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A REVIEW ON THE TOPOLOGY OPTIMIZATION
OF THE FIBER-REINFORCED COMPOSITE STRUCTURES

According to the requirements of the aerospace industry for high strength, high stiffness, and lightweight
structural parts, topology optimization has been proved to be an effective product design method. As one of the
most conceptual and prospective structural optimization design methods, topology optimization intends to seek
the optimal layout of materials in an allowed design region under a given load and boundary conditions. Thus,
the object of study in the article is the method of topological optimization of aircraft structures. The goal of this
article is to analyze the existing approaches, algorithms, as well as application of the method of topological
optimization in the aerospace field in applied problems. The tasks are to describe the existing various
approaches methods, features, and research directions of topological optimization as well as to study the
possibility of application in the manufacturing process of composite structures. The following results were
obtained. The optimization methods are briefly explained and compared, and the advantages and limitations of
each approach are discussed. The various ways of simultaneous optimization of fiber orientation and structural
topology were described and analyzed. The features of different methods of continuous fiber orientation
optimization method were reviewed. The discrete fiber orientation optimization methods were represented. The
possibility of multi-scale concurrent topological optimization was described. The combination of topology
optimization and additive manufacturing was considered. Finally, the topology optimization of FRC structures
which have been resolved in literature are reviewed and the potential research fields requiring more
investigation are pointed out. Conclusions. In the article, a comprehensive review of the topology optimization
design of FRC structures was presented. The promising way is to combine topology optimization with additive
manufacturing techniques. However, these proposed methods may not suitable for other more complex problems,
such as bucking stability and natural frequency. Hence, the topology optimization design of complex FRC
components under complicated conditions is the main challenge in the future. This can be a new trend in the
topology design of FRC structures.

Keywords: fiber-reinforced composite structure;
multi-scale optimization,; topology optimization.

additive manufacturing, simultaneous optimization,

Introduction as an effective tool for lightweight and performance

design, and it has been attempted to be used in the

In recent years, fiber-reinforced composite (FRC)
structures have been widely used in the automotive
industry and aerospace engineering due to their high
stiffness-to-weight ratio. For example, more than 50 %
of the weight of the Airbus A350 XWB is made of
composite materials. With the rapid development of
additive manufacturing technique, continuous and
spatially varying fiber paths are allowed to be used to
fabricate FRC structures, which brings considerable
design space and freedom for innovative design

methods. Nowadays, topology optimization is admitted

design of FRC structures to fully utilize the advantages

of composite materials and new manufacturing
technologies in recent years.

To date, a lot of studies focused on ply thickness,
fiber orientations, and stacking sequence optimization
of constant and variable stiffness composite laminates.
It has shown that the various structural performances,
e.g., structural stiffness, ply strength, local failure load,
bucking stability and natural frequency, can be
the fiber

optimization. The dedicated review work can be found

significantly improved by orientation
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in [1-4]. However, there is almost no dedicated review
work on topology optimization of FRC structures, thus
is also the motivation of this paper. Topology
optimization is to seek the optimal layout of materials in
an allowed design region under a given load and
boundary conditions. The optimal configuration is the
result of iterative processes, which includes the gradual
removal of materials in areas with redundant materials
and the addition of materials in the areas of structure
topology
isotropic materials has

where needed. In the past decades,

optimization using made
remarkable progress in both theoretical research and
practical application [5, 6]. Nevertheless, topology
optimization of FRC structures is only studied in model
and theory.

If the change of fiber orientation is ignored, the
topology design of FRC structures can be simplified and
the distribution of materials can be found by a classical
topological method. Since the advantages of FRC can’t
be fully exploited without considering the material
orientation, there are only a few examples in which
using only pseudo-density as design variables.
Stegmann and Lund [7] studied the topology design of
stiffness problem for linear and geometrically nonlinear
layered shell structures. Tong et al. [8, 9] proposed a
design approach of compliant mechanism with
laminated plates based on topology optimization. Dai et

al. [10] presented a solution for the optimization of

composite laminated plates with design-dependent loads.

Hu and Vambol [11] designed the composite wing rib
based on the topology optimization method, and the
results show that the deformation of the optimized
structure can be decreased by more than 20% compared
with that of the non-optimized structure under the same
material removal rate. The above results showed that the
fiber affects the

performances and topological shape.

orientation  greatly structural

In order to make full use of the anisotropic
property of FRC, the material layout and fiber angle
should be

optimization of FRC. The difficulties and challenges for

simultaneously designed in topology
this kind of problem are as follows: firstly, the fiber
orientation design variable may fall into local optima
due to the trigonometric transformations; secondly, the

computation cost is extremely high due to the large

number of design variables, including fiber orientations,
fiber and matrix material pseudo-density; thirdly, the
iterative optimization process has poor convergence due
to coupling between topological changes and fiber
angles; fourthly, the complex topological geometry and
the high spatial variation of fiber orientation make them
hard to fabricate.

In this work, we categorize and compare different
optimization problems and approaches in topology
design of FRC structures. The review aims to provide a
reference for designers to select the most applicable
design method to solve given specific FRC structure
design problems. For each optimization design
methodology, its essence is described first, and then its
are discussed. The
three kinds of

optimization problems for FRC structures, and various

advantages and shortcomings

following sections describe the

optimization cases of FRC structures that have been

dealt with in the literature are reviewed.

1. Simultaneous optimization of fiber
orientation and structural topology

In the optimization of combining fiber angle and
FRC

pseudo-density is used as the design variable to design

topology  for structures, the  material
the material distribution, which is similar to the classical
topology optimization. While the optimization of fiber
orientation is a challenging problem. Generally
speaking, there are two kinds of fiber orientation
optimization methods: continuous fiber orientation
optimization method and discrete fiber orientation
optimization method. The first method is to select the
optimal fiber orientation in a continuous scope of angles,
and the latter is to select one of the given candidate fiber

orientation as the optimal.

1.1. Continuous fiber orientation
optimization method

To optimize the fiber orientation in a continuous
scope of angle, a variety of optimization approaches
have been proposed in recent years. In general, these

existing approaches can be classified into four major
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classes: analytical method; multi-level optimization
method; free material optimization method; specialized
method.

1.1.1. Analytical method

To date, there are mainly three analytical methods
to obtain the optimal fiber orientation, i.e., the
strain-based method [12], the stress-based method [13],
and the energy-based method [14]. The strain-based and
stress-based methods can adjust the fiber orientation on
the basic of the strain and stress state of elements. The
analytical method has also been utilized for
simultaneous optimization topology and fiber angle
[15-18]. Nevertheless, Gea et al. [19] have proved that
there are two different optimal orientations when the
"repeated global minimum" appears in the strain-based
or stress-based methods. In this case, both two methods
can’t determine the unique optimal material orientation.
Therefore, the application scope of those methods is
relatively limited. To avoid this shortcoming and
improve computational efficiency, Yan et al. [20]
proposed a hybrid strain and stress approach to obtain

the unique optimal fiber orientation.
1.1.2. Multi-level optimization method

It is challenging to solve an optimization problem
at one level that contains all the variables describing a
complex structure. The multi-level optimization method
is an effective way to deal with this kind of complex
problem. The main idea of this method is to divide the
optimization problem into several levels to cut down the
complicacy of the problem and therefore improve the
efficiency of the algorithm. In most research, the
lamination parameters are often regarded as the
transitional design variables, and the optimization
problem is divided into two independent subproblems.
Since lamination parameters are independent of the
number of layers, the number of design variables is
dramatically reduced. Meanwhile, each subproblem has
a quite good convexity, which ensures the global
optimal solution. Liu et al. [21] studied the simultaneous
of fiber layup

configuration by using the multi-level optimization

optimization distribution  and
method. At the first level, the optimal lamination

parameters with the minimum compliance were

obtained by taking the layer thickness, fiber angle and
fiber volume fraction as design variables. At the second
level, the optimal lamination parameters were regarded
as the design objective, the detailed layup configuration
optimization is carried out considering the
manufacturing constraints. Peeters et al. [22] studied a
simultaneous design problem of structural topology and
fiber path of the variable stiffness laminated plates by
using a three-step approach. Fig. 1 shows the schematic
diagram of this method. Tong et al. [23-25] studied the
concurrent design problem of structural topology and
fiber

laminated plates based on the multi-level optimization

orientation for constant-stiffness composite
method. However, the Multi-level optimization method
has the disadvantage of poor universality. The efficiency
and the optimality of the solution of the optimization
problem largely depend on the decomposition way. It is
tough to determine the appropriate decomposition way

for the complex optimization problem.
1.1.3. Free material optimization method

The

optimization is to use the angle itself as the design

most  straightforward fiber orientation
variable, and the optimal fiber orientation is solved by
[26-28].

strategy will bring the optimization easily to fall into the

gradient-based algorithm However, this
local minimum, and the result is highly dependent on
the initial value of design variables. To overcome the
issue of multiple local minima, a more advanced
methodology called Free Material Optimization (FMO)
[29, 30] method is suggested. It uses the elements of the
material elastic tensor as the design variable.

Therefore, it provides the maximum flexibility of
the structure and material distribution. The advantage of
this method is that it directly deals with the tensor itself,
and there is no concept of rotation compared with other
three-dimensional angle representations. Compared with
using angle as design variable directly, the benefit of the
method is that tensor representation may achieve a
theoretically optimal structure. Nomura et al. [31] used
the Cartesian vector components of the fiber angle as
the design variables. Fig. 2 shows the optimized
topologies for the short cantilever beam with different
lengths, we=2, 3, 4. The proposed method supports both

continuous angle design and discrete angle design.
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Fig. 1. Schematic diagram of the three-step approach: a) step 1 — determination the optimal laminating parameters;
b) step 2 — conversion the results of topological optimization into a geometric description by identifying the material
boundaries; c¢) step 3 — obtaining a fully manufacturable design (fiber angle retrieval);

d) step 3 — obtaining a fully manufacturable design (fiber path retrieval) [22]

Fig. 2. Topological optimization for the short cantilever beam with different lengths, w¢=2, 3, 4 [31]
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Lee et al. [32] appropriately extended upon the method
[31] for the functionally graded FRC materials. A
three-step consecutive optimization method was given,
which involves, at first, structural topology of the matrix
material, and thereafter, the fiber material distribution
and angle, and finally, continuous and manufacturable
fiber angle. However, the sequential optimization
process may sacrifice the exploration of new topology
optimization for anisotropic composites material.
Ranaivomiarana et al. [33] proposed a novel
method for the concurrent topological optimization. The
invariants of elastic tensors of composite materials were
parameterized by the polar method. Zhou et al. [34, 35]
proposed a design method for simultaneous topology
and unidirectional (or curvilinear) fiber orientation.
Fig. 3 shows the topological optimization with different
number of components. Subsequently, the FMO method
is further extended to solve three-dimensional problem
[36, 37]. It should be noted that the approach may
achieve optimal structure in theory, but it is usually not

feasible in physics.
1.1.4. Specialized method

In this category, some specialized methods were

developed for concurrent topology and fiber path

optimization. For example, in order to deal with the
local optima issue, Luo et al. [38] proposed an
ingenious discrete-continuous parameterization (DCP)
method. In the DCP method, the initial searching
interval of fiber angle variable was divided into several
Then, the

fiber angle optimization problem was

sub-intervals averagely at first. initial
continuous

transformed into a discrete sub-interval selection
problem and a continuous fiber angle optimization
problem in sub-interval. The discrete sub-interval
selection problem can be transformed into a discrete
material optimization problem, which can be optimized
by the DMO etc. discrete material method. However,
the main shortcoming of the DCP method is that only
trial and error method can be used to determine the
number of sub-intervals are needed in advance for a
given problem.

Setoodeh [39] presented a novel cellular automata
(CA) method for the combination design of fiber angle
and topology for laminated composite structures. The
numerical calculation costs can be greatly reduced by
using massively parallel processor machines. However,
the drawback of this method is that it can only be used
to optimize a single layer, and there is no constraints on

the change of fiber angle between adjacent points.

d)
Fig. 3. Topological optimization with different number of components (different colors represent different
components, and the line directions indicate the material orientations):
a) one component; b) two components; c) three components; d) four components [34]



Texnonozia eupodoHuymea nimanvHux anapamis

59

While the results show the possibilities of
simultaneous optimization of fiber angle and structural
topology, the resulting fiber angle distribution varies
greatly, which may limit the manufacturability of FRC
structures. Fig. 4 shows the optimal topology and
color-coded fiber angles with 50% volume fraction
constraint. Li et al. [40] proposed a full-scale FRC
structure topology optimization method to enable the
simultaneous design of structure topology, continuous
fiber path and its morphology (i.e., fiber thickness,
volume and spacing).

Fig. 5
problems of a Michell beam. Almost parallel and

shows the compliance minimization
equidistant fibers are distributed in every part of the
solid domain and basically along the direction of
principal stress. The resulting design basically meets the

requirements of engineering practice.

1.2. Discrete fiber orientation
optimization method

The second class method for solving the fiber
optimization problem is to choose from a discrete set of
candidate fiber angles (for example, 0°, £45°, 90° only).
Due to manufacturability reasons, these prescribed
discrete fiber angles are often preferred in the
automotive and aerospace industries. To date, various
optimization methods have been proposed and can be

divided into two categories: 1) multiphase materials

method; 2) hybrid method.
1.2.1. Multiphase materials method

Based on the ideology of multiphase materials
topology optimization, Stegmann et al. [41] proposed
the Discrete Material Optimization (DMO) method to
realize the topology optimization of FRC structure. In
this method, the fiber orientation was to choose one of
the given finite number of angles as the optimal
direction. The weighted sum of each candidate elastic
tensor was taken as the effective elastic tensor, and the
weights were set as the design variable. Niu et al. [42]
studied the vibro-acoustic optimization of FRC structure
by using the DMO method, and the design objective
was to minimize the sound radiation. Hvejsel et al. [43]
applied the DMO method to realize a simultaneous
optimization of discrete fiber angle and structural
topology for FRC structure.

Lund and Stegmann [44, 45] investigated the
optimization problem of maximizing the stiffness, the
natural eigen frequency and the buckling load factor of
FRC structures. Serensen and Lund [46] studied the
large-scale topology and thickness optimization of FRC
structures by using DMO method, and considered
certain manufacturing constraints to achieve industrial
relevance. As is known, the total number of design
variables in DMO method is the number of candidate
discrete fiber angles multiplied by the number of

elements.
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Fig. 4. Optimal topology and fiber angle distribution of the cantilever beam [39]



ABIAIIIMHO-KOCMIYHA TEXHIKA I TEXHOJIOI'I, 2021, Ne 3(171)

ISSN 1727-7337 (print)
ISSN 2663-2217 (online)

Design domain

vF

¢)
Fig. 5. Process of topological optimization:

a) design domain and boundary condition of Michell
beam; b) optimized topology and fiber path (the white,
red and blue color denote the void, fiber material
and matrix material, respectively); c) the direction of
corresponding local principal stress (the blue and red
lines denote compression and tension, respectively,
and the length and direction of arrows represent the
magnitudes and directions of the principal stress
in each sub-region) [40]

Hence, when the number of elements or candidate fiber
angles is large, the scale of the optimization problem
mightenlargea lot. This is a critical shortcoming of the
DMO method. To solve the problem of the large number
of design variables in DMO method, several variants
were proposed later to reduce the degrees of design
freedom and improve the computation -efficiency.
[47]

parameterization (SFP) method. Based on the shape

Bruyneel proposed a shape function and
function of the finite element method, the material
interpolation method constructed by the SFP method
can effectively reduce the number of design variables.
However, when the number of material phases is large,
it is difficult to determine the shape function of the
material interpolation method. To address this drawback,
Gao et al. [48, 49] generalized the SFP method into

Bi-value Coding Parameterization (BCP) method. The

BCP method gives the interpolation method of any
number of candidate fiber angles, and the candidate
fiber angles can be parameterized with less design
variables. In order to improve the convergence rate and
obtain clear fiber ply angle choices, Duan et al. [50]
proposed an
Discrete Material Optimization (HPDMO) method by

introducing continuous penalty strategy and Heaviside

improved Heaviside Penalization of

penalty function into the traditional DMO method. In
order to extend the DMO method, Luo et al. [51]
utilized the Heaviside projection method (HPM) to
control the minimum length scale of fiber orientation.
Sohouli [52] proposed a novel Decoupled Discrete
Material Optimization (DDMO) method to optimize the
thin-walled laminated composite structures. Fig. 6
presents the comparison between the optimal results of
the two approximation methods in DDMO and the
results of common DMO, and the study shows that the
DDMO method is more robust and efficient compared
to the DMO method. Because the topology optimization
of FRC structures based on multiphase material method
can be solved efficiently by gradient-based algorithms
such as Method of Moving Asymptotes (MMA),
Sequential Quadratic Programming (SQP).

Therefore, the advantage of the multiphase
material method is that it is suitable for solving
large-scale optimization problems.
difficult to introduce manufacturing constraints into the
optimization model, and numerical instability is easy to
occur in the optimization process. So the design result
often shows a discontinuous fiber path, which causes
stress concentration and manufacturing difficulty.

However, it is

1.2.2. Hybrid method

The hybrid method usually combines two or more
different types of optimization approaches to benefit
from the merits of them. In general, the hybrid method
can cut down the size of the optimization problem,
obtain faster convergence speed, produce a global
optimum or make the optimization method more robust.

Hansel and Becker [53] proposed a stressed-based
heuristic algorithm to design the laminated composite
structures with minimal weight. Based on the same idea
and methodology above, Hansel et al. [54] proposed to
use the genetic algorithm (GA) to delete all the
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unnecessary layers and elements. The optimal topology
shape and material distributions of a cantilever plate are
shown in Fig. 7.

..

Fig. 6. Optimal fiber angle and topology
for the clamped-clamped beam (white: void; black:
GFRP; gray: not converged): a) convergence of material
for DMO; b) convergence of material for Diagonal
Quadratic approximation; c) convergence of material
for exponential approximation [52]

topology domain
L]
F
s §

> o 8

¢
Pate (L]

Fig. 7. The optimal topology shape and material
distributions of the cantilever plate [54]

In order to solve the optimization problem with
both continuous and discrete design variables, a hybrid
multilevel approach for the topology optimization
design of constant-stiffness laminated plates was
proposed by Hu et al. [55]. At the first level, the MMA
algorithm was used to get the optimal lamination
parameters and structural topology, and then the IDSA
(Improved Direct Simulated Annealing) algorithm was
adopted to search for the optimal discrete fiber angle at
the second level.

2. Multi-scale concurrent topology
optimization

The pure structural optimization design or material
design can improve the performance of the structure and
achieve lightweight design, but it is also difficult to
meet the technical
Exploring a more effective lightweight design method
has become an important topic in automotive, aviation,
aerospace and other fields. In recent years, multi-scale
optimization has attracted more and more attention
because of its larger design space and degree of freedom.
Gao et al. [56] proposed a modified two-scale
optimization model for the concurrent design of
material microstructure orientation, macrostructure and
microstructure topology. Coelho et al. [57] proposed a
multi-scale topology optimization model for the design
of bi-material composite laminates. The material model
wasno longer a porous material, but it interpolates
between two material components, matrix phases and
reinforcing fibers. Yan et al. [20] proposed a method for
simultaneous design of structural topology, material
microstructure topology and material orientation based

needs of the current market.

on the bi-direction evolutionary structural optimization
(BESO) method. This methodology can further improve
the stiffness of the structure. Fig. 8 shows the macro and
micro topological structures and optimal fiber
orientation for the cantilever beams.

On this basis, the concurrent optimization method
was applied to the structural dynamic design problem to
further improve the fundamental frequency of structures
[58]. Kim et al. [59] applied the multi-scale concurrent

topology optimization method to designing functionally
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graded FRC structures. Because the multi-scale design
approach can find the optimal result in a larger range,
the design result is more likely better than that of
single-scale structure.

a) b)

Fig. 8. The macro and micro topological structures and
optimal fiber orientation for the cantilever beams [20]:
a) topology of macrostructure (short black lines
in each elements indicates the material orientation);
b) topology of material microstructure

3. Combination of topology optimization
and additive manufacturing

Currently, the FRC structures can be manufactured
by open-mold and close-mold processes. The
open-mold processes include spray lay-up, wet lay-up,
vacuum bagging, filament winding, pultrusion,
autoclave molding. The close-mold processes include
compression molding and injection molding. These
processes have some common shortcomings, i.e., high
production cost, long cycle time, and difficulty to
manufacture some complex and hollow structures.
Hence, using conventional molding processes, there are

obstacles in manufacturing the complex FRC topologies.

While the additive manufacturing technique offers
possible to avoid these limitations.

Additive manufacturing, also known as 3D printing,
is a latest revolutionary transformation of design and
manufacturing technique gaining great popularity in
aerospace and automotive. In recent years, the FRC has
been widely used in additive manufacturing technology
because of its advantages in improving the mechanical
properties of conventional isotropic parts [60]. Additive
manufacturing techniques can not only construct
complex hollow structure of FRC but also shorten the
design and manufacturing cycle, thus reducing

production costs.

It is well known that due to the anisotropy of the
FRC, the deposition path significantly affects the
structural properties. If the deposition path is not
considered, only the non-optimal solution can be
obtained. To overcome this issue, Liu and Yu [61]
proposed a novel approach for concurrent optimization
of deposition path orientation and the structural
The
concurrent optimization process was implemented based

topology for additive manufactured parts.
on a level-set method. However, the main disadvantage
of this approach is that in order to make the fiber line
fill the optimized area completely, some acute corners
leads to stress
concentration and difficulty.
Subsequently, Papapetrou et al. [18] proposed the

equally-spaced method, the offset method and the

are inevitably appear, which

manufacturing

streamline method for fiber infill pattern to achieve the
continuous fiber path and ensure manufacturability after
the topology optimization. The energy-based method
and the level-set based method were used to obtain the
optimal orientation, respectively. Nevertheless, the fiber
print paths generated by these three infill patterns have
their own defects. Later, a load-dependent 3D print path
planning method [62] was proposed to resolve the above
issues. Li et al. [63] proposed a path-designed 3D
printing method to manufacture the complex FRC
structures considering the anisotropic property and load
transmission path of the fiber. Jiang et al. [64] proposed
a topology optimization method for continuous fiber
angle optimization, which computed the optimal fiber
layout and orientation for additive manufacturing
structures. Chandrasekhar et al. [65] focused on the
simultaneous optimization of the structure topology,
build direction, and fiber orientation of short fiber
polymers additive

Chen et al. [66]
multidisciplinary design method that combing topology

reinforced manufacturing

components. developed a
optimization design, fiber reinforcement technique and
additive manufacturing for the carbon FRC structures
(Fig. 9).

Fig. 9, a gives the design region and boundary
conditions of a three-point-bending beam. The
topologically designed and actual fiber placement path

for additive manufacturing is shown in Fig. 9, b. The
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continuous fiber placement paths for additive
manufacturing were defined based on the average load

transmission trajectories within the optimal topology.

W=100 mm

H=40 mm

Design Domain Q :

—é Roller ;

b)

PA

SCF/PA

CCF/PA

¢)

Fig. 9. Process of topological optimization for additive
manufacturing: a) design region and boundary
conditions of a three-point-bending beam;

b) topologically designed and actual fiber placement
path for additive manufacturing;
¢) additive manufacturing
specimens with different materials [66]

To ensure continuous printing, it is inevitable that
there were enclosed areas without continuous carbon
fiber (CCF) filament. Hence, the short carbon fiber
(SCF)/ pure polyamide (PA) was used to fill in those
enclosed areas. Using the same additive manufacturing

method, the three-point-bending specimens made of
different materials were printed accordingly, as shown
inFig. 9,c. However, this study did not solve the
anisotropic behavior of continuous FRC in the process
of topology optimization. To further reduce the potential
weight, both the topology and the fiber orientation
should be concurrently considered in further research.

Conclusion

In this work, a comprehensive review of the
topology optimization design of FRC structures is
presented. Particularly, the topology optimization
problems of FRC structure are classified into three
groups, i.e., simultaneous optimization of fiber angle
and structural topology, multi-scale concurrent topology
the combination of topology
additive The
optimization methods dealing with continuous fiber
categories:
analytical method, multi-level optimization method, free

optimization, and
optimization and manufacturing.

orientation are categorized into four
material optimization method and specialized method.
How to avoid the locally optimal solution is a difficult
problem in these methods. On the other hand, the
optimization methods dealing with discrete fiber
orientation are the multiphase materials method and
hybrid method. Due to the limited number of candidate
fiber orientations, the performance of structure is
limited to a certain extent. A promising work is to
topology with
manufacturing technique. In the current 3D printing

combine optimization additive
technology, how to print continuous FRC with complex
shape and excellent mechanical properties is still a huge
challenge. Besides, the most used design objectives are
to maximize the stiffness and minimize the weight of
two-dimensional simple structural. However, these
proposed methods may not suitable for other more
complex problems, such as bucking stability and natural
frequency. Hence, the topology optimization design of
FRC

conditions is the main challenge in the future. This can

complex components under complicated

be a new trend in the topology design of FRC structures.
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OIJISIJI TOMOJIOTTYHOI ONTUMIBALIL INAPYBATUX KOMITO3UTHUX KOHCTPYKIIN
Yncen Xy

Bumorn, siki mpea'sBIsIOTECS 10 €eMEHTIB KOHCTPYKIIT B aepOKOCMIUHIH Tairy3i 11e MillHICTb, >KOPCTKICTb Ta
JIETKICTB 1 3aCTOCYBaHHS METOJY TOIIOJIOTIYHOI ONTHMi3alii IpH NPOEKTYBAaHHI TAKMX KOHCTPYKIIH € JOCHTH
e(peKTHBHUM. SIK OIMH 3 HaWOUTBII KOHIENTYAIFHUX i MEPCIIEKTUBHUX METOMIB ONTUMI3alii KOHCTPYKIIl, METO.
TOIOJIOTIYHOT ONTHMI3alii CIIPSIMOBAHUH Ha ITOIIYK ONTUMAJIBHOTO B3aEMHOT'O PO3TAIlyBaHHs LIAPiB IIPH 33JaHOMY
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HaBaHTaXXCHHI 1 TPAHUYHHUX YMOBaX y JO3BOJIEHIH 00JiacTi MpoeKkTyBaHHSA. TakuM YHHOM, 00'€KTOM BUBYCHHS B
HaJaHi CTAaTTI € METOIWKa TOIOJIOTIYHOI ONTHMI3alii aBiallifHMX KOHCTPYKMiil. MeTolo € aHami3 iCHYIOUHX
MiAXOMIB, aNTOPHUTMIB, a TaKOX peawi3amis B NPUKIATHUX 3aadaX METOAY TOMOJOTIYHOI onTuMizamii B
ACpOKOCMIUHINH Tamy3i. 3aBHaHHS — ONHCATH ICHYIOUi pi3HI MiAXOAW, METOAM, OCOOJIHMBOCTI Ta HANPAMKH
JOCIIKEHb TOTIOJIOTIYHOI ONTHMi3alii, a TaKOXK BHBYHUTH MOXKJIHBICTH 3aCTOCYBAaHHS B TPOIECi BUTOTOBJICHHS
KOMIIO3UTHUX KOHCTPYKIiH. B Xomi mocmimkeHHS OynM OTpUMaHI HACTYIHI pe3ynbTaTH. [lOSCHIOIOTBCS i
MTOPIBHIOIOTHCSI METOIM OIITHMi3allii, a TaKOK OOTOBOPIOIOTHCS IEepeBard Ta OOMEXEHHS KOXKHOTO miaxoxy. bymm
PO3TISIHYTI Ta MpOaHATI30BaHI Pi3HI CIIOCOOM OMHOYACHOI ONTHMI3aIlil Opi€HTalii BOJOKHA i CTPYKTYpHOL
tomosorii. Onmcana MOXIHBICTh OIHOYAcHOI OaraTomacmTaOHOI TomoJyorigHoi omruMmizarii. Bymo posrmsaayTo
MIOEHAHHS TOIIOJIOTIYHOT ONTHMI3allii Ta aTUTHBHOTO BHPOOHHWIITBA. HapemiTi, po3risgaeTscs TOIOJIOTIYHA
ONTUMI3aIlisl KOMIIO3UTHOT KOHCTPYKIIi, sika OyJia BUpIIIeHA B Pi3HMX JDKeperax, i BKa3yIOThCs MOTEHIIIHHI 00acTi
JOCTI[DKeHHS], 1[0 BUMAraroTh JOJATKOBUX JOCHiMKEeHb. BHCHOBKH. Y CTaTTi NPONOHYETHCS KOMILIEKCHUH OIS
TOTIOJIOTIYHOT ONTHMIi3amii CIPOEKTOBAaHOI KOMITO3UTHOI KOHCTPYKMii. [IepCrieKTHBHUM HANpsSMKOM € TIO€THAHHS
TOTIOJIOTIYHOT ONTUMI3aIlil 3 METOJaMH aANTUBHOTO BUpOOHMIITBA. ONHAK, B pa3i, OLTBII CKIAJHIX 3aBIaHb, TAKUX
SK CTIMKICTP 1 BJIaCHA YacTOTa, 3alpPOIIOHOBAHI METOAW MOXYTh OyTH HecmpoMmoxHi. OTxe, TOMOJOTidHA
ONTHMi3alisl KOMIIO3UTHUX KOHCTPYKLIH 3a YMOBH CKJIQJHOTO HABaHTAXCHHS € OCHOBHHM 3aBJAHHSIM B
MaiioyTHROMY. Lle MOke OyTH HOBOIO TEHIICHIII€I0 B IPOCKTYBaHHI TOMOJIOTIYHNX KOMITO3UTHUX KOHCTPYKITiH.

KurouoBi ciioBa: mapyBatuii KOMIIO3UT; alUTUBHE BUPOOHHULITBO; OJJHOYACHA ONITHMI3aLis; Oararo-MacmrabHa
OIITHMI3allisl; TOIOJIOrYHA OIITHMI3allis.

OB30P TOINMOJIOTMYECKOM ONITUMHU3AIIAU CJAOUCTHIX KOMIIO3UTHBIX KOHCTPYKIIMI
Yoicen Xy

Tpe6OBaHI/IH, KOTOPBIC MPCABABIAIOTCA K DJSJICMCHTAM KOHCTPYKIIMHM B aBpOKOCMH‘IeCKOﬁ oTpacin 9TO
MPOYHOCTD, KECTKOCTb U JICTKOCTH W IMPUMCHCHHUC METOHA TOIOJIOTHICCKOI ONTUMMU3AUN TIPU IIPOCKTUPOBAHUUN
TaKHuX KOHCprKHI/Iﬁ ABIACTCA OOCTATOYHO Bq)q)eKTI/IBHBIM. Kak OJWH U3 Hauboee KOHIICITYAJIbHBIX U
NEPCICKTUBHBIX METOA0OB ONITUMU3AINHN KOHCTPYKINHU, MCTOJ TOIIOJIOTHICCKOM ONITUMHU3AlMH HAIIPABJICH Ha NMOUCK
OINITUMAJIBHOT'O B3aMMHOT'O PACIIOJIOKCHHNA CIIOCB IIPpHU SaﬂaHHOﬁ HArpy3ke U IrpaHU4HbIX YCJIOBHUAX B pa3pemeHH01>'1
obnactu IIPOCKTUPOBAHUS. Taxum 06p330M, 00bEKTOM HU3y4YCHUS B HpeHCTaBHeHHOﬁ CTaThbEC ABJIACTCA METOAUKA
TOMOJIOTHICCKON ONTHMHU3AIINHI aBHAIlMOHHBIX KOHCprI(L[I/Iﬁ. HeJILIO SABJISACTCA aHAJIN3 CYHICCTBYIOMINX IMMOAXOIA0B,
AJIrOPUTMOB, A TaKXKE peajln3alusd B HNPUKIAAHBIX 3adadax MeEToAa TOIOJIOTHISCKOI OIITUMH3allMM B
aSpOKOCMH‘IeCKOﬁ obactu. 33&3‘-[]/1 — OnMcCaTh CYHIECTBYIOIIMC pa3JIMYHBIC MOAXOJAbI, MCTO/bI, 0COOEHHOCTH U
HanpaBJICHUA PICCHeI[OBaHI/IfI TOIIOJIOTHISCKOM OINTUMHU3AINH, a TAKKC HU3YUYUTb BO3MOKHOCTb IPHUMCHCHUSA B
mponecce U3roTOBJICHUA KOMIIO3UTHBIX KOHCprKHHﬁ. B pe3yiibTaTe UCCICAOBAHUA ObLIN NOJIYUCHBI CJIICAYIOIHC
pe3yabTaThbl. KpaTKO OOBIACHSIOTCS | CpaBHUBAKOTCA METOJAbl OITUMHU3ALAHU, a TaKKE 06CY)KI[aIOTC$[
NMPEUMYyHICCTBA U OTPAHUYCHHSA KAXKIOTO MMOAX0Aa. brum PaCcCMOTPEHBI U MMPOAHAJIU3UPOBAHBI PA3JINIHBIC CII0CO0BI
OHHOBpeMeHHOﬁ ONTUMU3AIMN OPUCHTALIMM BOJIOKHA U CprKTypHOfI tormojiorud. OnmucaHa BO3MOXKHOCTH
OHHOBpeMeHHOﬁ MHOTIOMAacIITaOHOMN TOIMOJIOrHYECKOM OIITHUMM3AIIUH. bruto PacCMOTPEHO COUCTAHUC ONTUMH3AIIUN
TOHOJOrMu MW aAJIMTUBHOTO  IMMPOU3BOJCTBA. HaKOHeL{, paccMaTpuBacTCAd  TOIOJOTHUYCCKass OINTUMU3ALNA
KOMITO3UTHOM KOHCTPYKIIMH, KOTOpas ObLIa peuicHa B pas3jMIHbIX MCTOYHUKAX, U YKA3BIBAOTCS IMOTCHUIHAJBHBIC
obactu HUCCICa0OBaHuA, Tp€6yIOH.II/Ie JOIIOJTHUTCIIbHBIX HCCHeZ[OBaHI/Iﬁ. BLIBOZ[])I. B cratpe MNpeaACTaBJICH
BCGCTOpOHHI/Iﬁ O630p TOIOJIOTHICCKOM OIITUMH3aIINH CHpOCKTHpOBaHHOﬁ KOMITO3UTHOM KOHCTPYKIHH.
HepCHeKTI/IBHBIM HalpaBJICHUEM SBJIACTCA COYCTAHUC TONOJIOTHYSCKOI OIITUMU3alIu ¢ METOJaMHU AJAUTUBHOIO
IIpOU3BOACTBA. OI[HaKO, B cJiy4ae, 0oJiee CIIOXKHBIX 3aJJa4, TaKUX KakK YCTOI\/’I‘II/IBOCTB U COOCTBEHHAs 4qacToTa,
NPEeAJIOKCHHBIE METOAbI MOI'YT ObITh HE MNPUMCHUMBI. CJ'Ie,I[OBaTeJ'IBHO, TOIIOJIOTUYECKasA OIITUMHU3ALUA
KOMITIO3HUTHBIX KOHCprKIII/Iﬁ Ipyu YyCJIOBUHM CJIOKHOI'O HArpy>XCHHS SABJISICTCA OCHOBHOU 3a,uaqel71 B 6y,HyIII€M. 910
MOJKET OBITH HOBOM TGH,HCHIII/Ieﬁ B IIPOCKTUPOBAHUUN TOIOJOTHICCKUX KOMITO3UTHBIX KOHCT‘pyKHHﬁ.
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