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Tablel

Common methods and characteristics of continuum structure topology optimization

Common method

Advantage

Shortcoming

» Classical method, mature principle
> Rigorous mathematical model, existing

Homogenization
optimal solution

Topology
optimization based
on elements

Variable density  efficiency

Evolutionary
structural
optimization

> Practical principle, simple algorithm
> Avoiding solving difficulties

» Complex models, being difficult
to implement
» More intermediate density

> Fewer design variables, higher calculation

Existing numerical instability

> Widespread application

» More iterations and lower
calculation efficiency
> Existing numerical instability

Level set

> Simple principle, clear boundaries
> No numerical instability

> Stronger initial dependence,
being unable to open holes
» Weaker convergence

» Fewer explicit design variables, higher

Topology
optimization based
on boundary
evolution

Moving morphable

components/voids
software

» Clear boundaries

calculation efficiency
» Seamless connection with CAD/CAE

» Stronger initial dependence
> Existing unsmooth boundary

> Collaborative design of features and topology

. optimization
Feature-driven P

> Fewer design variables, higher calculation

Stronger dependence on
characteristic number and layout

efficiency, clear boundaries
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Fig. 1

Continuum structure topology optimization about cantilever beam.

(a) Variable density method using HyperWorks;

(b) evolutionary structural optimization method"”; (c) level set method™; (d) moving morphable component method™"; (e) feature-

driven method"™”
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Fig.4 MBB beam level set topology optimization.
(a) Topological gradient™”; (b) PS-Kriging interpolation™”
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Table 2 Topology optimization common methods considering constraints of metal additive manufacturing
) Method based on element Method based on boundary evolution
Constraint - — - — Prospect
Name Characteristic Name Characteristic
Projection  No additional constraints, but  Skeleton Smooth convergence, but )
functions boundary fading effects extraction additional calculation » New methods with clear
. structure, stable convergence
Stable convergence Quadratic . . . S ’ g i
. Robust o O High calculation efficiency, but . . .
Geometric 5] eliminating one-node hinges, energy '8 it 1CIENey’s BUL and precise dimensional control
. formulations b leulati funct; not accurately controlling L
constraints ut more calculation unctions » New methods for specific
Spatial Less calculation, but -, additive manufacturing
radient appropriate selections of MMC Explicit geometry parameters,
g ppropriate s ’ ) accurately controlling processes
operators parameters
Proiection No additional constraints, but  Gradient Simpler shape derivatives,
Jectio more gray units; less integral better convergence and
and filtering . o .
calculation efficiency domain performance
Specific additive
Enclosed voids self-supportin MMC/ Better boundary and > P :
N-VTM ; § Sell-supporting » ‘ performance, but initial ~ manufacturing 3D models with
better performance MMV
Forming dependency overhang length and angle
constraints i ) ) Overh . » Considering strength,
BESO Connecting voids with lérretrh zrrlli Controlling overhang length o o & . &
b boundary, less structural loss fn e and angle, better performance building direction, size, and
g overhang constraints together
. . . .. No additional constraints, but
Electrostatic Strength-based, Side 0 additional constraints, bu
. : . . appropriate selections of
model improving stress concentration — constraint
parameters
S‘[_rength Con§idering build_ing direct.ion » Accurate anisotropic models
anisotropy to improve bearing capacity for multiple additive
i o _ . facturing process
. uantified . . . .. Fitting real print paths and fmand
Material Q . Anisotropic data matrix to Deposition HHing rea’ print p parameters
process o ) improving structure
property optimize complex structures path . » Accurate models for non-
. parameters . performance based on fixed . .
constraints planning uniform deformation
. . . . geometry B ,
Predicting residual distortion > Considering geometry’s
Inherent

and stress, but mainly

strain model . . . .
tra ode improving layered distortion

influence on inherent strain
value
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Fig. 9 MBB beam self-supporting optimization. (a) Overhang projection constraint™*”; (b) optimizing overhang angle and printing
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Fig. 10 Topology optimization considering connectivity constraints. (a) Virtual temperature method””; (b) shortest connection

tunnels™; (¢) side constraint*?; (d) stress minimization
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Fig. 11 Topology optimization considering material anisotropy. (a) Strength anisotropy™"; (b) quantified additive manufacturing process
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'School of Mechanic Engineering, Shenyang Aerospace University, Shenyang 110136, Liaoning, China;
*Shenyang Aircraft Design Institute, Aviation Industry Corporation of China, Shenyang 110035, Liaoning, China

Abstract

Significance Owing to the continuous developments in the Chinese aerospace industry, aviation structural parts need to ensure
lightweight, high efficiency, long flight time, and high maneuverability characteristics. Therefore, it is a significant challenge in
structural optimization design to further reduce the structural quality coefficient. Traditional lightweight designs are mostly based on
the replacement of classical structures with equivalent parts, such as lean improvement and excavation of structural potential using the
new processes and new materials, and have now approached the “ceiling”.

Topology optimization technology, as an important branch of structural optimization design, determines the optimal material
distribution and best load-bearing path by defining material properties, load conditions, and constraints. It is an effective design
method for obtaining lightweight structure design and high-performance innovative configurations, and has been widely used in
aerospace, automobile manufacturing, and other fields.

However, topology configurations are usually complex. Limited by traditional manufacturing processes, designers often need to
simplify the optimal topology configurations, which fails to fully reflect the structural advantages of topology optimization design.
Additive manufacturing technology uses high-energy laser beams and adopts the superposition mode of “bottom to up” layer-by-layer
material melting, which can realize rapid prototyping and solid-free manufacturing of complex topology configurations without molds.
This method addresses the problem of “manufacturing determines design” in structure optimization, which greatly broadens the design
space. However, additive metal manufacturing technology is not completely a “free manufacturing” technology, and it is limited by
unique manufacturing constraints. Therefore, considering additive manufacturing constraints in topology optimization design,

researching and developing topology optimization design for additive metal manufacturing has a broad application prospect.

Progress This study reviews the progress of structural topology optimization design for metal additive manufacturing technology.
First, it summarizes the common methods and characteristics of continuum structure topology optimization (Table 1) and compares
the cantilever beam topology optimization results obtained with different methods (Fig. 1). From the perspective of optimizing
topology algorithms, it concludes the effective measures to improve structural continuity and manufacturability based on topology
optimization methods of elements and boundary evolution (Figs. 2-4). Then, it expounds on the principle, processing characteristics,
and application range of the mainstream metal additive manufacturing technology (Fig. 5). After that, it summarizes the topology
optimization methods considering the geometric size (Fig. 8), structural forming (Figs. 9 and 10), and material property constraints
(Fig. 11) of metal additive manufacturing technology (Fig. 7 and Table 2). Finally, it prospects the development directions of metal

additive manufacturing and topology optimization technology.

Conclusions and Prospects In this study, the structural topology optimization of an advanced design technology is integrated
with the metal additive manufacturing technology that is an advanced manufacturing technology. This study summarizes the methods,
characteristics, and improvement measures of continuum structure topology optimization design. Moreover, it expounds on the
principle, characteristics, and application of metal additive manufacturing technology. In addition, it summarizes and prospects the
topology optimization methods considering the constraints of metal additive manufacturing, which will provide a reference for
researchers to further study the topology optimization design for metal additive manufacturing technology.

Topology optimization design has shortcomings of numerous design variables, weak convergence, and low computational
efficiency. It is often difficult for existing topology optimization algorithms to output the optimal structural performance solution that
can be directly used in additive manufacturing. Therefore, combined with the parallel computing technology, it is crucial to carry out
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algorithm research with fewer design variables and better convergence, and output the optimal solution that can be directly used in
additive manufacturing. The research on macroscopic topology optimization and microscopic lattice structure is becoming increasingly
improved. By effectively integrating the two, fully leveraging the high-performance configurations of topology optimization design and
broad design space provided by additive manufacturing technology, the pursuit of high-performance lightweight design has broad
development prospects. The topology optimization methods considering the constraints of metal additive manufacturing adopt
relatively ideal material models, which differ from the actual printing materials used in metal additive manufacturing technology.
Therefore, establishing a precise topological model of material anisotropy under multiple process parameters, quantification of process
parameters of metal additive manufacturing equipment, simulation of the metal additive manufacturing process, and prediction of
warping deformation and cracking of parts can effectively reduce residual stress and deformation, and improve forming accuracy and
surface quality. Topology optimization design for metal additive manufacturing technology is often based on the optimization of a
single material. Effectively combining multi-material topology optimization and metal additive manufacturing, studying the topology
optimization design and metal additive manufacturing technology of functional gradient materials, and realizing the integrated design of
materials, structure, process, and performance, are breakthrough points in the pursuit of high-performance, multi-function, and
lightweight.

Key words laser technique; topology optimization; metal additive manufacturing; topological algorithms; additive manufacturing

constraints
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