined based on the proven criteria for
the failure of layered materials. The considered research methods are applicable to a wide class of robotic
systems under dynamic influences, containing bearings, gear rims, gearboxes and motors. The study
revealed the structure of the arrangement of the base layers of the composite material, in which the
construction has the greatest strength and rigidity. The production of dynamic stands from a composite
material exceeds the strength characteristics of the magnesium alloy traditionally used in the manufacture
of stands.

Keywords: Robotic Systems; Stands, Composite Materials; Calculation; Analysis; Finite Element Method,

Dynamic Effects
1. INTRODUCTION In existing calculation programs, there are models
for identifying such systems. At the same time, they

Robotic systems used in various fields of science
and technology are complex systems that require a
large amount of theoretical and experimental
research for development and manufacture [1-5].
Therefore, the development of methodologies for
modeling and analyzing such systems is an
important and urgent problem. Robotic systems, in
addition to standard parts, contain systems that are
difficult to model in numerical simulation systems,
for example, in the finite element method. Their
real approximation leads to models with an
unreasonably large number of equations that do not
meet the identification requirements. Such systems
include bearings, gear rims and gearboxes [6-10].

do not fully satisfy the real parameters of these
systems. This study proposes a method for
identifying bearing supports, gearboxes and gear
rims by rod systems corresponding to them in terms
of rigidity. One of the main factors for the efficient
operation of robotic systems is the low inertial
characteristics of the elements of robotic systems,
which can be achieved using materials of high
specific  strength.  Such  materials  include
homogeneous ones: magnesium or composite
material that changes its stiffness characteristics
depending on the location of the base layers in a
multilayer composite material.
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We consider a three-stage simulation stand
(Figure 1), consisting of a base connected to the
forward fork by means of a gear rim, a pitch
channel located in the forward fork on bearings and
a roll channel located in the pitch channel by means
of a gear connection. The stand is designed to
imitate the flight of the test product in ground
conditions. Multistage dynamic stands have all the
attributes of robotic systems: degrees of freedom,
bearings, gear rims, gearboxes and control centers.
If the approximation of the bench elements by finite
elements is not particularly difficult, then the
approximation of such elements as bearing
supports, gearboxes and gear rims is a difficult task
that requires the creation of a program for
calculating the stiffness of these elements and
identifying them in the model [11-13]. In this study,
the method developed by the author is used,
consisting in the replacement of bearings,
gearboxes and gear rims with a system of rod
elements identical in rigidity to the replaced
elements of the stand structure. The cited and
available literature sources discuss studies of
individual structural elements: three-layer plates,
bearings, characteristics of a multilayer composite
material, etc. There are practically no studies of the
product as a whole with the interaction and
influence of the component parts of the product.
This work studies the effect of fiber orientation of a
carbon fiber composite material on the mechanical
properties. The structure of fiber orientation of a
carbon fiber composite material has been identified,
in which the layers have the lowest stresses and,
therefore, the greatest strength and rigidity, which
affect the positioning accuracy of dynamic
structures, one of the main characteristics of the
efficiency of robotic systems. The destruction
criteria are considered. According to these criteria,
the destruction of an individual layer leads to the
destruction of the multilayer material as a whole.

The layers with the highest stresses, stress
characteristics and their direction have been
identified.

The strengths of the manuscript include the
developed methods and programs for the
comprehensive study of dynamic stands made of
composite material. The weaknesses of the
manuscript are the insufficient number of available
experimental results.

Figure 1. Three-stage stand for semi-natural imitation of
a frame structure

2. MATERIALS AND METHODS

We imitate a three-degree bench of simulation
and approximate it with finite elements. To model
the stand, we use the simulation module and use
rods, strips and shells, including three-layer ones
with external carrier layers and filler located
between them, preventing the outer carrier layers
from approaching and absorbing shear stresses of
the three-layer structure. The stand contains shells
of complex curvature, three-dimensional elements
at the base of the stand [13-15]. When modeling the
stand, it should be taken into account that a
multilayer composite material is used [16-18], the
characteristics of which depend on the location of
the weft and the composite warp in the multilayer
structure. In addition, it is necessary to arrange the
basis of the composite material along the
trajectories of maximum stresses in order to obtain
the structure of maximum rigidity; therefore, these
trajectories must be determined from the solution of
a stand made of a homogeneous material, that is, to
imitate a stand from a homogeneous material, apply
operational loads. Having obtained the trajectories
of the location of maximum stresses, we place the
composite material along the lines of maximum
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stresses. Next, we determine the trajectories of
maximum stresses for a stand made of composite
material and correct the location of the base layers
of the multilayer composite material. These
iterations are carried out until the location of the
base of the composite material coincides with the
trajectories of the maximum stresses of the stand
under the action of operational loads.

The convergence of the results of the bench
approximation under the action of operational loads
is carried out by thickening the mesh of finite
elements and if the results of the displacements of
the nodal points of the previous approximation do
not differ from the finer division of the structure by
no more than 3%, we can assume that the results
converge and the approximation of the previous
division is sufficient to obtain accurate results. The
Figure 2 shows a model of a three-stage dynamic
bench, shown in Figure 1, approximated by finite
elements and a section of this model.

(@ (b)
Figure 2. (a) Model of a three-stage stand for semi-
natural imitation of a frame structure; (b) Finite element
approximation of model

A composite material is used as a material for the
manufacture of the stand. To use it, it is necessary
to determine its characteristics, which depend on
the arrangement of warp and weft layers in a
multilayer composite structure.

2.1 Equation

To solve the problem, we use the Lagrange
equations. These equations make it possible to
obtain the stress-strain state of robotic systems
under dynamic influences. To do this, it is
necessary to determine the kinetic and potential
energy of the system under consideration and the
work of external forces:

3 or _ au
aT@"‘@‘Q’ (1)

where T is the kinetic energy of deformation, U is
the potential energy of deformation, ¢ is the vector
of generalized displacements, the index k is the
number of degrees of freedom, ¢ is time, the dot
above the letter means differentiation with respect
to time.

2.2 Relation Between Stresses-Strains

In the present study, the stand material is a
composite material. There are two approaches to
identify the relation 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
relation between stresses and strains for each layer
of a multilayer composite material and 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.

We consider a method for obtaining the above
characteristics of a multilayer composite material
with different angles of the base of the layers. In a
plane stressed state of an anisotropic material, the
relation between stresses and strains, if the
coordinate axes coincide with the anisotropy axes,
can be written as:

{0} = [E){e}, 2

where

{G}T = {O-S' 09, 059}5

Q11 Q12 0
[E] = {021 sz 0 }, (3)
0 0 Qe

{E}T = {85, €9, 859}5
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Qi1 = 1- vsgvgs” Q2 = 1-vegvgs’ {M} = [E] {Xo}s
— _YosEs —__Fe —
Q1 = P— Q22 1= vepvps’ Q6 = G- [E] = [[A] [B] ’
“lia1 1l
when the composite material layer is rotated Air A Age
through an angle 6, the stress-strain matrix will [A] = [A21 A2z Agel,
have the following form: [Ag1  Asz  Ase
[Bi11 Bz Big] )
611 612 616 (51 = gZI gzz g% ’
F1=10 2] A Lbg1  De2  Des
[E] = 921 922 926 > “) Dy Dy, Dig
Q61 oz Ues [D] =|D21 Dy Dy,
| D D D
where the following is denoted: ot n2 oz oo
{4, By, Dy} = [, @ (1, 2,2%) dz,
Q11 = c*Q11 — 5*Qqz + 2(Q12 + 2Q¢6)s%c?, Lj=123.

Q12 = (Q11 + Q22 — 4Q46)s?c* +

(_52+C2)Q22,
Q16 = (c?Q11 — 5%Q12 + Q12 +
2_Q66)(52_C2))Sca (%)

Q22 = 5*Qu1 — c* Qa2 + 2(Qq2 + 2Qg6)s7C?,
Q26 = (52Q11 — *Q12 — (Q12 +
2Qg6)(s*—c?))sc,

Qo = (Q11 — 2Q12 + Q22)s%c* +
(s2=c*)Qes.

The deformation of a layer located at a distance z
from the middle surface can be written as:

{e} = {e°} + z{x°}, (6)

where {¢°} are membrane deformations of the

median surface, {x°} are deformations of curvature
of the median surface.

Substituting the resulting expression into
equation Error! Reference source not found., we
write:

{o} = [Q1e} + z[Ql{x°}. (D)

We express the normal forces N and the bending
moments M in terms of stresses and strains:

N} = [1)° {o}dz, (N} = (N, No, Nyp), .
M} = [} {oYzdz (MY = (Mg, Mg, Myp).

As a result, by integrating equation Error!
Reference source not found., we obtain the
following dependencies:

In the case of constant parameters of layers of
composite materials, from expression Error!
Reference source not found. we obtain:

Ajj = ;,cl=1_éij(hk —hg_1),0,j =1,2,6,
Bi; = Yioy Qij(R% — h%_1),i,j = 1,2,6,
- (10)
Dy = Z QiR = h*-1), i) = 1,26,
k=1

where A;, By, D; are membrane, flexural-

membrane and flexural stiffnesses.

Figure 3 shows the notation used in equations
Error! Reference source not found..

\

Z

Figure 3. Structure and notation for multilayer composite
material

2.3 Three-Layer Shell

We consider a three-layer shell used in the
construction of robotic systems to increase rigidity
and reduce weight characteristics [19]. The use of
three-layer shells in robotic systems makes it
possible to reduce the inertial characteristics of
structural elements and thereby increase the
positioning accuracy and efficiency of dynamic
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systems. Modeling of three-layer shells consists of
external load-bearing layers and a filler layer
between the load-bearing layers, mainly preventing
shear stresses and the approach of the load-bearing
layers. The parameters of the given characteristics
of the carrier layers consisting of a multilayer
composite material are calculated according to the
method given above. To take into account shear
deformations in the filler, the stiffness matrix is
supplemented with shear stiffness parameters.

7=l

where Q,, = Gy3, Q. = G3, are shear modules.

When solving the problem of a three-layer shell
structure, the displacements of the carrier layers are
calculated on the basis of which the displacements
and angles of rotation of the filler normal are
determined. In this case, the dependence of the
filler displacements can be linear, quadratic or
cubic. In the present study, this dependence is
determined by the broken line law. Denoting the
total thickness of the three-layer package through t,
the thicknesses of the outer bearing layers

throught; and t,, and the thickness of the filler ¢5,
we write the displacement dependences and the
angles of rotation of the normal of the neutral axis
of the filler in the following form:

_ V117, _ 2 _
BZ=E—"0 P33 =~ -1 =1
= t2€23
Uy =0+

2 (12)

For the filler layer located at a distance z from
the neutral axis of the three-layer package, these
dependences have the following form:

tiess

1
v,(2) = v, +2¢3 =E(v1—T+v2+

t2€23) z tie13 tz2e23
e R —p, — 22
2 ta \ 1 2 3 2 )

_ _1 tiegs
U3(Z)—u1 +Z§03—5(u1_ 2 +
t2€23) +£(u _hes t2€23)

2 tz U1 2 2 2 )
zZ
ws(z) = w; + E(Wz —wy).

(13)

u, +

The designations adopted for the three-layer shell
are shown in the Error! Reference source not
found..

E-ISSN: 1817-3195
[0
Y iy -/—(3)> X
s *Z ././ L2)

e

Figure 4. Three-layer shell

2.4 Method for Determining the Structure of a
Composite Material

The multilayer composite material changes its
characteristics depending on the location of the
warp and weft 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.

The multilayer composite material changes its
characteristics depending on the location of the

e ——
8084



Journal of Theoretical and Applied Information Technology [ /}

31 December 2023. Vol.101. No 24 E - TiT.

© 2023 Little Lion Scientific

ISSN: 1992-8645

wWww.jatit.org

E-ISSN: 1817-3195

warp and weft 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.

2.5 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

agreement.

showed the good

2.6 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 obtained results were compared with the results
obtained by splitting into /.5n finite elements. If the
results differed by no more than 3%, splitting into »
finite elements was considered sufficient to obtain
acceptable results.

Table 1. Physical and mechanical characteristics of
carbon fiber

Modulus of elasticity, MPa
Poisson's ratio
Shear modulus, MPa
Tensile strength, MPa
Ultimate compressive strength, MPa
Bending strength, MPa
Density, kg/m?

0.85x10° | 0.27] 0.82x10* [ 395 | 240 | 470 | 1518

3. RESULTS

To solve the problem: a robotic system made of
composite materials under the action of dynamic
loads [19-25], it is necessary to determine the
trajectories of maximum stresses. To do this, we
consider an identical design consisting of a
homogeneous material: magnesium. Having
determined and positioned the basis of the layers of
the multilayer composite material along the lines of
maximum stresses according to the method
described in Section 2, we will study the bench
from the composite material based on the
equations:
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M1{G} + [Kl{q} = {Q} — [Ny], (14)  |0°/15°/90°/-15°/0°| 57.2 | 39.3 | 135.9| 26.0 | 21.6
0°/0°/90°/90°/0° | 55.5 | 38.8 | 103.8 | 85.44 | 23.08

where [M] is the mass matrix; {q} are generalized
accelerations, the dot above the letter means time

differentiation; [K] is the stiffness matrix; {q} are
generalizes displacements; {Q} is the vector of

external forces; [N,;] are nonlinear terms of the
strain-displacement dependence calculated from the
results of previous loading steps.

The solution of a geometrically nonlinear
problem consists of the following steps. At the first
loading step, the nonlinear term of equation Error!
Reference source not found. is not taken into
account. At the second loading step, the nonlinear
term is calculated from the generalized
displacements calculated at the first loading step.
For the third and subsequent loading steps,
nonlinear terms are calculated from the results of
generalized displacements obtained at previous
loading steps by quadratic or cubic interpolation to
improve the convergence of the results. When
solving problems of dynamic action, it is necessary
to set an insignificant initial displacement. This
displacement for the nodal points of the finite
element approximation of the stand can be
obtained, for example, from the solution of the
problem of static loading of the stand, multiplied by

1078 When solving problems of dynamic loading
of structures, for the convergence of results, it is
necessary to compare the results obtained at
adjacent loading steps, and if these results differ by
more than 3%, it is necessary to halve the loading
step.

The Table 2 shows the maximum stresses in the
layers of a five-layer composite material depending
on the orientation of the layers. One 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 the Table 2.

Table 2. Influence of the orientation of the layers in a
five-layer composite material on the maximum values of
the stresses of the layers

Ist 2st 3st 4st Sst
Layer orientation | layer, | layer, | layer, | layer, | layer,
MPa | MPa | MPa | MPa | MPa
0°/45°/0°/-45°/0° | 60.2 | 96.23 | 31.36 | 71.2 | 26.7
0°/45°/90°/-45°/0°| 63.9 | 64.60 | 132.3 | 54.3 | 29.4
0°/75°/0°/-75°/0° | 60.4 | 117.2 | 57.23 | 92.5 | 21.8

As we can see from the Table 2, the five-layer
composite material in the stand under dynamic
loading is the most durable, consisting of the
orientation of the layers 0°45°0°/-45°/0° and
0°/0°/90°/90°/0° and the weakest when the layers are
oriented 0°/15°/90°/-15°/0°, 0°/45°/90°/-45°/0°. Zero
orientation corresponds to the direction of the
trajectory of maximum stresses.

3.1 Rejection criteria

When studying the stress-strain state of a
structure, especially when determining its load-
bearing capacity, safety margins are determined:
the ratio of the permissible stress to the effective
stress or the ratio of the effective stress to its
permissible value. The last relation is used in
strength criteria in relation to multilayer materials
with different load-bearing capacities of the layers.
There are several proven strength criteria, named
after their authors: Tsai-Wu, Tsai-Hill, Hoffman,
Hashin, Park and criteria used at NASA: LaRC and
Koons. The criteria have their advantages and
disadvantages and are applied to various types of
multilayer material compositions. Based on them, a
multilayer composite material is calculated. We
consider in more detail the criteria used in this
study: Tsai-Wu, Tsai-Hill and Hoffman criteria for
maximum stresses and strains [16-19]. The
maximum stress and strain criterion is based on the
excess of one of the ratios of effective stress to
permissible stress or effective deformation to
permissible deformation of the material:

O | | Oy | 92| | B | || | vz
max{ [OX ’ [o‘y ! [OZ] ’ |[TXY] ’ [TXZ] ' |[Tyz]
=1 (15)
maX{ & | | & | E | | Yay | | Vaz | | Vy2
[EX] ’ [Ey] ' [Ez] ' [txy] ‘ [tXZ] ‘ [tyz]
<1.

Here oy, 0y, 0, are normal stresses; &, &y, €, are
normal deformations; Ty, Ty, T,, are tangential
stresses in the corresponding plane; iy, Vyz, ¥y, are
shear deformations in the corresponding planes,
expressions in square brackets mean the
permissible  values of the corresponding
deformations and stresses. Tsai-Wu, Tsai-Hill, and
Hoffman tests are quadratic tests and are calculated
based on a second-order polynomial depending on
the type of coefficients Aij and Ai.
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F = Allo—f + Azza}% + A33UZZ + A44T§y + 0 ; A12 = ﬁ ,
AssTi, + AgeTh, + 24A4,0,0, + (16) x

24,040, +24,,0,0, + A0, + Ay0, +
Azo, < 1.

When the value of this polynomial is less than or
equal to one, it is assumed that failure of the
multilayer material does not occur. For a plane
stress state in this polynomial, it is necessary to
assume that 6z = 0.

3.2 Tsai-Wu criterion

The coefficients in this criterion are calculated
from the relations:

A = Ayy =7 ; Agg =

1 [oxtlloxc] ! 22 [‘Tyt][a'yc] ! 66

T SR B S SR )
szz] ! 1= [oxt] [oxc] ! - [O'yt] [O'yc] !

where the index t means tension, and c¢ is
compression.

Here o, = g, = P, and other expressions are equal
to zero.

1 1 1 1
Axy—m[l— (@‘@*@‘

ﬁ) - ([oxtll[axc] + [aytll[oyc]ﬂ'

3.3 Hoffman criterion

(18)

For this criterion, the coefficient Aij is
determined from the relation:

A= —— (19)

- [oxtlloxc] !

and the Hoffman destruction criterion takes the
form:

o% o __oxoy (20)
[Uxt][o'xcl_x [Gyt][cycLy [oxtlloxc]
foydloyel © Toydloyd =
3.4 Tsai-Hill criterion
Coefficients are calculated from the ratios:
A11=ﬁ; A22=ﬁ; Ar=0; A, = (21)

and the failure criterion has the form:

2 2
o2 o% 4y

(02 " [oy® | [eyl® 2low® T

Ox Oy

(22)

The criteria used in this study are the most
general and widely used in studying the load-
bearing capacity of multilayer composite structures.
The disadvantages of Tsai-Hill criterion are that it
does not take into account the different values of
the tensile and compressive strength of the material.
All failure criteria presented assume that if a layer
fails according to the corresponding criterion, then
the entire multilayer material fails. The considered
destruction criteria are used in various calculation
programs.

The Error! Reference source not found. shows
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Figure 5. (a) stress mosaic; (b) strain mosaic at an
angular velocity of the heading channel of 600 deg/s

The Figures 6-8 show the stresses in the layers of
a five-layer three-axial composite material located
in the directions 0/45/0/-45/0 degrees. The
directions are counted from the axis located along
the lines of maximum stresses obtained when
calculating the bench from a homogeneous
material.

Figure 6. Stresses in 1 and 2 layers of composite material
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Figure 8. Stresses in layer of composite material

Figure 9 shows the stresses in the most loaded
areas layer by layer. The following theories of
destruction of multilayer composite materials were
considered in the calculations: Tsai-Wu (tw), Tsai-

Hill (th) and Hoffman (ho) [26-30]. In parentheses,
the designation of theories of destruction in the
Figure 9 is indicated. In the Figure 9, the following
designations are accepted: e - stress, 2 - direction, t
- tension, in parentheses there is the number of the
layer of a five-layer three-axial composite material.
The layer numbering starts from the shell surface
along the normal, i.e., the higher the layer number,
the further it is from the surface. The notation tw(4)
means that failure can occur in the fourth layer
according to Tsai-Wu failure theory.

Figure 9. Maximum stresses and theories of destruction
of layers of five-layer triaxial composite material, with
the arrangement of layers at angles to the trajectories of

maximum stresses 0/45/0/-45/0 degrees

As a result of the study, the stress-strain state of a
three-degree stand for semi-natural modeling of a
frame structure made of a composite material and a
magnesium alloy was obtained under dynamic
impact. The operational load of the angular velocity
was used as a dynamic effect. The Figure 5 show a
mosaic of the stress-strain state and the strain of the
elements of a carbon fiber stand at an angular

R
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velocity of the course channel of 650 deg/s. Similar
results were obtained for a stand made of
magnesium material. Comparison of movements of
stands made of magnesium and composite materials
showed that the maximum stress of a stand made of
magnesium is 10% more than for a stand made of
composite. The mass of the stand made of
composite is 12% less than the mass of the stand
made of magnesium. Considering that the allowable
stresses of unidirectional carbon fiber are 1.3-1.5
times higher than the allowable stresses of
magnesium alloy, we can say that the use of
composite materials for HIL simulation stands is a
promising direction, so research in this area is
important and relevant. The difference from the
previous work is that the work carried out research
on the orientation of the base layers of a five-layer
composite material for load-bearing capacity. The
structure of the arrangement of the base layers of
carbon fiber composite material has been identified,
in which the structure has the lowest stresses and,
therefore, the greatest strength and rigidity, which
affect the positioning accuracy of dynamic
structures, one of the main characteristics of the
efficiency of robotic systems. The criteria for
destruction of multilayer materials are considered.
According to the destruction criteria, the
destruction of an individual layer leads to the
destruction of the multilayer material as a whole,
therefore it is important to identify the structure of
the multilayer composite material in which the
stresses of the layers have the minimum
characteristics among the structures considered.
The orientation of the layers is measured from the
trajectories of the maximum stresses obtained when
solving the problem of a magnesium alloy.

4. CONCLUSIONS

The conducted studies have shown that the
manufacture of robotic systems from composite
materials with high specific strength characteristics,
in comparison with homogeneous materials, allows
reducing the inertial characteristics of the elements
of the moving parts of robotic systems, which helps
to increase their dynamism, and this is one of the
main operational characteristics of such structures.
The paper presents a method for determining the
reduced characteristics of a multilayer composite
material. A technique has been developed for
obtaining the maximum rigidity and strength of a
structure from a composite material. The method is
based on the location of the base layers of a
multilayer composite material in a structure along
the trajectories of maximum stresses. The

developed method for approximating the elements
of robotic systems, such as gear rims, bearings and
gearboxes by a system of rod systems, made it
possible to calculate the stress-strain state of a
semi-natural simulation bench made of magnesium
and a composite material under the action of an
inertial operational dynamic load. The analysis of
the obtained results showed that the maximum
stress of the stand made of magnesium is 12%
higher than the maximum stresses of the stand
made of composite material. The presented
methods are applicable to a wide class of robotic
systems that include bearings, gear rims and
gearboxes. As a result of the work carried out,
methods for modeling, calculation and analysis of
robotic systems made of composite material under
operational loads were developed, and a study was
carried out on the stress-strain state of robotic
systems: multi-degree dynamic benches of semi-
natural modeling under operational loads. Methods
have been developed for determining the load-
bearing capacity of the stand, taking into account
all the elements that operate the stand. Currently,
multi-degree  dynamic stands are made of
magnesium alloys, and composite materials with
higher specific strength characteristics are not used.
Therefore, research in this area is important and
relevant. Directions for future research include the
development of methods for the kinematic behavior
of robotic systems, calculation and analysis of
natural frequencies of oscillations.
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