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TOPOLOGY OPTIMIZATION METHOD FOR IMPROVING THE MASS EFFICIENCY
OF ALUMINUM BEAMS

Abstract: In this study, an investigation was carried out to reduce the mass of a cantilever beam made
of AlI9 aluminum alloy using topology optimization (TO) based on the SIMP method. The optimization was
performed with the APM FEM software package, which made it possible to implement numerical modeling at
a modern level, taking into account the material features. The beam was subjected to a combined action of a
concentrated vertical force of 4000 N and a longitudinal tensile force of 3000 N, which allowed simulating an
actual operating load close to the working conditions of structures in mechanical engineering and construction.
During the calculations, it was possible to reduce the mass of the structure by 52% while maintaining the main
strength characteristics. At the same time, an increase in maximum stresses compared to the initial model was
observed, which is associated with the redistribution of material and stress concentration in certain zones.
However, the stress level remained within values close to those permissible for the chosen material
considering the safety factor. Modal analysis confirmed sufficient separation of natural frequencies from critical
values. The obtained results demonstrate the potential of applying TO for the design of lightweight, energy-
efficient, and technologically promising structures.

Key words: topological optimization, shape optimization, aluminum, beam, casting, finite element
method, optimal design, microhardness, mass efficiency.

Introduction

Manufacturing industries such as automotive and aerospace engineering are continuously
evolving, implementing new technologies to enhance the performance characteristics of
components. One of the most desirable outcomes for these industries is a significant reduction in
component weight. A promising approach to weight reduction lies in the design process at the early
stages of product development. The creation of lightweight structures is a priority in modern
engineering problems, as reducing the weight of load-bearing elements contributes to increasing the
payload ratio, decreasing material consumption in production, and improving energy efficiency —
especially in systems with moving functional components.

Topological optimization (TO) is a modern and efficient design method aimed at determining
the optimal material distribution within a given design domain under specific constraints [1-4]. The
primary goal of TO is to minimize the mass and cost of a product while maintaining its strength and
stiffness characteristics. This approach is particularly relevant in the context of the rapid development
of manufacturing industries, where lightness, cost-effectiveness, and high structural efficiency are of
great importance.

Among the various topological optimization methods, the Solid Isotropic Material with
Penalization (SIMP) method [5-7] has gained the widest application. It is characterized by
mathematical simplicity, versatility, and the ability to be implemented in popular engineering software
packages. The SIMP method is based on using material density as a variable, which enables flexible
control over the material distribution within the computational domain. Each finite element in the
mesh is assigned a relative density in the range from 0O to 1, determined by its contribution to the
overall stiffness of the structure.

The application of the SIMP method has been integrated into commercial software solutions
such as TOSCA (ABAQUS), GTAM (ANSYS), Inspire (Altair), and APM StructFEM (KOMPAS-3D),
allowing engineers and designers to easily incorporate TO into existing workflows. Despite the
presence of intermediate density values, modern algorithms and visualization technologies (e.qg.,
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isosurface-based methods) make it possible to convert such regions into manufacturable solid
geometries.

Unlike the BESO method, where densities take only discrete values (0 or 1), the SIMP
approach provides a more precise and detailed material distribution, which is particularly important
for designing lightweight yet strong structures. This makes the SIMP method especially attractive for
the development of geometrically complex components.

In addition, recent years have seen active development in the creation of lattice structures,
which allow a significant reduction in the weight of a product without compromising its strength [8].
The integration of lattice cells with TO results obtained using the SIMP method has found wide
application in fields such as biomedicine, automotive, and aerospace industries. Software packages
such as nTopology and Autodesk Netfabb already provide tools for generating optimized lattice
structures tailored to specific load conditions.

Thus, the use of the SIMP method in topological optimization problems of structural elements
is a justified and effective approach that enables the development of lightweight, strong, and
manufacturable structures, as confirmed by the results obtained in this study.

Topological optimization represents a method of structural design aimed at the rational
distribution of material within a constrained computational domain. This distribution is carried out
considering external loads, boundary conditions, and permissible constraints [9—12]. The solution to
such problems is generally based on the finite element method, within which each mesh element is
assigned a density parameter that determines its contribution to the overall stiffness of the structure.
The result of topological optimization is a material density distribution that forms a structure with
minimal mass while maintaining the required mechanical characteristics. Objective functions and
constraints may include such parameters as compliance, strain energy, volume, displacements, and
strength characteristics.

Today, topological optimization is actively used in various engineering industries, including
aerospace, automotive, and energy sectors, where reducing weight and increasing structural
reliability are of paramount importance. In this study, topological optimization is applied to a
cantilever beam subjected to a concentrated vertical load of 4000 N and an axial tensile force of
3000 N at the free end. The main objective is to reduce the structural mass while maintaining its
functional and mechanical performance, including strength and stability.

Materials and Methods

The objects of topological optimization in this study are aluminum beams made of Aluminum
Al 9 (analogous to AISi9Cu or A356 in international standards by ASTM B26 / B108). These elements
are subjected to operational loads during service, including bending, compression, and vibration.

The beams may also experience localized heating due to external factors or friction in mating
components. In addition to their load-bearing function, they partially participate in heat dissipation,
ensuring thermal stability of the structure. The design of the beams must provide sufficient strength
and stiffness while maintaining minimal mass, which makes the application of topological
optimization particularly relevant.

In this study, a cantilever beam made of Aluminum Alloy AI9 with a rigidly fixed end was
considered. Two loads were applied to the free end of the beam: a concentrated force of 4000 N
directed vertically downward along the Y-axis, simulating a bending moment, and an axial tensile
force of 3000 N acting along the X-axis of the beam. This loading scheme made it possible to
simulate the combined effect of bending and tension, which is typical for many structural components
under real operating conditions.

The forces were applied at a single point on the free end of the beam. The vertical load
caused bending in the XY-plane, while the axial tensile force produced longitudinal stretching of the
structure.

The material characteristics employed in the computational analysis are summarized in Table

1.
Table 1 — Material properties of aluminum beams
Material properties
Part . . Elastic . , Specific Heat Thermal . .
Ne :Vlg:ggz Di”fg{’ Modulus, Po&s;(i)on s CTE, /K Capacity, Conductivity, LSJtI::enr]laiﬁ ';er':/fgg
9 GPa kJ/(kg-°C) W/(m-K) gih o,
1 Al-9 2780 70 0,33 23,5 10° 0,88 170 260
2 Al-9 2780 70 0,33 23,5 10° 0,88 170 260
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With a safety factor of 2.5, the allowable stress level for the AI9 alloy is 100 MPa. The
topological optimization task was carried out using the KOMPAS-3D software package. Figure 1
shows the initial models, loading conditions, and boundary constraints.

Figure 1 — Cantilever beam model subjected to concentrated loads of 4000 N (Y)
and 3000 N (X) at the free end

In the optimization parameters, the target mass reduction was set to 50-70%. Based on the
calculations, the optimal topology of the solid component was obtained. The results of the topological
optimization, showing the material density distribution, are presented in Figure 2. In the image, the
red regions correspond to areas of maximum material density, while the blue regions indicate areas
of minimum density.

Figure 2 — Topological optimization results:
a) regions subjected to optimization; b) final optimized structure.

The optimization was carried out using APM FEM, which implements an approach similar to
the SIMP method. During the formation of the optimal geometry, solid elements with varying
thicknesses and internal cutouts were modeled. Figure 3 presents the resulting optimized structure.
The thickness in the marked area is 2 mm. As a result of the optimization, the mass of the component
was reduced by approximately 20%.

Figure 3 shows the initial geometry of the original and the optimized beams. The original
beam was used as the baseline model for subsequent topological optimization.

a)

Figure 3 — Beams and their masses:
a)original beam; b) optimized beam.

Figure 4 presents the stress analysis results for the original component under bending loads.
The maximum stress reached 1375.6 kgf/icm? (=137.5 MPa), which corresponds to the expected
values for a structure with this level of stiffness.
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Figure 4 — Distribution of stresses in the initial beam under bending load

Figure 5 illustrates the stress distribution in the topologically optimized structure. The
maximum stresses increased to 1561.3 kgf/cm? (=156.1 MPa), which is associated with the
redistribution of material and the appearance of stress concentration zones in the remaining load-
bearing elements.

Figure 5 — Distribution of stresses in the topologically optimized beam

Results and Discussion
The results of the conducted topological optimization are presented in Tables 2 and 3.

Table 2 — Results of Topology Optimization. Mass
Initial mass, g Mass after optimization, g Mass reduction, %
368,8 178,8 51,5

Table 3 — Results of Topology Optimization. Stress
Stress in the initial part, MPa Stress in the optimized part, MPa
137,5 156,1

The obtained stress distribution data reflect the influence of the combined bending and tensile
loads. The maximum stresses are observed in the beam’s fixed region, where the main internal
forces are concentrated.

The analyzed components were manufactured by conventional casting from the AI9
aluminum alloy. This alloy was selected due to its good casting fluidity, stable mechanical properties,
and widespread use in mechanical engineering. Al9 is an analogue of commonly used casting alloys
such as AK9 and MLS5, possessing a similar chemical composition, which ensures a comparable
level of strength and reliability in operation.

As a result of the conducted topology optimization, the mass of the parts was reduced by 20-
52%. At the same time, the maximum stress values in the optimized structures remained at a level
comparable to that of the initial models before optimization.

Figures 3-5 present the geometries and strength analysis results for the initial and optimized
beams. As can be seen, despite a significant reduction in structural mass (from 368.8 g to 178.8 g),
the stress level remains within the permissible range. The topologically optimized beam, however,
exhibits a more complex stress distribution with local concentrations in the areas where the lattice
elements intersect.
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The AI9 aluminum alloy was selected as the main casting material due to its combination of
good casting properties, availability, and stable mechanical characteristics. Its density is
approximately 2780 kg/m?3, making it similar to widely used aluminum alloys such as AK9 and
AISi10Mg. Unlike the magnesium alloy ML5, which has a lower density (1810 kg/m?), aluminum
alloys provide higher strength and stiffness — properties that are especially important when designing
critical load-bearing components.

The use of AI9 is a justified choice, as it ensures the required structural strength at an
acceptable weight and is well suited for traditional casting technologies. Furthermore, the operational
performance of the parts can be enhanced by applying protective coatings using the micro-arc
oxidation (MAO) method [14-15], which significantly improves the surface hardness, wear
resistance, and corrosion resistance of aluminum alloys.

Thus, the use of Al9 alloy in combination with topology optimization and subsequent micro-
arc oxidation surface treatment provides a rational balance between structural strength, weight, and
durability.

Conclusion

The results of the performed optimization can be summarized as follows:

— The component mass was reduced by 20-52 %;

— The use of the Al-9 aluminum alloy was found to be justified due to its favorable combination
of strength, castability, and manufacturability;

— The natural frequencies of the structure were tuned to be 10-20% away from critical values;

— The strength characteristics were maintained despite the optimized geometry;

— It should be noted that in this study, the stress levels exceed those corresponding to the
required safety factor, which is due to the demonstration nature of the research and geometric
limitations of the model. Further refinement of the geometry can be performed in future work to
account for this factor.

References
1. Eschenauer H.A. Topology optimization of continuum structures: a review / H.A. Eschenauer,
N. Olhoff // Applied Mechanics Reviews. — 2001. — Ne 54(4). — P. 331-390.
2. Topology optimization: a review for structural designs under vibration problems / S. Zargham et
al // Structural and Multidisciplinary Optimization. — 2016. — Ne 53. — P. 1157-1177.
3. Topology design methods for structural optimization / O.M. Querin et al // Butterworth-
Heinemann. — 2017.
4. Wu J. Topology optimization of multi-scale structures: a review / J. Wu, O. Sigmund, J.P. Groen
/I Structural and Multidisciplinary Optimization. — 2021. — Ne 63. — P. 1455-1480.
5. Kim H.W. Design of a double-optimized lattice structure using the solid isotropic material with
penalization method and material extrusion additive manufacturing / H.W. Kim, Y.S. Kim, J.Y. Lim //
Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering
Science. — 2020. — Ne 234(17). — P. 3447-3458.
6. Tarek M. Adaptive continuation solid isotropic material with penalization for volume constrained
compliance minimization / M. Tarek, T. Ray // Computer Methods in Applied Mechanics and
Engineering. — 2020. — Ne 363. — P. 112880.
7. Nguyen M.N. Topology optimization framework for thermoelastic multiphase materials under
vibration and stress constraints using extended solid isotropic material penalization / M.N. Nguyen,
V.N. Hoang, D. Lee // Composite Structures. — 2024. — Ne 344. — P. 118316.
8. Helou M. Design, analysis and manufacturing of lattice structures: an overview / M. Helou, S.
Kara // International Journal of Computer Integrated Manufacturing. — 2018. — Ne 31(3). — P. 243-
261.
9. Seppala J. Topology optimization in structural design of an LP turbine guide vane: potential of
additive manufacturing for weight reduction / J. Seppala, A. Hupfer // In Turbo Expo: Power for Land,
Sea, and Air. American Society of Mechanical Engineers. — 2014. — Vol. 45769. — P. VO7AT28A004.
10. Boldyrev A.V. Automation of Aircraft Design: Textbook / A.V. Boldyrev, V.A. Komarov // Samara:
SSAU Publishing House. — 2012. — 123 p.
11. Sysoeva V.V. Algorithms for topology optimization of load-bearing structures / V.V. Sysoeva,
V.V. Chedrik // TsAGI Science Journal. — 2011. — Ne 42(2). — P. 91-102.

ISSN 2788-7995 (Print) Bectuuk Yuusepcurera [llakapuma. Texuudeckue Hayku Ne 4(20) 2025 265
ISSN 3006-0524 (Online) Bulletin of Shakarim University. Technical Sciences Ne 4(20) 2025



12. Topology-optimized intermediate casing of an aero engine and comparative evaluation of
titanium and composite architecture in terms of load capacity and weight reduction / M. Kober et al
/I In Turbo Expo: Power for Land, Sea, and Air. — 2008. — Vol. 43154. — P. 69-79.

B.H. Kou® K.[l. Opman6ekos?, X. Typap?
IMHXUHUPUHIOBBIV LEHTP «YMPOYHSOLNE TEXHOSOMMIA U MOKPLITUSTY,
LLlekepim yHMBEpPCUTET,

071412, Pecnybnuka KasaxctaH, r. Cemen, yn. MmuHkun, 20 A
2YHuepcuteT Cakapbs,

Kamnyc 3ceHTtene,CepBugxaH,Cakapbs 54050, Typums
*e-mail: kotsvladislavl@gmail.com

METO[ TOMONOrMYECKOU ONTUMU3ALIMU ANA NOBbILWEHUA MACCO3®®EKTUBHOCTU
ANMIOMUHUEBbBLIX BAJTOK

B daHHolU pabome rnposedeHo uccriedogaHue, HanpaerieHHOe Ha CHUXEHUE MacChbl KOHCOMbHOU
banku u3 anoMuHuesozo criiasa An9 ¢ npumMeHeHuem mornosoaudeckol onmumu3layuu (TO) Ha ocHose
memoda SIMP. Onmumu3sayusi 8bIMosiHAack C UCMOb308aHUEM rpoepamMMHo20 komrnekca APM FEM, umo
10380/1USI0 peasnu3osamp HYUC/IEHHOE MOOeUpPOo8aHUe Ha CO8PEMEHHOM ypoeHe ¢ y4émom ocobeHHocmel
mamepuana. banka ucnbimeigeana kombuHuposaHHoe delicmeue cocpedomoYeHHOU 8epmukarnbHOU Curibi
4000 H u npodonbHol pacmsieusarweli cunbl 3000 H, ymo no3eonusio cmodenuposams peasibHyH
3KCrslyamayuoHHY0 Hazpy3Ky, Onuskylo K ycrosusm pabombl KOHCMPYKUUU 6 MawuHOCmpoeHuu u
cmpoumesibcmee. B npoyecce pacyémos ydanocb cCHU3UMb Maccy KOHCMPYKUuU Ha 52 % rpu coxpaHeHuu
OCHOBHbIX [POYHOCMHbIX Xxapakmepucmuk. [lpu 3amom Habnwdanock yeenuvyeHUe MaKCUMarbHbIX
HarnpsikeHUl Mo CpasHEeHUI C UCXOOHOU MoOesbio, Ymo C8s3aHOo C nepepacripedenieHuUeM Mamepuana u
KOHUeHmpauueul HarnpsKeHUl 8 omoesibHbIX 30Hax KOHcmpykyuu. OOHaKo ypo8eHb HarnpsiXeHul ocmarcs 8
npedenax, b6nuskux kK AornycmumbiM Orisi 8blI6paHHO20 Mamepuasa ¢ y4émom KoaghchuyueHma 3anaca
npoyHocmu. [IposedéH modarnbHbIl aHanu3 nodmeepdusi G0CMamoYHyt0 O0mCcmpoUKy COBCMEeHHbIX
yacmom Om Kpumuyeckux 3HadveHul. [lonyyeHHble pe3ynbmambel OeMOHCMpPUpPyrom nomeHyuar
npumerHeHuss TO Ons npoekmupogaHusi 0b6Me24YEHHbIX, 3HEepP203hHhEeKMUBHbBIX U MEXHOI02U4eCKU
rnepcrnekmueHbIX KOHCMpPYKUUU.

Knroyeenie criosa: Toronosudeckass onmumu3lauyus, onmumu3dayus oopmbi, amoMuHul, baska,
omsnuska, Memod KOHEeYHO20 3JleMeHma, OnMmuMallbHOoe [IPOEKmMuUpos8aHue, MUKPOmeepooCmb,
mMaccoahghekmusHoCmb.
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ATNIIOMUHUIA APKATBIKTAPbIHbIH MACCAIJbIK TUIMAINITIH APTTbIPYFA APHAIFAH
TononoruAanbiKk OHTAUNAHALIPY 9MICI.

Bbyn xymbicma Al9 antomuHUl KopbimmacbiHaH xacarsraH KOHCob0i apKasibIKmblH MaccachiH azalimy
makcambiHOa SIMP adiciHe HezisdenzeH mornonoausisiblK oHmaunaHobipy (TO) KondaHbiibin 3epmmey
Xypeisindi. OHmatnaHObipy APM FEM 6arOapnamarnblK KeWeHiHIH KemezimeH opbiHOandbi, 6yn
MamepuarnobiH epeKkWwesikmepiH eckepe ombipbin Kasipai 0eHeelide caHObiKk mModenb0eydi icke acbipyra
MyMKiHOIK 6epdi. Apkanbikka 4000 H mik 6arbimmariraH Kyw rneH 3000 H 6olrnbiK co3y Kywi acep emmi, 6y
MaluHa xacay XeHe KypblbiC cananapbiHOarbl KypblibiMOapObiH XYMbIC xardaliniapbiHa XakblH HakKmbl
XykmeMmeHi modernbdeyze MyMKiHOIk 6epdi. Ecenmeynep HomuxeciHOe Hezaisei bepikmik cunammamanapbiH
cakmali ombIpbir, KypblfbIMHbIH MaccacbiH 52 %-fa azalimy mymkiH 60n0bi. CoHbIMeH Kamap, 6acmarikbi
modernbMeH carnbicmbipraHla Makcumarnobl kepHeynepdiH apmys! b6alikandbl, 6yn MamepuandbiH Kalima
berniHyimeH xoHe kelbip alivakmapdarbl KepHey KOHUeHmpauyusicbiMeH 6alinaHbicmbl. Anatida kKepHey
OeHeelii maHOanraH mamepuar ywiH 6epikmik Kopbl KO3ghchuyueHmiH eckepe ombipbliri, pyKcam emineeH
moHOepee xakbiH 6onbin Kandbl. XKypeisineeH modanbObl manday MeHWIKmi xuinikmepliH cbiHOapsibl
MoHOepPOEH XemKinikmi KawbiKmblKkma eKeHiH pacmadbl. AnbiHFraH Homuxenep TO o0diciH XeHirn, sHepausi
yHemOelmiH XoHe MmexHOs0cusbIK myprbidaH 6onawarbl bap KypbiibiMOapdsl xobanayda KorndaHyObiH
aneyemiH kepcemeoi.

Tytin ce3dep: TononoeussnbiKk oHmMaulnaHobIpy, niwiHOi oHmMaulnaHoObIpy, antomMuHul, barnka, Ky,
COHFbI ar1iemeHmmep a0ici, oHmadsbi xobasnay, MUKpOKammelsbiK, Macca muimoiriai.
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BINMUAHUE 3NEKTPOJIUTHO-MNTIASMEHHOWN 3AKAJTIKU HA CTOUKOCTb CTAJIEA MAPKU
45 N 65 K ABPASUBHOMY U3HALULUBAHUIO

AHHOmMauyusi: B 0daHHOU pabome npedcmasreHbl pe3ynbmambl  3KCriepuMeHmarnbHo20
uccriedogaHusi 8MUSHUSI 3MEKMPOUMHO-NIasMeHHoU 3akarnku (3l13) Ha u3MeHeHue MUKPOCMPYKmypbl,
Mukpomeépdocmu u cmolKocmu K abpa3usHOMY U3HAWUBAHUK WUPOKO MPUMEHSIEMbIX KOHCMPYKUUOHHbBIX
cmarneli mapok 45 u 65, Obpabomka npoeodusiacb 8 3/7IEKMpPOosIUMme Ha OCHO8e 800HO20 pacmeopa
kapboHama Hampusi rnipu HanpspkeHuu 300-320 B u epemeHu e803delicmeusi 2-3 cekyHObl. Memod 3r13
obecrieyusasn cBepxebICOKUE CKOpPOCMU Hazpesa U Mocriedyoweao oxnaxoeHuss 3a C4Yém psiMoz0
KOHmMakma ¢ 3/1eKmposiumomM, 4mo crnocobcmeosasnio (hopMUpPO8aHUK MOHKO20 YNPOYHEHHO20 CJrl0sl C
MapmeHcumHouU cmpykmypou u KapbuOHbIMU 8KTHOHEHUSMU.

Pe3ynbmambl MUKPOCMPYKMYyPHO20 aHanu3a rokasanu Hajuyue mpEX XapakmepHbIX 30H:
3aKa/lEéHHO20 Cr10sl, 30Hbl MEPMUYECKO20 6/USHUS U HeusMeHEHHOU Mampuubl. Mukpomeépdocme
nosepxHocmu nocne 313 eospocna 6 1,6-1,8 pasa o cpaBHEHUK C UCXOOHbIM COCMOSHUEM, a CmMoUKOCMb
K abpasusHoMmy usHocy — 6 1,3-1,6 pasa. Ommeyaemcsi MOMOXUMENbLHOE 6/UsHUE y8ernuyeHusi
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