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TOPOLOGICAL DESIGNING AND ANALYSIS OF THE COMPOSITE WING RIB

The composite structures in the aerospace industry for in recent decades are widely applied however, at the
beginning of the 21st century composites are growing rapidly. The largest companies in the aerospace industry
are increasing the volume of composites application of in the structures, and nowadays the volume of composites
reaches 50%. The different elements of aircraft and even highly loaded structures such as spars, ribs, skin, etc.,
are currently made from composites. First of all, this is due to the possibility of a significant reduction in the
weight of the structure, as well as a decreasing in production costs. The advanced technologies in the engineering
software allows to solute different complex problems. One of the main direct of research in the composites is
optimization of composite structure due to improving the relative strength and relative stiffness of the composite
structure, and improving the efficiency of manufacturing processes. There are a lot of methods of optimizations
but currently the  topological optimization is the most conceptual and forward-looking method. The main goal
of the article is to analyze and estimate the approach for designing wing rib with symmetric laminated plates
with the different fiber orientation based on the topology optimization. The following tasks were solved for this:
firstly, a topological optimization model was determined. This model was based on maximum stiffness with a
specified volume constraint is established. The next step was optimization by the solid isotropic material with
penalization (SIMP) model and sensitivity filtering technique; as a result of optimization the topological
structures of wing rib with different fibre orientations were obtained. The topological structure and stiffness of
the wing rib depend on the fibre orientation. Finally, the corresponding morphing analysis of wing rib with
laminated plates is implemented by adopting ANSYS, which verified the anti-deforming capability of topology
structure and illustrated the feasibility for designing the wing rib. The result shows that the maximum
deformation of optimized structure is 1.57mm, whereas the maximum deformation of the un-optimized structure
is 2.02 mm. Under the condition of the same material removals, the optimized structure can decrease by more

than 20% deformations.

Keywords: topology optimization; composite laminated plates; fiber orientation; wing rib.

1. Introduction been widely employed in the design of bars, beams,

trusses, plates, shells and so on [1, 2]. Topology

Structural lightweight design plays a vital role in
modern aircraft and aerospace industry. One of the most
popular methods to obtain a structural lightweight design
is adopting innovative structural forms. Generally,
structural optimization problems include shape, sizing
and topology optimization. The size and shape

optimization are two traditional techniques and have

optimization is mostly employed in the phase of
conceptual design of structural. In the past decades,
structural topology optimization has been developed
remarkably in both theoretical studies and practical
applications [3, 4], and dedicated review work can be
found in [5, 6]. Under the given boundary conditions and
design constraints, topology optimization can able to find
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out an optimal structure using the least material by
searching for the most effective load carrying path and
material distribution. Compared with size or shape
optimization, topology optimization method has a more
potentially but full of challenging at the same time.

So far, there are several successful examples of the
topology optimization in the design of aircraft structures.
In the A380 project of Airbus Industries, the topology
optimization has been used as an efficient way to obtain
newer and lighter component designs. Such as the design
of A380 Droop Nose Ribs, over 1000 kg per aircraft has
been reduced in total for the final designs [7]. In the
design of the wing leading-edge structure of the Boeing
787, the topology optimization method was first used for
the preliminary design. Then, the fine-tuning design is
carried out through size and shape optimization. Finally,
compared with the Boeing 777, the leading-edge
structure’s weight was reduced by 25~45% [8]. Zhu, J et
al. [9] used topology optimization methods for design of
aircraft wing box ribs. Liu, J. et al. [10] developed a
subset simulation-based topology optimization method
for additive manufacturing structures.

However, all the topology optimization designs of
aircraft structures as mentioned above are aimed at metal
materials. With the current rapid increase in the
percentage of composite parts used
structures, it is worthwhile to expand the topology
optimization capabilities to composites.
However, the study on topology optimization of
composite laminated plates is still in the development
stage, and only a few publications have been reported.
For examples, Tong et al. [11, 12] developed a topology
optimization method for compliant mechanisms with
composite laminated plates. Boddeti [13] given an initial
attempt at combining fiber angles and topology design of

in aerospace

include

laminated plates under in-plane loadings. Gao et al. [14]
proposed a bi-value coding parameterization method to
design the fiber orientations and material layout
simultaneously.

Stiffness is an important performance index for
many engineering structures. In this paper, a topology
optimization design method for the aircraft wing rib with
composite laminated plates is proposed for maximizing
the stiffness of structure. The topology optimization

model of wing rib with composite laminates are built

using SIMP method [15]. The wing rib with different
fiber orientations is generated by method of moving
asymptotes (MMA) [16] algorithm and sensitivity
filtering technique. Meanwhile, the anti-deforming
capability of wing rib and influences of fiber orientations
on topology structures are demonstrated.

The rest of work is organized as follows: The
constitutive relationship of composite laminated plates is
introduced in section 2. In section 3, the topology
optimization model based on SIMP method is established,
and the sensitivity analysis for the design of structure is
presented. The topology design of wing rib is given in
section 4, and the results are discussed. Finally, the
conclusions are drawn.

2. Constitutive law for composite
laminated plates

Composite laminated plates are formed by stacking
a series of single layers in a certain lamination order, and
their mechanical performance is mainly determined by
the material properties, fiber orientations, layer thickness
and laying order of the single layer. Fig.1 gives a
structural chart of typical symmetric laminated plates.
The total number of layers and thickness of laminated
plates are denoted by N and h, respectively. The fiber
angle and thickness of the k-th layer are defined as 6« and
ty, respectively.

Based on the classical laminated plate theory, the
constitutive equation of symmetrically laminated plates

can be described as

Ny Apr A A%
Ny = (A1 Ay Ay||® l, 1)
ny A16 A26 A66 YXY

where

NX EX
Ny | denote the internal force loads; [Syl
N Yxy

Xy
denote the strains at the mid-plane; [A] represents the in-

plane stiffness matrix and can be expressed as follows

N

A=22 Q° (zk — z-1), @)
=1



ABIAIIITHO-KOCMIYHA TEXHIKA I TEXHOJIOI'IS, 2020, Ne 6(166)

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

2
»
[
A Oy ! Iy
7 | :
S A 0, Layerk I
N |
N == _’
' ' Z X

hI2 N
oy

J.
Fig. 1. Structure chart of symmetric composite

laminated plates

where z, and z.; are the upper and lower co-ordinates of
the k-th layer, respectively;

QX is stiffness matrix of the k-th layer and can be

written as
[ E v21Eq 0 1
1—viv,, 1=viov,, |
Qk = Rk| vi2E, E, 0 |(R“) ,(3)
1—vyv,, 1- v12v
0 Gyl

where, Ei, E> and G, are the longitudinal modulus,
transverse modulus and shear modulus refer to the
material axes, respectively; vi2 and vy1 are the different
Poisson’s ratios.

The transformation matrix of the k-th layer with
fiber orientation 6k can be expressed as:
2 Ok

2 gk —2 cos 0¥ sin 0¥

2cos0Xsin0k [ (4)
cos? 0K — sinZ 0¥

sin
cos? 0¥
— cos 0¥ sin 0¥

cos
sin? 0¥
cos 0¥ sin 0¥

3. Topology design of wing rib
with composite laminated plates

3.1. Topology optimization model based on
SIMP method

Topology optimization is a method to find a

reasonable material distribution in a given design area
under certain boundary conditions. Here, the design
objective is to minimize the compliance of structure, that
is, to maximize the stiffness of structure by optimizing
material distribution with the volume constraint. Based
on the SIMP method, topology optimization model of
wing rib with composite laminated plates can be
expressed as follows:

find p=[p1,-,Per-» Py »

Ne

fo(P) = Z ukeug,

e=1

min
©)
s.t. fi(p) = Z PeVe—8Vo < 0,

e=1

Pe € [pmin' 1]'

where, pe indicates the e-th element design variable with
value between 0 and 1.

The e-th element is full of material if p.=1, and the e-th
element is void regions if pe=pmin (pmin is & small value,
e.g. 0.001), ke is element stiffness matrix and can be
obtained by k.= [BTA.Bdv. (B is the strain-
displacement matrix, Ae is the in-plane stiffness matrix
of the e-th element), u. denotes the nodal displacement
vectors of the e-th element. The compliance of the
structure is objective function represented by fo(p), and
the constraint function is represented by fi(p). Vo and ve
are the initial volume of the design domain and e-th
element volume, respectively. Parameter g is defined as
volume fraction; n. is the total element number of
structure.

In the topology optimization of isotropic material,
the Yong’s modulus is usually penalized by the SIMP-
method. For laminates, which are no longer isotropic, the
in-plane stiffness matrix is penalized based on SIMP
method

Ac = pbA, = o} Z Qe Gi=126), (6)

where Ay represents the in-plane stiffness matrix of solid
element;

p is the penalization factor; P=>5 is used in this paper.
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3.2. Sensitivity analysis

The sensitivity analysis is a key step before
implementing the topology optimization problem when
using a gradient-based optimization algorithm. The
sensitivity of objective function in Eq. (5) with respect to
a change in design variable pe can be expressed as:

ofy __ 10k

—ul—u ——uT(fBTaAeBd )u @)
ape_ Eape e e ap Ve e.

e

The derivation of Ac with respect to a change in
design variable p. can be expressed as:

0A. _ A 8
ape - ppe 0 ( )

The sensitivity of the volume constraint function
f1(p) with respect to design variables pe can be directly
derived as:

of, @

n
= Ve — 8V | = Ve 9
ape ape<;pe e gO) e ()

In order to suppress numerical instabilities in the

process of topology optimization, such as porous and
checker-board phenomenon, a simple and effective
sensitivity filter technique by modifying the element

sensitivities is applied as [17]:

ofy 1 Z H of, (10)
_°__ - pl=—,
9pe  Pe Zien; Hi & ap,
where, the weight factor H; is written as:
H; = max(0, rpi, — dist(e,1)) {l€ N}, (11)

where, the dist(e, 1) is defined as the distance between
center of element e and center of element 1, N; is the set
of elements 1 for which dist(e,l) is smaller than the filter

radius rmin, rmin=2 is used in this paper.

3.3. Topology optimization flowchart

The topology optimization of wing rib with

composite laminated plates is the iterative process
repeatedly. At first, design domain and boundary
conditions of structure are defined, and initialize the
design variables p° For each iteration, the in-plane
stiffness matrix of e-th element A. is built using Eq. (6).
Then the objective function fo(p*) and volume constraint
function fi(p¥) are achieved by Eq. (4), the sensitivities
of them are achieved by Egs. (7) and (9), the index K is
used to denote the number of iterations. Thereafter, the
element sensitivities are modified by sensitivity filter
technique according to Eq. (10). The optimized design
points p* can be obtained by adopting MMA algorithm
(Fig. 2).

The result whether or not can be accepted by setting

reasonable convergence conditions. If

max(p**1) —max(p¥)| <e _

, the optimal topology could
be outputted, €=0.01 is used in this paper. Otherwise, the
design updated repeatedly

convergence. The solution flowchart for topology

variables are until
optimization of wing rib with symmetric laminated plates
is shown in Fig. 2.

4. Optimization results and analysis

In the design of aircraft structure, how to obtain a
lighter structure is always a challenge and goal for
engineering designers. The development of topology
optimization offers an innovation for lightweight design
of the aircraft. In this study, the wing rib under torsion is
optimized by the topology optimization method. Fig.3
presents the initial structure of the wing rib given by
Bruhn [18]. For simplicity, the wing rib’s shape is
approximated by a rectangular domain of size 0.8 mx0.3
m, and the original loads are approximated by a shear
load on each edge, as seen from Fig.4. The magnitude of
the load is converted from English to metric units. The
flanges and beads are all neglected. The design domain is
discretized with 80x30 four-node quadrilateral elements.
Unidirectional AS4/9773 carbon fiber reinforced epoxy
resin is selected as single layer material, the material
constants are give as follows [19]: E;=129.8 GPa,
E>=E3=9.24 GPa, v2=0.1, v1>=v13=0.36, G3=2 GPa,
G12=G13=5.1 GPa.
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Fig. 2. Solution flowchart of topology optimization

Assume that the wing rib is composed of 16 equal
thickness single layers and the total thickness is 4 mm.
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Fig.4. Design domain and boundary conditions

of simplified wing rib

As we all know, the mechanical properties of
composite laminated plates mainly depend on the fiber
directions. In order to study the influences of fiber
orientations on topology structures, different topology
structures of the wing rib can be obtained with different
fiber orientations based on the model described by
Eq. (5). The optimized topologies of wing rib with
specific fiber orientation sand 50% volume constraint are
shown in Fig. 5. The image of Fig. 5, a is those of the
isotropic material (aluminum alloy). Fig. 5, b ... Fig. 5,d
shows the images of the laminated composite plates
under different layer sequences: [0/45/90/45],, [45/-
45/90/-45]5s and [0/45/-45/45]25. Comparing the topology
results of isotropic material (see Fig. 5, a) with the results
of specific fiber orientations (see Fig. 5,b ... Fig. 5, d),
it can be seen that the topology shape is changed greatly
when using composite laminated plates. As seen in
Fig. 5,b ... Fig. 5, d, the topology shapes of the wing rib
with composite laminated plates are strongly dependent

on layer sequences.

X XN

a b
c d
Fig. 5. Images of topology optimization results
of wing rib with isotropic material and specific
fiber directions: a — Aluminum alloy;

b — [0/45/90/45]2s; ¢ — [45/-45/90/-45];
d — [0/45/-45/45]



Ilpoexmyegannsa nimanvHux anapamis

The iteration curves of the objective function are
exhibited in Fig. 6. From the Fig. 6, the fiber orientations
have a great influence on the stiffness of optimized
structure. These results indicate that the optimization
process has stable convergence, and the stiffness of the
wing rib can be improved efficiency after topology

optimization design.
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Fig. 6. Objective curves of wing rib with isotropic

material and specific fiber directions

In order to demonstrate the effectiveness of the
topology optimization method, the anti-deforming
capability needs to be compared between optimized
The layer
sequences are defined as: [45/-45/90/0]s. The target

volume fractions of the structure set to be 60%.

structure and un-optimized structure.

The resulting topology of the wing rib is shown in
Fig. 7, and the iteration curves of the objective function
and volume fraction are exhibited in Fig. 8. It can clearly
be seen that stable values of objective function and the
volume fraction are 111.5 N/mm and 60 %, respectively.

In general, the topology result cannot be directly
used as the final design of the structure. The topology
shape needs to be remodeled with consideration of the
relevant technological restrictions. An available
engineering structure after optimized is shown in Fig. 9.
The practice of using large holes to reduce weight is
common in most traditionally manufactured aircraft due
to its simplicity. One of un-optimized traditional designs
of the wing rib is shown in Fig. 10. The rate of material

removal is 35% for both structures.

By applying the ANSYS analytical software, the
deformation of both structures under the same loads and
constraints are analyzed. In simulation analysis, the
shell99 element is selected. Before meshed by free
method, the two short-sides and two long sides of
structure are divided into 30 equal parts and 80 equal

parts, respectively.

Fig. 7. Topology result

of simplified wing rib
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Fig. 8. Iteration curves of the objective function

and volume fraction for simplified wing rib
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Fig. 9. Optimized structure

of the wing rib (unit: mm)
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Fig. 10. Un-optimized structure

of the wing rib (unit: mm)

The elements’ number of the optimized and un-
optimized structures are 1650 and 1327, respectively. The
finite element simulation results of optimized and un-
11,a and

Fig. 11, b, respectively. The simulation result shows that

optimized structures are shown in Fig.

the maximum deformation value of optimized and un-
1.57mm and 2.02 mm,

respectively. Therefore, the deformation can be reduced

optimized structure are

by 22.3 % with the help of topology optimization
technology.

0 0.17 034 051 068 0.85 1.02 1.19 136 1.54
U, Magnitude/mm

045 0.67 090 1.12 135 1.57 179 2.02
U, Magnitude/mm

0 022

b
Fig. 11. Finite element simulation results
of wing rib, scale factor is 10:

a — Optimized structure; b — Un-optimized structure

5. Conclusions

In this study, the approach for designing wing rib
with symmetric laminated plates is presented based on
topology optimization. The MMA algorithm and
sensitivity filtering technique are adopted to solve the
optimization problem and ensure the existence of
solutions. The topology results show that the fiber
orientations of laminated plates have significant
influence on topology shapes and stiffness of structure.
Taking the topology structure obtained using the fiber
layer sequences [45/-45/90/0]2s as an example, the anti-
deforming capability is compared between optimized and
un-optimized structures. The results show that the
established method is effective and rational for the design
of aircraft structures. Under the condition of the same
material removals, the optimized structure of wing rib

can decrease 22.3% deformations.
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TOIMOJIOTTYHE MTPOEKTYBAHHSA
TA AHAJII3 KOMIIO3UTHOI HEPBIOPH KPHJIA

Yoicen Xy, O. O. Bambons

B ocTaHHI 1ecATUIITTS B apOKOCMIUHIN ramysi IHPOKO 3aCTOCOBYIOTHCS KOMIIO3UTHI KOHCTPYKILii, IpOTE Ha

nmovyarky 21 cTONITTS crocrepiraerbesi crpiMke ix 3pocranHs. HaiOimbmii koMmasii B aepoKOCMIiuHIN ramysi

HapoOUIYIOTh 00cATH 3acTocyBaHHs KOMIo3uTiB (KM) B KOHCTPYKIISX, 1 Ha CHOTOHINIHIN aeHb 00csirn KM csirae

50%. Pi3Hi eneMeHTH JiTaJIbHUX anapariB 1 HaBiTh BUCOKOHABaHTAXKEHI KOHCTPYKIIi1, TaKi SIK JIOHXEPOHH, HEPBIOPH,

00IIMBKA TOIIO, B I[aHI/Iﬁ 4ac BUTOTOBJISIOTHECS 3 KOMIIO3UTIB. B nepury depry, ue [TOB'SA3aHO 3 MOKJIUBICTIO 3HAYHO

3HU3UTH Macy KOHCTPYKIII i BUpoOHMYI BUTpatH. IlepenoBi TexHOIIOTI] iH)KEHEPHOTO NPOrPaMHOTO 3a0e3MeUeHHS

JIO3BOJIAFOTH BHPIIIYBaTH HacKIaaHinm 3amadi. OJHAM 3 OCHOBHUX HANPSMKIB JIOCHIIKCHb KOMIIO3HTIB €
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ONTUMI3aIlisl CTPYKTYPH KOMITO3UTY 3a PaxXyHOK ITOJIMIIIEHHS BiTHOCHOI MIIIHOCTI Ta BiHOCHOI *xopcTkocti KM, a
TaKOX ITiJBUIICHHS €()EeKTHBHOCTI BUPOOHHUUHX IpoIieciB. IcHye €374 MeToIiB ONTHMIi3aIlil CTPYKTYPH, aJle B TaHUH
Yac TOMOJIOTIYHA ONTHMI3allisl € HaWOUIbII KOHIENTYaJbHIM 1 MepCcreKTUBHUM MeTonoM. OCHOBHa MeTa CTAaTTi -
NpOAHANI3yBaTH Ta OLIHHUTH IiAXiK 10 NPOSKTyBaHHS HEPBIOP KA 3 CHMETPHYHUMH IIAPYBATHMH ITACTHHAMH 3
Pi3HOIO Opi€HTAIli€I0 BOJOKOH HA OCHOBI TOIOJIOTIYHOI onrTuMi3attii. J{7s boTo BUpINTyBaiiicss HACTYIHI 3aadi: To-
mepmie, Oyna BH3HAUYEHA MOJENb TOIOJOTIYHOI ONTHMi3allii, ska Oa3yBajacd Ha MaKCHMaJbHOI JKOPCTKOCTI 3
3aJaHUMH OOMEXEeHHsSMH o0cary. HacTymHuii kpok - Oynma NpoBeIeHA ONTHMI3amis 3a JOIIOMOTOI0 METOIY
TBEPIOTLIFHOTO 130TPOITHOTO MaTepiairy 3 3aCTOoCyBaHHAM Mozeni mrpadhuHux yukuiit (SIMP) i Texuiku dimpTparii,
B pe3ynapTari 4oro OyaM OTpPHMaHi TOIOJIOTiYHI CTPYKTYpH HEPBIOP KpHJIA 3 PI3HOIO OPIE€HTAIIEI0 BOJIOKOH.
Tomomoriuaa cTpyKTypa i JKOPCTKICTh HEPBIOPH KPHJIa 3aJIeXKaTh Bix opieHTamii BomokoH. Haperri, 6yB poBeneHmiA
aHaJi3 MOXKIIMBOTO 3TJIa/KYBaHHS HEPBIOp Kpmiia 0araTromapoBOi KOMITO3UTHOI CTPYKTYPH. 3TJaKyBaHHS Oyio
pealli3oBaHO 3a IIOTIOMOTOI0 TporpaMHOro mHpoxykry ANSYS, sxuwil miaTBepaIuB aHTH-AEe)OpPMYIOUy 30aTHICTh
TOTIOJIOTIYHOT KOHCTPYKIIIT i TPOAEMOHCTPYBAB MOXKIIMBICTE PO3POOKH HEPBIOP KPHIIA.

Koro4oBi cjioBa: TomosorivHa oNTHMI3aNis; mapyBaTHii KOMIIO3UT; OPi€HTALlisl BOJIOKHA, HEPBIOPA KPHIIa.

TOIIOJIOT'MYECKOE ITIPOEKTUPOBAHUE
U AHAJIW3 KOMIIO3UTHOM HEPBIOPHI KPBLIIA

Yucen Xy, A. A. Bambons

B mocnenane pecsATnieTHs B a3pOKOCMHYIECKOW OTPACIIN MIMPOKO MPUMEHSIOTCS KOMITO3UTHBIE KOHCTPYKIIHH,
onHako B Havaie 21 Beka HaOmoJaeTcs CTpeMHUTENBHBIN MX pocT. KpynHeiimie KOMIaHWM B a3pOKOCMUYECKOMH
0Tpaciy HApaIKBAIOT 00BEMBI MpUMeHeHHs KoMIo3uToB (KM) B KOHCTPYKIMSAX, ¥ HA CETOAHAIIHUN JCHb 00bEMBI
KM nocturaer 50 %. PaznudHble 351€MEHTHI JI€TaTENbHBIX allllapaToB M AaXKe BHICOKOHATPY)KCHHBIE KOHCTPYKIINH,
TaKue KaK JIOHKEPOHbI, HEPBIOPHI, OOIIMBKA U T. /1., B HACTOSIIIEE BPEMsI M3TOTABIMBAIOTCS U3 KOMIIO3UTOB. B iepByto
ouepesib, 3TO CBA3AHO C BO3MOKHOCTHIO 3HAYMTEIbHO CHU3WTH BEC KOHCTPYKIMH M TPOW3BOJCTBEHHBIC 3aTpPAThI.
[lepenoBbIe TEXHOJIOTHH WHXKEHEPHOTO IPOrPaMMHOTO 00ECIeUeHHs MO3BOJISIOT PEIIaTh CaMble CJIOKHBIE 33/1a4H.
OnHMM W3 OCHOBHBIX HAaIlpaBJIEHHH HCCIIEOBAHUI KOMITO3UTOB SIBJISIETCS ONTUMMU3AIMS CTPYKTYPHI KOMIIO3HTA 32
CYeT YJYYIICHHS OTHOCHTEIIBHOM IPOYHOCTH W OTHOCHTENbHOW kecTkocTh KM, a TakKe MOBBIIICHUS
3¢ PEKTUBHOCTH MPON3BOJICTBEHHBIX MporieccoB. CyIIecTByeT MHOKECTBO METO/IOB ONITUMHU3AINH CTPYKTYPHI, HO B
HacTOAIIEee BpeMsS TOMOJIOTHMYECKas ONTUMH3ALUs SBIsETCS Hanbojee KOHLIENTYaJbHBIM M TEPCHEKTUBHBIM
MetooM. OCHOBHasI 1IeJb CTaThH - NMPOAHAIM3UPOBATH M OLEHUTH MOJXOJ K NMPOCKTHPOBAHUIO HEPBIOP KpbLIa C
CUMMETPHYHBIMH CJIOMCTHIMHM IUIACTUHAMH C DPAa3IMYHOM OpHEHTAIMell BOJOKOH Ha OCHOBE TOIOJIOTHYECKOH
onTUMu3anMu. IS 3TOro pemanuch CIEAyIOIIMe 3a/add: BO-TIEPBBIX, OINpENesulach TOIMOJOTHYECKas
ONITHMHU3AIIMOHHAsT MOJIEJIb. DTa MOJIEb ObLIa OCHOBAaHA HAa MAKCUMAJIBHON ECTKOCTH C 33/laHHBIM OTpaHHYCHHEM
oObema. Crenyromuii mar — Obula IPOBE/ICHAa ONTUMMU3ALMS NPU TTIOMOIY METO/a TBEPAOTEIHFHOTO M30TPOITHOTO
Marepualia ¢ npuMeHeHneM Mozaenu mrpadueix Gpyakuuit (SIMP) u Texunkn guibrpanuu, B pe3yibTaTe 4ero Obiim
MOJTYYeHbI TOMOJIOTHYECKHE CTPYKTYpBHl HEPBIOpP Kpblla C Pa3iMYHOM OpHeHTalued BOJIOKOH. Tormosormdeckas
CTPYKTYpa M JKECTKOCTb HEPBIOPHI KpbUIA 3aBUCAT OT OPUEHTAIMH BOJOKOH. HakoHer, ObII IpoOBeneH aHAIM3
BO3MOXKHOTO CIVIQXKMBAHMS HEPBIOP KpbUla MHOTOCJIOWHONW KOMIO3UTHOW CTpyKTyphl. CriaxuBaHue ObLIO
pearM30BaHO € MOMOINBI0 THporpaMMHOoro mpoxykrta ANSYS, KOTOpBI MOATBEPIWIT AHTH-IACHOPMHUPYIOIIYIO
CHOCOOHOCTH TOIOJIOTMYECKOH KOHCTPYKIMH M MPOJIEMOHCTPUPOBAT BO3MOXKHOCTH pa3pabOTKH HEPBIOP KpbLIa.
Pesynprar wucciienoBaHWi TOKa3bIBae€T, YTO MakcHMalbHas aedopMalysi ONTHUMH3MPOBAHHOW KOHCTPYKLUH

COCTaBJIAAICT 1,57 MM, TOraa KakK MaKCHMaJlbHas z[e(bopMauHﬂ HCOHTHMH3HpOBaHHOﬁ KOHCTPYKIHUU COCTaBJIACT
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2,02 mM. Mcnonp30BaHHE TOTONOTHYECKON ONTHMHU3AIINH ITTO3BOJISIET CHHU3UTH YPOBEHB Aedopmarnmu Ooiee deM
Ha 20 %.
KaroueBble cjioBa: TOMOJOrMYECKasl ONTHMU3AINS; CIOUCTHIE KOMIIO3UThI; OPUEHTAIMS BOJIOKHA; HEpPBIOpPA

KpbLIa.
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